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EXPLANATORY NOTE 

The Proceedings of the Third International Con
ference on the Peaceful Uses of Atomic Energy 
comprise a single, multilingual publication of sixteen 
volumes. This form was prescribed by the General 
Assembly of the United Nations in approving the 
Conference budget. 

Papers accepted for consideration at the Con
ference are accordingly printed herein only in the 
original language of submission, each being followed 
by its abstract in the other three languages of the 
Conference.* 

The budgetary arrangements for the Conference 
required also that Governments provide abstracts 
and papers in two of the Conference languages. One 
of the three abstracts following each paper is, there
fore, in a translation provided by the Government 
concerned. The abstracts were translated into the 
other two languages either by the Division of 
Language Services, International Atomic Energy 
Agency (IAEA) in Vienna, or, with its assistance, 
through the intermediary of the national atomic 
energy authorities in London, Paris, Moscow and 
Madrid. 

The Foreword by the Secretary-General of the 
United Nations, the Preface by the Director General 
of IAEA, and this Explanatory Note, together with 
the records of discussion at each of the six scientific 
general sessions and thirty-six technical sessions of 
the Conference, are published in all four languages. 
All other material, which is largely of a formal 
nature and is confined to Volumes 1 and 16, is 
published in the language of submission or delivery, 
followed in the case of French, Russian and Spanish 
originals by the English translation. 

Governments whose national tongue is not one of 
the four Conference languages were consulted as 
to their preference for the language in which their 
papers should appear in these Proceedings. 

The Table of Contents in each volume gives the 
titles of papers in the original language, or language 
of choice, followed in the case of French, Russian 
and Spanish titles by the English translation. 

Starting from the 992 abstracts submitted by 
Governments, specialized agencies and IAEA, the 
Scientific Secretariat, working under the guidance 
of the United Nations Scientific Advisory Com
mittee, finally chose 7 4 7 papers for inclusion in the 
Programme of the Conference; of these, 358 were 

* The languages of the Conference were English, French, 
Russian and Spanish. 
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selected for oral presentation at the 42 working 
sessions. 

In arranging the programme, the Scientific Secre
tariat aimed at achieving a balanced schedule, 
providing for the oral presentation of as many papers 
as possible at each session while still leaving ade
quate time for discussion of the material presented. 
Two afternoons were left entirely free, to enable 
informal groups to discuss matters arising out of 
discussions at the formal sessions of the Conference. 
No records were taken of such informal meetings. 

Wherever possible, the author, or authors, of 
papers were consulted during the Conference by 
members of the Scientific Secretariat, who acted as 
secretaries of session, or by the team of editors made 
available for the purpose by IAEA, ** to ensure 
maximum accuracy. 

The records of discussion at the various sessions, 
based on notes taken in the meetings by IAEA 
records officers,** and checked where necessary 
against the sound recordings made of all sessions, 
were prepared by the Division of Language Services 
of IAEA in English, and subsequently translated 
into French, Russian and Spanish through the inter
mediary of the atomic energy authorities in the 
three countries concerned (see third paragraph of 
the present note). 

The editing of the English, French and Spanish 
papers was carried out at the United Nations Office 
at Geneva under United Nations supervision by a 
team of editors, whose services, also, were made 
available by the atomic energy authorities of their 
respective countries, with some help from outside 
consultants. The editing of the Russian papers was 
done in Moscow in similar cin::umstances. The 
following served as editors: Mr. A. de Calmes, 
Dr. C. E. Granados, Mr. D. H. Hill, Mr. V. F. 
Kalinin, Cand. Tech. Sc., Dr. R. Lapage, Mr. E. T. 
Maries, Dr. J. D. C. Mole, Mr. C. Segot, Mr. J. J. 
Stobbs, Mr. C. R. Symons and Mr. J. Williamson. 

The task of printing this large collection of scien
tific information has been shared by printers in 
Belgium, Canada, France, Switzerland, the Union 
of Soviet Socialist Republics and the United 
Kingdom. 

Full titles of the sixteen volumes of these Pro
ceedings, together with the sessions covered by each 
volume, are as follows: 

** The names of the scientific secretaries, editors and 
records officers will be found in the list of the Conference 
Secretariat in Annex 1, Volume 1, of this series. 
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NOTE EXPLICATIVE 

Les Actes de la troisieme Conference intema
tionale sur !'utilisation de l'energie atomique a des 
fins pacifiques sont publies ici sous la forme d'une 
edition unique, multilingue, en seize volumes. Cette 
presentation a ete decidee par 1' Assemblee generale 
lorsqu'elle a approuve le budget de la Conference. 

En consequence, les memoires qui ont ete acceptes 
pour la Conference sont reproduits ici dans la langue 
originale dans laquelle ils ont ete soumis et sont 
suivis d'un resume dans 1es trois autres langues de 
la Conference *. 

Aux termes des dispositions budgetaires prises 
en vue de la Conference, les gouvemements devaient 
foumir les resumes et les memoires dans deux des 
langues de la Conference. Ainsi, sur les trois resumes 
qui suivent chaque memoire, un est une traduction 
foumie par le gouvernement interesse. La traduction 
des resumes dans les deux autres langues a ete faite 
soit par la Division des services linguistiques de 
l'Agence internationale de l'energie atomique 
(AIEA), a Vienne, soit avec son concours, par les 
soins des organismes nationaux competents en ma
tiere d'energie atomique a Londres, Paris, Moscou 
et Madrid. 

L'avant-propos du Secretaire general de !'Orga
nisation des Nations Unies, la preface du Directeur 
general de 1' AIEA et la presente note explicative, 
ainsi que les comptes rendus de chacune des six 
seances scientifiques generales et des trente-six 
seances techniques de la Conference, sont publies 
dans les quatre langues. Tous les autres textes, qui 
pour la plupart sont d'un caractere non technique et 
figurent dans les volumes 1 et 16, sont publies dans 
la langue dans laquelle ils ont ete presentes par 
ecrit ou oralement et sont suivis, lorsque cette langue 
est l'espagnol, le fran<oais ou le russe, d'une tra
duction en anglais. 

Les gouvemements des pays dont la langue offi
cielle n'est pas l'une des quatre langues utilisees a 
la Conference ont ete consultes pour savoir dans 
queUe langue ils preferaient voir paraitre leurs 
memoires. 

La table des matieres de chaque volume donne 
les titres des memoires dans la langue originale ou 
dans la langue choisie; ces indications sont suivies, 
pour les titres en espagnol, en fran<oais et en russe, 
de la traduction en anglais. 

Sur les 992 resumes presentes par les gouverne
ments, les institutions specialisees et 1' AIEA, le 

* Les langues de la Conference etaient I'anglais, l'espa
gnol, le francrais et le russe. 
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Secretariat scientifique, travaillant sous la direction 
du Comite consultatif scientifique des Nations Unies, 
en a finalement retenu 747 pour les inscrire au 
programme de la Conference; sur ce nombre, 358 
ont ete presentes oralement aux 42 seances de 
travail. 

En etablissant le programme de la Conference, 
le Secretariat scientifique a cherche a realiser un 
equilibre: il s'est efforce de menager un temps suffi
sant pour la presentation du plus grand nombre 
possible de memoires tout en laissant du temps pour 
leur discussion. Deux apres-midi avaient ete laisses 
entierement libres afin de permettre aux participants 
d'organiser des reunions non officielles et de dis
cuter en petits groupes des questions qui se posaient 
a la suite des seances officielles de la Conference. 
Ces reunions n'ont pas fait l'objet de comptes 
rend us. 

Toutes les fois que cela a ete possible, l'auteur 
ou les auteurs des memoires ont ete consultes pen
dant la Conference par les membres du Secretariat 
scientifique, qui ont assure le secretariat des seances, 
ou par l'equipe d' « editeurs » que l'AIEA ** avait 
mis a cet effet a la disposition de la Conference, 
afin d'assurer !'exactitude la plus grande. 

Les comptes rendus des discussions aux reunions, 
etablis d'apres les notes prises en seance par les 
redacteurs de comptes rendus de l'AIEA** et com
pares toutes les fois qu'il le fallait avec les enregis
trements sonores, ont ete rediges en anglais par la 
Division des services linguistiques de l'AIEA, puis 
traduits en espagnol, en fran<oais et en russe par les 
soins des organismes competents en matiere d'ener
gie atomique des trois pays interesses (voir le troi
sieme alinea de la presente note). 

Les memoires rediges en anglais, en espagnol et 
en fran<oais ont ete mis au point pour !'impression 
a !'Office europeen des Nations Unies a Geneve, 
sous le controle de l'ONU, par une equipe de redac
teurs mis a la disposition de la Conference par les 
organismes competents en matiere d'energie ato
miques des pays interesses, avec l'aide de quelques 
consultants exterieurs. La mise au point definitive 
des memoires rediges en russe a ete faite a Moscou 
dans les memes conditions. Voici les noms des 
redacteurs qui ont assure la mise au point des 
memoires: M. A. de Calmes, M. C. E. Granados, 

** On trouvera les noms des secretaires scientifiques, des 
« editeurs » et des redacteurs de comptes rendus dans la 
liste des membres du secretariat de la Conference a l'an
nexe 1 du volume 1. 



M. D. H. Hill, M. V. F. Kalinin, Mne R. Lapage, 
M. E. T. Maries, Mne J. D. C. Mole, M. C. Segot, 
M. J. J. Stobbs, M. C. R. Symons et M. J. 
Williamson. 

Des entreprises de Belgique, du Canada, de 
France, du Royaume-Uni, de Suisse et de !'Union 

Numero 
clu volume 

des Republiques socialistes sovietiques se sont par
tage Ia tache que representait !'impression de cette 
masse importante de documents scientifiques. 

Les titres complets des seize volumes des Actes 
de Ia Conference, ainsi que les numeros des seances 
sur lesquelles porte chaque volume, figurent ci-apres: 

Seonces 

Progres accomplis dans le domaine atomique . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 8, 1.6, C, H 
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l'eau . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . 1.1, 1.2, 1.3 

6 Reacteurs nucleaires -II. Reacteurs a neutrons rapides et reacteurs d'avant-
garde . . . . . . . . . . . . . . . . . . . . . . . 1.4, 1.5, 1.7 

7 Reacteurs de recherche et reacteurs d'essai de materiaux. . . . . . . . . . . . . . . . . . D, 1.9, 1.8 
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IIO.HCHIITEJihHA.H 3AIIIICKA 

TpyJI.hl TpeTbe:H Me}l{.u.yHapoJI.HOH KOHcpe

peHU.MM no MCnOJib30BaHMlO aTOMHOH 3HeprHH 

B MHpHbiX U.eJISIX npe)I.CTaBJISllOT C060H e)I.MHOe 

MHOfOSI3bl4HOe M3)1.aHMe M3 llieCTHa)I.U.aTM TO

MOB. TaKaSI cpopMa 6hiJia npeJI.YCMOTpeHa reHe

paJihHO:H AccaM6Jiee:H OpraHM3aU.MM 06oeJI.M

HeHHbiX Hau.M:H npH OJI.06peHMM ew 6w)l.}l{eTa 

KoHcpepeHU.MM. 

npHHSIThle K paccMOTpeHMlO KoHcpepeHU.Me:H 

)I.OKJia)l.bl COOTBeTCTBeHHO ony6JIMKOBaHbl 3)1.eCb 

JIMllib Ha Sl3hiKe OpHfMHaJia; npH 3TOM Ka}l{)l.blH 

)I.OKJia)l. conpOBO}I{)I.aeTCSI aHHOTaU.MeH Ha .U.PY

fMX Tpex SI3hiKax KoHcpepeHU.MM*. 

Ew)l.}l{eTHhie noCTaHoBJieHMSI B OTHOIIIeHHM 

npoBe)l.eHMSI KoHcpepeHU.MM TaK}I{e npe.u.ycMaTpH

BaJIM, 4TO npaBMTeJibCTBa npe)I.CTaBSIT aHHOTaU.MH 

M )I.OKJia)l.hl Ha .U.BYX Sl3biKax KoHcpepeHU.MM. no-

3TOMY O)I.Ha M3 Tpex aHHOTaU.MH, conpOBO}I{,II.a

lOIIJ.MX Ka}I{,II.biH ,II.OKJia,II., SIBJISieTC.Sl nepeBO,II.OM, 

npe,II.CTaBJieHHbiM COOTBeTCTBYlOIIJ.HM npaBM

TeJibCTBOM. AHHOTaU.MM 6hiJIM nepeae)l.eHhi Ha 

,II.pyrMe ,II.Ba Sl3biKa JIM60 0T)I.eJIOM nepeBO)I.OB 

Me)l{.u.yHapo.u.Horo areHTCTBa no aTOMHo:H 3Hep

rMM (MArAT3) B BeHe, JIM6o c ero noMOU~biO 
npH COTPY.li.HM4eCTBe HaU.MOHaJibHbiX opraHOB, 

Be)l.alOIIJ.HX BOnpoCaMM aTOMHOH 3HeprHH, B 

JlOH)I.OHe, napH)I{e, MoCKBe M Ma)l.pH.u.e. 

Bae.u.eHMe M npeJI.MCJIOBMe reHepaJibHoro 

CeKpeTapSI OpraHM3aU.MM 06·beJI.MHeHHhiX Ha

U.H:H H feHepaJibHOro .u.HpeKTopa MAr AT3, co

OTBeTCTBeHHO, M HaCTOSIIIJ.aSI nOSICHMTeJibHaSI 

3anMCKa, HapSI.U.Y C npOTOKOJiaMM Ka)I{)I.OfO M3 

llieCTM Hay4HbiX nJieHapHbiX 3aCe,II.aHMH M TpH,II.

U.aTM wecTM ceKU.MOHHbiX 3ace)l.aHMH KoHcpepeH

U.MM, ny6JIMKylOTCSI Ha BCeX 4eTbipex H3biKaX. 

Bee .u.pyrMe MaTepHaJibl, KOTOpbie no CBOeMy 

xapaKTepy B OCHOBHOM OTHOCSITCSI K 4MCJIY 

OcpHU.MaJibHblX M CO,II.ep)l{aTCH B TOMaX 1 M 16, 
ny6JIMKYIOTCSI Ha Sl3biKe OpHrMHaJia; M KOr,II.a 

pe4b M,II.eT 0 cppaHU.Y3CKMX, pyCCKMX M MCnaH

CKMX OpHrMHaJiaX, TO K HHM npHJIO)I{eH aHfJIMH· 

CKMH nepeBOJI.. 

( npaBMTeJibCTBaMH CTpaH, Sl3biK KOTOpbiX 

He OTHOCMTCH K 4HCJiy 4eTbipex Sl3biKOB KOHcpe

peHU.MM, 6hiJIM npoae)l.eHhi KOHCYJibTaU.MM no 

noao.u.y Toro, Ha KaKOM SI3hiKe 6hiJIO 6hi )l{e

JiaTeJihHO, no MX MHeHHlO, ony6JIMKOBaTb B Ha-

* JlahiKaMH Ko~~tjlrpem~nn l!B.'IJIJIHC.b: auuniicimii, <ppau
LIY3CKnii, pycc1mii n ncnancKnii. 
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CTOSIIIJ.MX Tpy)l.aX npe)I.CTaBJieHHbie MMM ,II.O

KJia)l.hl. 

B co.u.ep)l{aHMM Ka}I{JI.Oro TOMa yKa3aHbi 

3arJiaBMSI ,II.OKJia)I.OB Ha Sl3biKe OpHrMHaJia JIM60 

Ha ,II.pyrOM M36paHHOM Sl3biKe, M B TOM CJiy4ae, 

KOr,II.a pe4b M)l.eT 0 cppaHU.Y3CKMX, pyCCKMX M 

MCnaHCKHX 3arJiaBMSIX, MX conpOBO)I{)I.aeT aHr

JIMHCKHH nepeBO)I.. 

113 992 aHHOTaU.MH, npe)I.CTaBJieHHbiX npa

BMTeJibCTBaMM, cneU.MaJIM3HpOBaHHbiMM yqpe}I{

,II.eHMHMM, a TaK)I{e MAr AT3, Y4eHbiH ceKpeTa

pHaT, pa6oTaH no.u. pyKOBOJI.CTBOM Hay4HOro 

KOHCYJibTaTMBHoro KOMHTeTa OpraHM3aU.MM 06o

e.u.HHeHHhiX Hau.Mi1, B MTore oTo6paJI 7 4 7 .u.o

KJia.u.oa .U.JIH BKJII04eHMSI MX B nporpaMMY KoH

cpepeHU.HM; M3 HMX 358 6biJIM OT06paHbl ,II.JISI 

npe.u.cTaaJieHHH B ycTHOH cpopMe Ha 42 pa6o4Hx 

3ace.u.aHHSIX. 

npH COCTaBJieHHH nporpaMMbl Y4eHbiH ceK

peTapHaT CTaBHJI U.eJiblO ,II.06HTbCSI c6aJiaHCH· 

poBaHHOfO paCnMCaHHSI , KOTOpOe )l.aJIO 6bl 

B03M0)1{HOCTb npe,II.CTaBHTb B YCTHOH cpopMe 

MaKCHMaJibHOe KOJIM4eCTBO )I.OKJia)I.OB Ha Ka)I{

,II.OM 3ace)l.aHMM npH o6ecne4eHMM ,II.OCTaT04-

HOf0 BpeMeHH )I.JISI npOBe,II.eHHH ,II.HCKYCCMM no 

noao.u.y npe.u.CTaBJieHHoro MaTepHaJia. B JI.Byx 

CJiy4aHX HMelOIIJ.eeCSI BO BTOpOH nOJIOBHHe )I.HH 

BpeMH OCTaBHJIH Hepacnpe)l.eJieHHbiM, C TeM 

4T06bi ,II.aTb B03MO)I{H0CTb HeOcpHU.MaJibHbiM 

rpynnaM 06Cy)I.HTb BOnpOCbi, B03HHKlliMe B 

XO,II.e ,II.HCKYCCMH Ha ocpHU.HaJibHhiX 3aCe,II.aHHHX 

KoHcpepeHU.HM. Ha TaKMx HeocpHU.HaJihHhiX 3a

ce.u.aHHHX npOTOKOJlbi He COCTaBJISIJIMCb. 

no Mepe B03M0)1{H0CTH, C aBTOpOM HJIH 

aBTOpaMH )I.OKJia)I.OB KOHCYJibTHpOBaJIMCb B XO)I.e 

KoHcpepeHU.HM 4JieHbi Y4eHoro ceKpeTapHaTa, 

KOTOpbie BbinOJIHSIJIH cpyHKIJ.MH CeKpeTapeH 3a

ce.u.aHHH, JIH6o· TaKHe KOHCYJihTaU.HH npoBo

.U.HJIHCb rpymrofi pe)l.aKTOpOB, KOTOpbie 6hiJIH 

BbiJI.eJieHhi MAr AT3** JI.JISI 3To:H u.eJIM, c TeM 

4T06hi o6ecne4MTb MaKCMMaJihHYlO T04HOCTb. 

npoTOKOJibi )I.HCKYCCMH Ha pa3JIM4HbiX 3a

Ce,II.aHHSIX, COCTaBJieHHbie Ha OCHOBe 3anHCeH, 

C,II.eJiaHHbiX B XO,II.e 3aCe)l.aHHH npOTOKOJIHCTaMH 

MArAT3, H npoaepeHHbie, no Mepe Heo6xo

.U.HMOCTM, nyTeM cpaBHeHHSI CO 3BYKOBOM 3a

nMCblO, KOTOpaSI BeJiaCb Ha BCeX 3aCe,II.aHHSIX, 

*"' <JiaMUJIIlH yqeHb!X CeKpeTapeii, peJJ,aKTOpOB ll llpOTOKOlll
CTOB npnBel\eHbl B nepeqne COTpYJJ,HHKOB CeKpeTapnaTa Kon
<Pepe~ll B llpllJIOlKeHilll 1-0M K TOMY 1-MY uaCTOllll~eii cepllll. 



6bi~H no.ll:rOTOB~eHbi OT.ll:e~oM nepeBO.li:OB MA
r AT3 Ha aHr~HMCKOM SI3biKe H Bnoc~e.li:CTBHH 
rrepeBe.ll:eHbi Ha cppaHI.\Y3CKHM, pyccKHM H Hc
rraHCKHM SI3hiKH rrpH COTPY.li:HH'-!ecTBe Hai\HO
Ha~bHhix opraHOB, Be.ll:alOIIlHX BOIIpOCaMH aTOM
HOM aHeprHH, B Tpex 3aHHTepecoBaHHbiX CTpa
Hax ( CMOTpH TpeTHM a63a!l nOSICHHTe~bHOM 
3aiiHCKH). 

Pa6oTa no pe.ll:aKTHpoBaHHJO .zr.oKyMeHTOB 
Ha aHr~HMCKOM, cppaH!lY3CKOM H HCIIaHCKOM 
SI3hiKax 6hma rrpoBe.ll:eHa B EBporre:H:cKoM OT.ll:e
~eHHH OpraHH3a!lHH 06oe.li:HHeHHhix Ha!lHH, 
B )l{eHeBe, IIO.ll: pyKoBO.li:CTBOM OpraHH3a!lHH 
06oe.li:HHeHHhiX Ha!lHM rpyrrrro:H: pe.ll:aKTOpoB, 
yc~yrH KOTOpbiX 6bi~H TaK>Ke IIpe.li:OCTaB~eHhl 
IIO ~HHHH opraHOB, Be.ll:alOIIlHX BOIIpOCaMH 
aTOMHOM 3HeprHH B COOTBeTCTBYIOIIlHX CTpa
HaX, C HC.IIO~h30BaHHeM B HeKOTOpOM CTerreHH 
IIOMOIIlH IIpHr~aiiieHHbiX CO CTOpOHhl KOHCY~h-

HoMep 
ToMa 

nporpeCC B pa6oTaX no aTOMHOM 3HeprHH 

<l>H3HKa peaKTOpOB 

l13yqeHHe peaKTOpOB H HX xapaKTepHCTHKH 
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NOTA EX PLICA TIVA 

Las Aetas de la tercera Conferencia Internacional 
sobre la Utilizaci6n de la Energia At6mica con Fines 
Padficos estan constituidas por una publicacion 
(mica y plurilingi.ie compuesta de dieciseis volu
menes, en conformidad con lo dispuesto por la 
Asamblea General de las Naciones Unidas al apro
bar el presupuesto de la Conferencia. 

Por consiguiente, las memorias aceptadas para 
ser examinadas en la Conferencia s6lo figuran impre
sas en el idioma original en que se presentaron, y 
cada una de elias va seguida de un resumen de la 
misma en los otros tres idiomas de la Conferencia *. 

En los arreglos presupuestarios para la Confe
rencia se dispuso tambien que los gobiernos tenian 
asimismo que presentar resumenes y memorias en 
dos de los idiomas de la Conferencia. En conse
cuencia, uno de los tres resumenes que siguen a 
cada memoria es una traducci6n facilitada por el 
gobierno interesado. Los resumenes fueron tradu
cidos a los otros dos idiomas, ya por la Division de 
ldiomas del Organismo Internacional de Energia 
Atomica (OlEA) de Viena, o, con su asistencia, por 
conducto de las autoridades nacionales de energia 
at6mica de Londres, Paris, Moscu y Madrid. 

La introduccion del Secretario General de las 
Naciones Unidas, el prefacio del Director General 
del OlEA y la presente nota explicativa, junto con 
las aetas de los debates celebrados en cada una de 
las seis sesiones cientificas generales y las treinta y 
seis sesiones tecnicas de la Conferencia, se publican 
en los cuatro idiomas. El resto del material, que 
reviste en su mayoria un caracter oficial y esta con
tenido exclusivamente en los volumenes 1 y 16, se 
publica en el idioma en que fue presentado o entre
gada; seguido para los originales en espaftol, frances 
y ruso, de la traducci6n en ingles. 

Se consulto a los gobiernos cuyo idioma nacional 
no es uno de los cuatro idiomas de la Conferencia. 
para saber en cual de ellos preferian que se publi
caran sus memorias en estas Aetas. 

El indice de cada volumen contiene los titulos 
de las memorias en el idioma original, o en el idioma 
elegido, seguidos, cuando se trata de titul9s en 
espaftol, frances y ruso, de la traducci6n en ingles. 

De los 992 resumenes presentados por gobiernos, 
organismos especializados y el OlEA, la Secretaria 
Cientifica, bajo la direcci6n del Comite Cientffico 
Consultivo de las Naciones Unidas, escogi6 por 
ultimo 7 4 7 memorias que deb ian ser incluidas en 

* Los idiomas de Ia Conferencia fueron el espafiol, el 
frances, el ingles y el ruso. 

xi 

el programa de la Conferencia; de estas, 358 fueron 
seleccionadas para ser presentadas oralmente en las 
42 sesiones de trabajo. 

AI preparar el programa de actividades, la Secre
taria Cientifica trat6 de conseguir un justo equilibria, 
y asi se previ6 la presentaci6n oral del mayor numero 
posible de memorias en cada sesi6n, pero dejando 
todavia tiempo suficiente para examinar la informa
cion presentada. Se dejaron dos tardes totalmente 
libres, a fin de que los grupos oficiosos pudieran 
examinar las cuestiones que surgieran en las sesiones 
oficiales de la Conferencia. No se levanto acta de 
tales reuniones. 

Siempre que fue posible, el autor, o los autores, 
de las memorias fueron consultados en el curso de 
la Conferencia por miembros de la Secretaria Cien
tifica, que actuaron de secretarios de sesion, o por 
un grupo de editores facilitado a dicho efecto por 
el OlEA**, a fin de asegurar la maxima exactitud. 

Las aetas de los debates celebrados en las diversas 
sesiones, basadas en notas tomadas en las reuniones 
por redactores de aetas del OlEA**, y verificadas 
siempre que fue necesario mediante las grabaciones 
efectuadas en todas las sesiones, fueron preparadas 
por la Division de ldiomas del Organismo Interna
cional de Energia At6mica (OlEA) en ingles, y 
traducidas despues al espafiol, el frances y el ruso 
por conducto de las autoridades de energia atomica 
de los tres paises interesados (vease el tercer pa
rrafo de la presente nota). 

La preparaci6n para la publicaci6n del texto de 
los documentos en espafiol, frances e ingles se 
· efectu6 en la Oficina de Ginebra de las N aciones 
Unidas, bajo la fiscalizaci6n de las Naciones Unidas, 
por un equipo de editores cuyos servicios fueron 
tambien proporcionados por las autoridades de ener
gia at6mica de sus respectivos paises, con alguna 
ayuda de consultores del exterior. La preparaci6n 
para Ia publicaci6n de los documentos en ruso se 
efectu6 en Moscu en circunstancias analogas. 
Actuaron de editores las personas siguientes: Sr. A. 
de Calmes, Dr. C. E. Granados, Sr. D. H. Hill, 
Sr. V. F. Kalinin, Dra. R. Lapage, Sr. E. T. Maries, 
Dra. J. D. C. Mole, Sr. C. Segot, Sr. J. J. Stobbs, 
Sr. C. R. Symons y Sr. J. Williamson. 

En la impresi6n de esta gran recopilaci6n de 
informacion cientifica han participado impresores 
de Belgica, e1 Canada, Francia, el Reino Unido, 

** Los nombres de los secretarios cientificos, editores y 
redactores de aetas figuran en Ia lista de Ia Secretaria de 
Ia Conferencia, en el anexo 1, volumen 1, de esta serie. 



Suiza y Ia Union de Republicas Socialistas Sovieticas. 
Los titulos completos de los dieciseis volumenes 

Numero 
del volumen 

de estas Aetas, junto con las sesiones comprendidas 
en cad a volumen, son los siguientes: 

Sesiones 

Progresos realizados en el dominic atgmico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A, 8, 1.6, C, H 

2 Fisica de los reactores. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1 
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4 Control de los reactores ...................... , . . . . . . . . . . . . . . . . . . . . . . . . 3.4, 3.5 
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La fabrication en France des elements combustibles 

par R. Boussard*, J. Nadal** et A. Pellen*** 

FABRICATION DES ELEMENTS COMBUSTIBLES 
AVANCES POUR LES REACTEURS 

DE L'ELECTRICITE DE FRANCE 

Le Stade industriel de la fabrication des elements 
combustibles pour reacteurs de la filiere U naturel 
graphite-gaz a ete vraiment aborde en 195?, avec ~e11e 
des cartouches destinees a alimenter nos mstallatwns 
G2-G3 de Marcoule. Depuis lors, en plus des tres 
importants tonnages d'elements combustibles pour 
ces deux reacteurs, nous avons fabrique pour les 
reacteurs de Chinon au titre de la premiere charge et 
du renouvellement du combustible: 

25 000 cartouches pour EDFl, soit environ 200 t; 
30 000 cartouches pour EDF2, soit environ 300 t. 
Nous entreprenons maintenant la fabrication des 

cartouches de la premiere charge de combustible pour 
EDF3. 11 faut souligner la diversite de ces fabrications 
puisque l'on est passe: a) du barreau plein de dia
metre 31 mm en uranium faiblement allie avec gaine 
filee a ailettes longitudinales pour G2 et G3; b) au 
tube 35-14 en U-Mo 0,5%, toujours avec gaine filee 
a ailettes longitudinales pour EDF1; c) au tube 40-18 
en U-Mo 1,1% avec gaine usinee a chevrons heli
coidaux, pour EDF2; d) enfin au tube 43:~3 en 
U-Mo 1,1% avec gaine usinee a chevrons rectihgnes, 
pour EDF3. 

Rappelons que si, pour EDF1, 1es cartouches repo
sent directement les unes sur les autres, dans les 
canaux du reacteur, elles sont, pour EDF2 et EDF3, 
placees dans des chemises de graphite dans lesquelles 
elles sont centrees, par des pieces independantes dans 
le cas actuel d'EDF2, directement par 4 grandes 
ailettes longitudinales dans celui d'EDF3. 

PRESENTATION DE L'INDUSTRIE FRAN<;AISE 
EN MATIERE DE FABRICATION 

D'ELEMENTS COMBUSTIBLES 

Elaboration du metal 

L'elaboration des lingots d'uranium qui est pro
prie du CEA est assuree a partir des concentres four
nis par les exploitations minieres de France et d'outre
mer (entreprises soit publiques, soit privees) par deux 
usines: celle du Bouchet, appartenant au CEA, d'une 

* Commissariat a l'energie atomique. Avec Ia collaboration 
de B. Boudouresques. 

** Societe industrielle de combustible nucleaire. 
... Ci• pour l'etude et Ia realisation de combustible atomique. 
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capacite de 800 tfan; celle de Malvesi, appartenant 
a la Societe de raffinage de !'uranium, d'une capacite 
de 1 500 tfan. 

Mise en forme et gainage des elements combustibles 

Ces operations sont effectuees par deux societes 
privees, suivant les specifications fournies par le C~A 
et sous son controle technique. Ce sont: la Societe 
industrielle de combustible nucleaire, dont l'usine 
d' Annecy, d'une capacite voisine de 1 000 tfan de 
produits finis, a fourni a ce jour p~us de 3 .~oo t de 
cartouches diverses; et la Compagll!e pour 1 etude et 
la realisation de combustible atomique, dont l'usine 
de Romans, en fonctionnement depuis 1962, vient de 
voir porter sa capacite annuelle a 500 t. 

Ces deux societes disposent l'une et l'autre. d'un 
atelier pilote (a Veurey pour la SICN, en cours d'i~s
tallation a Romans pour la CERCA) pour 1a mtse 
au point et !'amelioration des proc~des. de fabrication 
industrielle ainsi que pour la fabncatwn des proto
types. 

Fabrication des gaines 

L'elaboration des alliages de magnesium, essen
tiellement Mg-Zr, se fait a l'usine de. Mon~reuil
Belfroy de la Societe Trefimetaux, a part~~ ~e ~m.gots 
de magnesium fournis au CEA par la Societe generale 
du magnesium, et de lingots de zirco~!~-magne_s,il~m 
produits pour le CEA par 1a Societe des acienes 
d'Ugine. 

Le filage, en vue d'obtenir soit directeme11:t des 
gaines, soit des ebauches, est effectue :par trOIS SO
cietes: Trefimetaux, la Societe metallurgique de Ger
zat Cuivre et Alliage. 

l!usinage des ebauches pour obtenir les gaines d~s 
elements combustibles pour EDF2 et EDF3 est fatt 
par trois societes: Trefimetaux, Messier, Forges de 
Bologne. 

La fabrication des chemises de graphite 

Les chemises de graphite de qualite Speciale, ela
borees par la Societe Pechiney dans s?n us~n~ ~e 
Chedde sont ensuite usinees soit a l'ateher specmhse 
du CEA a Marcoule, soit par la Societe Mouza a 
Courbevoie. 

ASPECTS TECHNIQUES DE LA FABRICATION 

Apres ce rapide coup d'reil porte sur not_re industrie, 
nous allons examiner les aspects techmques de la 
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fabrication, ne nous attardant quelque peu que sur 
les points nous apparaissant les plus interessants. 

Mise en forme des barreaux combustibles 

Le combustible pour les reacteurs EDF se presente 
sous forme d'un tube de 55 em de longueur environ, 
en alliage d'uranium a 0,5 ou 1,1% de molybdime, 
ferme a ses deux extremites par une pastille soudee 
de meme composition. L'on ne reviendra pas ici sur 
les justifications du choix de l'alliage et de la geo
metric, cc;:s sujets etant traites dans un autre memoire, 
presente a la Conference*. 

La mise en forme comprend les operations sui
vantes: coulee so us vide, traitement thermique pour 
l'alliage a 1,1% de Mo, usinage des tubes et pastilles, 
soudage des pastilles, usinage de finition et etuvage. 

La coulee 

Elle est effectuee par gravite dans des fours de 
fusion sous vide sur lesquels nous n'insisterons pas, 
sauf pour indiquer que des ameliorations importantes 
leur ont ete apportees pour, d'une part, conserver leurs 
performances de degazage du bain de fusion, malgre 
!'augmentation des charges, d'autre part adopter Ia 
coulee en « moules chauds » pour les raisons indi
quees plus loin. 11 faut egalement signaler Ia suppres
sion de la galette residuelle du distributeur, ce qui a 
le double avantage de faciliter le demoulage et de 
reduire certaines tensions qui apparaissent dans les 
tubes au cours de leur refroidissement. 

Pour l'avenir, nos efforts s'exercent dans deux 
directions: augmentation des charges pour les porter 
de 250-300 kg a 450-600 kg dans un premier stade, 
puis peut-etre ulterieurement jusqu'a l 000 kg, d'une 
part, meilleur controle des temperatures de prechauf
fage des moules, d'autre part. 

La principale difficulte rencontree dans la coulee 
des tubes est !'obtention d'un metal sain, exempt de 
retassures et de souffiures pouvant affecter leur tenue 
en pile, l'epaisseur de paroi n'etant que de 10 mm. 
11 a fallu recourir a un prechauffage convenable des 
moules de graphite ou sont coules les tubes, ce qui 
permet une solidification dirigee progressant de bas 
en haut par plans paralleles. II en resulte une augmen
tation du gradient vertical de temperature et un ralen
tissement de la vitesse de solidification dans tout le 
moule. 

La solidification particulierement lente en tete des 
tubes a pour effet d'y accroitre considerablement la 
taille du grain gamma, contrairement a ce qui se 
passe en pied ou la solidification demeure rapide. 
Ceci, dans le cas de l'alliage a 1,1% de molybdene, a 
pour consequence d'accroitre, non ·seulement la taille 
du grain gamma, mais aussi celle du grain alpha qui 
presente de plus une morphologic anguleuse a 
contours rectilignes. 

• Salesse M., Stohr J. A et Jeanpierre G., Developpements 
recents des elements combustibles franc:ais de Ia filiere uranium 
naturel-graphite-gaz carbonique. Voir les presents Actes, P/60, 
vol. 10. 
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Aussi, pour pallier ces inconvenients et obtehir une 
microstructure a grains fins parfaitement homogene 
sur toute la longueur du tube, avons-nous ete amenes 
a effectuer un traitement thermique de refroidissement 
controle. 

Le traitement thermique de refroidissement controle 

Les conditions de ce traitement (fig. I) sont fonc
tion de la taille du grain gamma d'origine, qui, depen
dant des conditions de solidification, varie sur la 
longueur du tube, et suivant la geometrie et le nombre 
des elements coules simultanement. Les conditions 
les plus favorables pour obtenir une microstructure a 
grains alpha fins, correspondent a un refroidissement 
a vitesse lineaire de l'ordre de 15 a 50 °Cjmin. dans 
l'intervalle de temperature 800-550 °C. Une vitesse 
trop faible conduit a la croissance du grain beta dans 
le domaine (beta+ gamma) tandis qu'une vitesse trop 
elevee favorise la germination sympathique, surtout 
lorsque le grain gamma est de grandes dimensions, 
et amene des heterogeneites. La conciliation de ces 
deux exigences devient particulierement difficile lorsque 
le grain gamma d'origine est tres grossier. 
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Figure 1. Determination des vitesses de refroidissement en 
fonction de Ia taille du grain y pour obtenir une structure fine 

et homogene 

I: si y ;;;. 10 grains/mm2 - 10<V<50 °C/min. 
II: si y ;;;. 5 grains/mm•- 12<V<35 °C/min. 
III: si y ;;;. 1 grain/mm2 

- 15 < V < 20 °C/min. 

Deux methodes sont utilisees pour effectuer ce 
traitement: i) chauffage en bains de sels et refroidis
seme::lt controle dans une enceinte calorifugee: les 
lots de tubes, prealablement portes a 800 °C, sont 
places dans une enceinte ou la vitesse de refroidisse
ment est de l'ordre de 20 a 60 °C/min; ii) chauffage 
individuel des tubes par induction et refroidissement 
controle par variation de la puissance dissipee; cette 
methode tres souple permet d'obtenir Ia vitesse de 
refroidissement desiree une fois determinee, la pro
grammation de puissance fonction de la geometrie du 
tube a traiter. 
·.On cherche actuellement a s'affranchir de certaines 

sujetidns inherentes a ces deux procedes, en mettant 
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au point le refroidissement controle des tubes dans 
le montage meme du four de coulee. 

Usinage 
L'usinage des tubes et pastilles impliquant des 

operations beaucoup plus delicates et nombreuses que 
dans le cas de barreaux, on a ete amene a les automa
tiser au maximum. Apres denoyautage, le tube subit 
un premier usinage des gorges d'ancrage centrales et 
de ses extremites, tandis que les pastilles, tirees de 
barreaux pleins, sont usinees avec leurs bossages, en 
prenant soin de menager une surepaisseur convenable. 
Apres soudage des pastilles, les tubes sont repris 
pour l'usinage des gorges d'ancrage d'extremites et 
mis a longueur definitive. Grace a l'emploi de ma
chines a cycles automatiques, ces operations se font 
dans d'excellentes conditions. 

Soudage 

Pour eviter qu'en cas de rupture de Ia gaine C02 

ne penetre a l'interieur de !'element combustible, la 
fermeture etanche des tubes d'uranium allie est realisee 
par des pastilles du meme alliage soudees par resis
tance sur bossages. On utilise pour cela une presse a 
souder dont Ia puissance est de l'ordre de 1 000 kV A. 

La mise au point du cycle automatique de soudage 
a ete delicate; · il fallait modifier le moins possible la 
structure du metal des extremites, tout en obtcnant 
une soudure suffisamment resistante et ·reguliere. On 
ne peut malheureusement pas supprimcr une hete
rogeneite de structure provcnant des differences de 
vitesse de refroidissement entre les diverses zones 
affectees par l'operation. 

Etuvage 

Apres usinage final et decapage par sablage, Ies 
barreaux subissent un traitement de detensionnement 
et de degazage sous vide de Ia surface du metal, ceci 
afin de permettre lors du gainage un meilleur contact 
entre gaine et uranium. 

Cette operation a lieu a 550 oc sous vide de 10-s 
torr. 

Controles de fabrication 

Les controles sont effectues a chaque stade de 
!'elaboration. 

a) Controle des teneurs en elements d'addition et en 
impuretes 

Le controle est effectue sur un tube par coulee, soit 
environ un tube sur 20 pour le molybdene. La repar
tition en est tres satisfaisante, l'ecart maximal attei
gnant 0,04%. Les dosages d'impuretes portent sur les 
teneurs en carbone, fer et aluminium. 

b) Controle gammagraphique 

La mise en evidence des defectuosites de fonderie 
s'effectue par gammagraphie. On evalue sur les cliches 
la dimension, le nombre et la repartition des defauts. 
Les criteres tiennent compte de la concentration et 
de !'importance des cavites. 
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c) Contro/e de Ia microstructure 

Le controle de la microstructure se fait par compa
raison avec des structures types, grace a des micro
photographies effectuees en lumiere polarisee. Les 
echantillons sont preleves en tete d'un barreau, a 
raison d'un prelevement par coulee pour l'alliage a 
0,5% de molybdene, a raison d'un prelevement par 
lot de traitement de refroidissement controle pour 
l'alliage a 1,1%. 

d) Contro/e d' aspect et controles dimensionnels 

Signalons trois controles specifiques des tubes: veri
fication de l'epaisseur de paroi et de l'epaisseur de 
pastille, par ultra-sons, de la qualite de la soudure 
de Ia pastille, par examen destructif. 

La fabrication des gaines 
Materiau 

Le materiau presque exclusivement utilise jusqu'ici 
est l'alliage Mg-Zr dont les teneurs en zirconium sont 
comprises entre 0,45 et 0, 7%, les teneurs en autres 
impuretes etant limitees a des taux tres faibles. Il est 
elabore en fonderie a partir des lingots de magnesium 
electrolytique ·et de lingots d'alliage de zirconium
magnesium a 60 ou 80% de Zr. 

Elaboration des gaines 

Les billettes d'alliage ainsi obtenues sont filees, 
soit pour obtenir directement Ia gaine pour l'element 
combustible EDFl, soit pour obtenir une ebauche 
cylindrique pouvant, ou non, deja comporter des 
ailettes de centrage pour les elements combustibles 
EDF2 et EDF3. 

Dans ce dernier cas, on procede alors a l'usinage 
sur des machines automatiques a fraises multiples, 
permettant de grands rendements. 

Controles 

Les controles sont executes aux differents stades de 
Ia fabrication. 
- Contro/e du materiau; en plus des controles des 
materiaux bruts effectues pour chaque coulee, controle 
des tencurs en zirconium et en impuretes et parti
culiercmcnt en chlorures, controle de Ia compacite 
par le S. 
- Contro/e du metal file; pour le lot obtenu a partir 
d'une meme coulee, examen metallographique d'e
chantillons. 
- Contro/e de Ia gaine terminee; controle d'aspect 
apres brillantage et controle dimensionnel par poly
controle permettant de verifier simultanement une 
dizaine de cotes. 

Gainage 

La gaine et les differents accessoires re<;:us, et even· 
tuellement controles a nouveau pour le compte du 
CEA dans les usines de gainage, y subissent leur 
usinage definitif. La gaine est nettoyee et etuvee, 
avant que l'on ne procede a la soudure du premier 
bouchon puis au remplissage par le barreau d'ura
nium et enfin a Ia soudure du deuxieme bouchon. 
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Ces operations de soudage effectuees a l'arc sous 
atmosphere d'argon sont executees suivant un cycle 
automatique qui permet d'obtenir toute garantie sur 
Ia qualite des soudures. On procede alors a I' operation 
de gainage. 

Operation de gainage 
Cette operation a pour but d'assurer, dans les 

conditions futures de fonctionnement de !'element 
combustible une liaison aussi parfaite que possible 
entre gaine et barreau. Un pregainage hydraulique 
effectue a Ia temperature ambiante sous des pressions 
de I 000 a 2 000 kgfcm2 supprime le jeu initial entre 
barreau et gaine et deforme celle-ci afin de lui faire 
epouser le contour apparent du barreau. En effet, 
dans celui-ci ont ete usinees des gorges destinees a 
l'encrage de la gaine, dont le nombre, la repartition 
et les dimensions resultent d'etudes theoriques et de 
nombreux essais. 

Le gainage thermo-pneumatique qui suit a un 
double- but: a) achever, par deformation plastique de 
Ia gaine, le contact a fond de gorges de celle-ci et du 
barreau; b) creer des contraintes de traction dans Ia 
gaine pour eviter tout risque de decollement lors de Ia 
mise en pile de !'element combustible, compte tenu 
des coefficients de dilatation differents du magnesium. 

Ce gainage est effectue aux environs de 400 °C sous 
des pressions de l'ordre de 200 kgjcm2• Le cycle etant 
programme, !'operation est fait par lots qui sont 
forcement assez reduits, le volume disponiblc des 
equipements de gainage etant limite par suite de 
fortes pressions necessaires. 

Controles 
Ceux-ci portent sur les soudures, dont on verifie 

Ia qualite par prelevement systematique et l'etancheite 
par Ia methode du ressuage d'helium. Egalement, 
apres avoir contr6le par examen aux rayons X qu'il 
n'y a pas de decollement entre gaine et barreau, on 
apprecie l'etat de surface de Ia gaine apres nettoyage 
chimique. 

La fabrication des chemises de graphite supports des 
elements combustibles 

a) Les chemises en graphite sont elaborees pour 
repondre aux exigences imposees de purete nucleaire 
et de resistance mecanique. Cette fabrication demeure 
toutefois tres voisine de celle des barres de graphite 
pour moderateur. 

b) L'usinage est fait sur des chaines particulieres 
permettant de fortes cadences de production, malgre 
sa complexite et sa precision. Dans les ateliers d'usi
nage, on procede egalement au montage de Ia selle 
support de !'element combustible et, dans le cas 
d'EDF2, a Ia mise en place des centreurs dans Ia 
chemise. 

c) EJ?. plus des contr6les habituellement effectues 
sur les pieces de graphite entrant dans l'empilement 
des reacteurs nucleaires, on effectue certaines verifi
cations supplementaires tenant compte de Ia fragilite 
relative des chemises et de leurs conditions d'emploi. 

R. BOUSSARD et at. 

ASPECTS ECONOMIQUES DE LA FABRICATION 
INDUSTRIELLE 

La politique choisie pour le developpement des 
reacteurs de Ia filiere a implique jusqu'ici I' etude et Ia 
realisation, pour chaque nouvelle unite, d'un nouveau 
element combustible. C'est ainsi que quatre types de 
cartouches G2, EDFI, EDF2, EDF3 sont aetuelle
ment fabriques, sans parler des cartouches G I. 

Cette- pluralite des fabrications a, en particulier, 
pour consequence d'augmenter de far;on assez sen
sible Ia charge d'investisser 1ents des industriels et se 
repercute sur nos prix de revient, malgre le souci de 
concevoir des equipements polyvalents permettant au 
maximum les adaptations a plusieurs d'entre elles. 

Les investissements 

Etant donne que, meme pour des elements a priori 
compliques, comme ceux destines a EDF2 et EDF3, 
la part du prix de revient incombant a Ia gaine, a la 
chemise et aux pieces de graphite, ne represente que 
la moitie de celle incombant a Ia fabrication du barreau 
combustible et a son gainage, seuls seront examines 
en detail les investissements relatifs a ces postes. 

Ccux-ci peuvent etre divises en quatre categories 
principales: 

a) Les biltiments (usine, laboratoires de contr6le 
de fabrication, atelier d'entretien, magasins) repre
sentant approximativement 25 a 30% de l'investisse
ment total; 

b) Les installations generales (voirie, alimentation 
et traitement des ftuides, etc.) representant de I5 a 
20%; 

c) Les equipements standards valables pour toutes 
les productions et reconvertibles (machines outils, 
engins de manutention, etc.) representant environ 25%. 

d) Les equipements specialement adaptes a chaque 
mode de fabrication et constituant les chaines de 
production de serie representant de 25 a 35%. 

La penalisation que nous inftige notre diversite de 
production provient de ce dernier poste dont !'impor
tance se trouve sensiblement doubtee; elle peut done 
etre tres approximativement evaluee a I5%. 

L'effort portera done sur les points suivants: 
i) Simplification au maximum du mode de fabrica

tion (elargissement des tolerances, suppression de 
certains postes de production, etc.). Chaque modifi
cation fera !'objet d'essais prealables hors pile et de 
tests sous irradiation a une echelle statistique dans le 
reacteur lui-meme. 

ii) Normalisation des combustibles en recherchant 
un element du type EDF3 pour les reacteurs EDF2, 
EDF3 et EDF4. 

Structure du prix de revient de I' element combustible 

Actuellement, les parts incombant aux differentes 
operations de fabrication des divers elements com
bustibles correspondent aux donnees du tableau I. 
La part preponderante demeure dans tous les cas 
celle du prix de !'uranium nature! metal, prix qui 
releve maintenant pour les concentres d'un marche 
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Tableau 1. Decomposition du prix de revient des cartouches 

02-03 EDFI EDF2 EDF3 
(barreaux 0 31 mm) (tubes 35-14) (tubes 40-18) (tubes 43-23) 

Uranium neuf (Lingots) ............ 
Mise en reuvre uranium ............. 
Gaines et bouchons ................. 
Pastilles alumine ................... 
Centreurs .............. ······ .... 
Chemises graphite ...... ····· ...... 
Fabrication et controle ............. 

mondiaf et que le Commissariat s'efforce de reduire 
tant par !'amelioration des techniques d'elaboration 
que par la normalisation des tailles de !ingots, qui 
depend de Ia capacite de nos fours de coulee. Une 
part non negligeable provient des dechets d'usinage 
que nous cherchons a recycler directement dans nos 
usines au titre de complement de Ia charge de fusion. 

On n'insistera pas sur Ia quote-part des gaines qui 
est faible et qui ne pourra guere etre reduite que par 
!'augmentation des quantites fabriquees. On remarque 
qu'elle ne varie d'aillcurs pas sensiblement malgre Ia 
complexite croissante des profils. 

En ce qui concerne Ia chemise, un abaissement du 
prix pourra etre obtenu Iorsque !'experience acquise 
permettra de nous satisfaire d'une qualite de gra
phite plus simple a elaborer et pour lequel les tole
rances dimensionnelles pourront etre moins severes. 

Fabrication et controle 

La decomposition de cette part en trois postes 
principaux - fonderie, usinage, gainage - est donnee 
dans le tableau 2. Le poste fusion est Ie plus impor
tant, suivi par celui du gainage. Comme indique pre
cedemment, le poste usinage demeure raisonnable 
grace a l'automatisation poussee des operations. 

Tableau 2. Decomposition du prix de fabrication 
des cartouches 

02-G3 EDFI EDF2 
Operations (barreaux) (tubes) (tubes) 

% % % 

Fonderie ........... 45 43 48,5 
Usinage U et Mg .... 19,5 22 18,5 
Gainage ............ 35,5 35 33 

CONCLUSION 
Recherchant des performances de plus en plus ele

vees des elements combustibles des reacteurs de puis
sance, Ie CEA s'est attache egalement a ne pas oberer 
le rendement obtenu par un cout de fabrication trop 
eleve. 

La plus-value des elements avances type EDF3 
(tubes d'alliage d'uranium - gaines chevrons - che
mises de graphite) par rapport a un element classique 
(barreaux d'uranium legerement allie, gaines a ailettes 
longitudinales) doit s'amenuiser et le prix de revient 
des elements combustibles doit diminuer sensiblement 
dans les annees a venir. 

?/o 

72 
6 
4 

18 

% % % 

58 56 54 
7 6 7 
7 4 5 
I 

2 
8 8 

27 24 26 

Les voies possibles sont celles de Ia standardisation 
permettant de mettre en reuvre les chaines de produc
tion a grand rendement et celles de Ia simplification 
du mode de fabrication. Nous pensons reduire ainsi, 
dans le prix de revient du kWh, la part du combus
tible, estimee actuellement a 30% environ, qui nous 
parait trop elevee. 

* * * 

FABRICATION DES ELEMENTS COMBUSTIBLES 
A BASE D'URANIUM ENRICH! 

GAINES D'ALUMINIUM 
DESTINES AUX REACTEURS EXPERIMENTAUX 

DE TYPE PISCINE 

Les elements plaques pour piles piscines ont ete 
commandes juo;qu'en 1962 aux Etats-Unis. 

La fabrication de ces elements a ete entreprise en 
France en 1963, avec celle des plaques destinees aux 
reacteurs SILOE et PEGASE; le stade industriel est 
aborde en 1964, !'elaboration complete a partir de 
UF6 approvisionne aux Etats-Unis ne devant inter
venir qu'en 1965. 

Rappelons que !'element SILOE,comprenant 18 pla
ques planes combustibles, est utilise pour Ies reac
teurs TRITON, MINERVE, MELUSINE, CABRI, 
SILOE et sa maquette SILOETTE, alors que !'ele
ment PEGASE, comprenant 19 plaques planes com
bustibles et 2 plaques d'aluminium bore, est utilise 
dans Ie reacteur PEGASE et sa maquette PEGGY. 

Les caracteristiques de ces divers elements combus
tibles figurent ·plus en detail dans diverses communi
cations*. 

Les differents problemes poses par ces fabrications 
ont ete abordes suivant le processus ci-dessous. 

Premiere phase; Assemblage des plaques combus
tibles fabriquees aux Etats-Unis; 

Deuxieme phase; Fabrication des plaques combus
tibles a partir de noyaux d'uranium-aluminium appro
visionnes aux Etats-Unis; 

Troisieme phase; Fabrication complete des elements 
combustibles a partir d'uranium metal qui debutera 
en janvier 1965. A cette date, plus de 8 000 plaques 
auront ete Iaminees et plus de 500 elements assembles 
par la CERCA. 

* Dewez, Fabrication industrielle des elements combustibles 
plaques pour reacteurs experimentaux. 
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Tableau 3. Mode de fabrication des elements lamines 

Fabrication des demi-produits Schema de fusion Con troles 

I U et Al I Pesee - Fusion 

LINGOT U-Al 

Controle chimique U-Al 
Laminage du lingot U-Al 

PLAQUE U-Al 

I 
Decoupage des noyaux 
Degraissage 

NOYAUX Me sure de la teneur en 235 U 

U sin age des cadres et Encadrement 

couvercles degraissage Assemblage du sandwich 
Laminage a chaud 

COUVERCLES Controle du collage- soufflures 

CADRES I 

Laminage a froid 
Planage 
Reperage du coeur par 
radioscopie Controles dimensionnels 

Decapage degraissage Radio- romogeneite du coeur; 

PLAQUE COMBUSTIBLE 
graphie inclusions; 

dimensions du coeur 
Pollution de surface 
Etat de surface 

Usinage des plaques de rive Assemblage des plaques Controle destruction epaisseur 

Decapage degraissage de gaine 
PLAQUES DE RIVE SECTION COMBUSTIBLE 

I 
Montage des embouts 

Usinage des embouts 
Finition degraissage 

ELEMENT COMBUSTIBLE Controle dimensionnel 
EM BOUTS Pollution de surface 

Emballage 
Inspection finale 

Stockage 
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PRESENTATION DE L'INDUSTRIE FRAN<;AISE 
EN MATIERE DE FABRICATION 

D'ELEMENTS COMBUSTIBLES EN URANIUM 
ENRICHI POUR REACTEURS DE RECHERCHE 

Transformation de UF6 en uranium metal 

La transformation de l'UF6 en uranium metal doit 
debuter durant l'ete 1964 a l'atelier CEA d'uranium 
enrichi de Cadarache. Cet atelier est com;u pour 
transformer UF6 de tout enrichissement en U02 ou 
en uranium metal. Cet atelier pourra egalement trai
ter tous les dechets d'uranium enrichi (93%) non 
recuperables par fusion. La capacite de cet atelier est 
actuellement de 1 000 kg/an. 

Fabrication des plaques combustibles et leur assemblage 
Ces operations sont effectuees par la CERCA. Le 

mode de fabrication appartient a cette societe et lui 
permet de satisfaire aux caracteristiques finales de 
l'element definies et controlees par le CEA. 

En 1963 et 1964la CERCA a pu produire 8 000 pla
ques dans son atelier special de Bonneuil-sur-Marne 
d'une capacite de 6 000 plaques/an. Le programme 
1965, qui prevoit la fabrication complete des elements 
a partir de l'uranium metal fourni par le CEA, sera rea
lise dans un nouvel atelier en construction a Romans 
dont la capacite annuelle de production pourra etre 
ulterieurement portee a plus de 20 000 plaques. 

Fabrication des aluminiums et des pieces particulieres 
L'elaboration des aluminiums speciaux est realisee 

par les Societes Cegedur et Trefimetaux a partir de 
lingots fournis par la Societe Pechiney. 

Trefimetaux, dans son atelier de Montreuil-Belfroy, 
elabore, de plus, l'alliage d'aluminium bore qui sera 
utilise pour la fabrication des plaques d'assemblage 
de !'element combustible OSIRIS. Certaines fabrica
tions particulieres telles que plaques d'acier bore 
obtenues par frittage ou plaques triplexes « alumi
nium-aluminium bore » sont realisees par Metafram 
dans son usine de Beauchamp. 

ASPECTS TECHNIQUES DE LA FABRICATION 
Technique de fabrication 

Les differents aspects techniques sont decrits dans 
la communication citee. Le tableau 3 presente un 
schema simplifie du mode de fabrication et des 
controles exerces. 

Controles 
Le CEA se reserve de controler par sondage la 

qualite de fabrication, pour les materiaux, avec l'aide 
du Service de controle analytique de Grenoble, et, 
pour !'ensemble des specifications, avec celle du 
Departement de metallurgie. 

Controle des plaques 
Les controles effectues en cours de fabrication sont 

les suivants: 
a) Controle chimique de l'alliage U-Al realise sur 

des prelevements effectues en differents points du 
I ingot; 
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b) Mesure de Ia teneur en 235U de chaque noyau 
par mesure de densite; 

c) Controle du collage« creur-gaine »; Ia fermeture 
du sandwich etant realisee uniquement par laminage 
a chaud, il n'a pas ete necessaire de recourir pour 
cela aux ultra-sons, un controle des souffiures apres 
un recuit important permettant de deceler des defauts 
de collage inferieurs au mm2• 

Les autres controles, qui sont effectues sur les 
plaques terminees, pretes pour !'assemblage, sont les 
suivants: 

a) Controle dimensionnel de Ia plaqw:.; 
b) Controle dimensionnel du creur effectue sur 

radiographie; 
c) Controle de l'homogeneite et des inclusions dans 

le creur effectue par radiographie; 
d) Controle de la pollution de surface par comp

tage alpha; 
e) Controle des etats de surface; une tres grande 

attention est portee a ce poste de controle, aucune 
piqilre de profondeur superieure a 76 microns n'etant 
acceptee; 

f) des controles destructifs sont aussi effectues sur 
un certain nombre de plaques pour verifier les epais
seurs de gainage. 

Controle des elements lamines 

Ces controles sont essentiellement dimensionnels, 
une grande attention etant toutefois encore portee 
aux controles d'etat de surface des plaques laterales 
extremes. 

L'assemblage des plaques, qui est realise par ser
tissage, est controle regulierement en procedant a des 
essais d'arrachement sur des sections d'elements 
inertes specialement fabriquees dans les memes condi
tions. Des essais hydrauliques sont aussi realises en 
debut de fabrication sur des maquette inertes. 

ASPECTS ECONOMIQUES DE LA FABRICATION 

Le CEA a essaye de normaliser au maximum les 
types d'elements combustibles lamines utilises dans 
ses reacteurs de recherche pour en permettre la fabri
cation industrielle. C'est ainsi que !'element du type 
SILOE, utilise dans sept reacteurs, est fabrique a la 
cadence de 150 elements/an (soit 2 600 plaques), tan
dis que 1'element du type PEGASE est fabrique a la 
cadence de 100 elements/an (soit 2 500 plaques). 

L'annee 1965 verra la fabrication du premier jeu 
OSIRIS, et pres de 6 000 plaques de ce type seront 
fabriquees dans les annees suivantes (tableau 4). 

La decomposition du prix de revient se presente de 
la maniere suivante: 

Co(lt de !'uranium. Les charges comprennent la 
transformation de UF6 en U metal. La location de 
!'uranium pendant Ia fabrication et le retraitement 
des dechets representent environ 28% du prix de 
!'element. 

Amortissement des installations. Les memes equi
pements sont utilises pour toutes les fabrications, 
d'ou une part amortissement relativement peu elevee, 
de l'ordre de 22%. 
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Tableau 4. Elements Jamines U-Al utilises dans les reacteurs du CEA 

Elements standard Elements de controle 
Composition Consommation 

Puissance moyenne d9 un jeu annuelle Plaques Plaques Charge Plaques Plaques Charge 
(MW) (Standards = S, 

Reacteurs et sites Controles = C) 'lilem. 

TRITON, Fontenay-aux-Roses 2 

) 24S,4C I 
MINERVE, Fontenay-aux-Roses. 0,1 
CABRI, Cadarache ............ pies 
MELUSINE, Grenoble ........ 2 156 

SILOE, Grenoble ............. 15 
} 25 s, 5 c SILOETTE, Grenoble ......... 0,1 

UL YSSE, Saclay ............... 0,1 24 s 12 

PEGASE, Cadarache .......... 30 
} 21 s, 4 c 100 PEGGY, Cadarache ............ 0,1 

OSIRIS, Saclay ............... 50 
} 29 s, 6 c 245 ISIS, Saclay ·················· 0,1 

Fabrication et contr6/e. Les frais de fabrication et 
de contr6le representent environ 50% du cout final 
de !'element, mais une part importante du prix resulte 
des specifications d'etat de surface tres severes impo
sees par Ie CEA. II est tres vraisemblable que dans 
les annees a venir, par suite des excellents resultats 
obtenus en piles, ces normes pourront etre allegees. 
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Af57 France 

The manufacture of fuel elements in France 

By R. Boussard et a/. 

The paper deals successively with the industrial 
production of fuel elements for power reactors of the 
natural-uranium-graphite-gas type, and more espe
cially for the power stations of Electricite de France 
(EDF), and with that of fuel elements containing 
enriched uranium designed for research reactors of 
the swimming-pool type. 

Dealing with advanced fuel elements for the EDF 
reactors, the authors, after recalling the characteristics 
of the fuel elements now being manufactured for the 
Marcoule and Chinon reactors, describe the various 
steps leading up to the industrial production of a new 
type of fuel element, as concerns both the can, and 

in certain cases the graphite sleeve, and the fuel itself. 
So far as the production of the fuel is concerned, 

the authors describe the various operations, stressing 
the novel features of production and equipment, 
such as: 

(a) Casting in hot moulds; 
(b) Heat treatment of uranium alloys containing 

I% by weight of molybdenum; 
(c) Welding of the pellets for closing the uranium 

tubes; 
(d) Canning; and 
(e) Details of the control exercised at each stage. 
In the matter of can production, it is explained 

why and ·how the extruded can came to be replaced 
by a machined can; some details of the equipment 
used and the checks carried out are also given, 
together with a brief account of the way in which the 
sleeves are manufactured and machined. 
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After reviewing the state of the nuclear fuel industry 
in France in mid-1964, the authors stress the economic 
aspects of fuel-element production. They demonstrate 
the relatively high incidence of capital costs on the 
cost price of the fuel itself and examine the various 
components. They analyse the cost of producing a 
complete fuel element on the basis of current data. 

The first part of the paper ends with an exposition 
of the particular points on which further efforts 
should be concentrated with a view to reducing the 
cost of an operation which, although tricky, is now 
well worked out, and with a review of the develop
ment of this new branch of industry. 

Turning to the manufacture of fuel elements for 
swimming-pool type reactors, the authors describe 
how the problem of the industrial production of 
rolled fuel elements has been solved in France, and 
give an account of the three steps involved: 

(a) Assembly of the plates (made in the USA); 
(b) Rolling of the cores (also made in the USA) 

to produce plates; and 
(c) Fabrication of the U-Al alloy and production 

of the cores. 
They briefly survey the main features of the different 

fuel elements currently in production, describing also 
the various manufacturing processes, including details 
of the equipment used; stress is laid on the extent 
of the checks carried out at each stage. 

Lastly, the authors discuss the future development 
of this type of production, taking into account 
improvements planned or foreseeable. 

A/F!J7 lllpaH411R 

npoH3BOACTBO TenllOBbiAeJUUOUJ.HX 311e
MeHTOB 80 UJpaHU,HH 

P. 5yccap et al. 

ABTOphi IIOCJietl;OBaTeJihHO II3JiaraiOT CBOII B3fJIH

tJ:hl Ha IIpOMhllliJieHHOe IIpOII3BOtl;CTBO TeiiJIOBhitJ;e

JIJIIO~IIX aJieMeHTOB AJIH anepreTn'lecKnx ypan

rpacfm:TOBhiX peaKTOpOB C ra30BhiM OXJiail\)l;eHneM, 

B 'laCTHOCTH AJIH aTOMHhiX aJieKTpocTaHIJ;Hii: o6ne

t~:nnemm <(8JieKTpncnTe )l;e <l>panc>>, a TaKme na 

1Ip0H3BO)l;CTBO TeiiJIOBhitJ;eJIHIO~HX 3JieMeHTOB C 

o6ora~eHHhiM ypanoM, IIpet~:naana'laeMhiX AJIH 

3KCIIepnMeHTaJihHhi:X peaKTOpOB IIOrpyiKHOfO TIIIIa. 

Y cosepweHcrsosaHHble rennoBbiAens:uoll.IHe 
3neMeHTbl AMI peaHropos THna EDF 

IIocJie RpaTKoro oiincannH xapaRTepncTnK Ten

JIOBhitJ;eJIJIIO~nx aJieMeHTOB AJIJI peaKTopos B Map

RyJie ll IIIHHOHe, ll3fOTOBJIJieMhiX B HaCTOJI~ee 
BpeMH B IIpOMhiiiiJieHHOM MaCIIITa6e, aBTOphi Bhi

tJ;eJIJIIOT pa3JIH'IHhle 3Tallhl, KOTOphie 6hiJIH IIpoii

,'),eHhl )1;0 CTa)l;Hll IIpOMhiiiiJieHHOFO II3fOTOBJieHIIJI 

HOBOfO 3JieMeHTa, KaK B OTHOIIIeHIIH IIOKphlTliH 

n rpa<lmToBoii: o6oJIO'IKn, TaR n B OTHoiiiennn ca

Moro TOIIJinBa. 
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ITo sonpocy naroTOBJiennH TOIIJinsa aBTOphr omr

ChiBaiOT paaJIH'IHhle o11epa~nn, o6pa~aH oco6oe 

BHnManne Ha opnrnnaJihHhre MeTOAhi nponaBOP:

CTBa ll o6opytJ;OBaHHH, TaKne, KaK: OTJIHBKa B fO

pJI'IJJe <f>opMhi, TepMH'IeCKaH o6pa60TKa CIIJiaBOH 

ypaHa C 1% MOJIH6tJ;eHa, CBapKa Ta6JieTOK, tl;JIH 

repMeTnaa~nn Tpy6oK, noKphiTne aa~nTnoii: o6o

JIO'IKoii:, ROHTpOJih Ha pa3JIH'IHhlX CTatJ;HHX IIpOH3-

BO,D,CTBa. 

HacaJICh IIponaBOACTBa o6oJIO'IeK, aBTOphi yKa-

3hlBaiOT, IIO'IeMy ll RaKHM o6pa30M IIepeiiiJill OT 

o6oJIO'IeR, H3fOTOBJifleMhiX Bhi,D,aBJIHBaHneM, K o60-

JIO'IKaM, IIOJiy'laeMhlM MexaHn'leCKOH o6pa60TKOrJ. 

IIpnBO,D,HTCH neKoTophie xapaKTepncTnKn o6opy

AOBaHnH ll MeTO)l;hl KOHTpOJIH, a TaKil\e tJ;eTaJill 

IIpOH3BO,D,CTBa ll o6pa60TKH rpa<f>nTOBhiX 060JIO'IeK. 

PaccRaaaB, 'ITO co6oii: IIpe,rr,cTaBJIHeT IIpOMhiiii

JieHHOCTh TeiiJIOBhi,D,eJIHIO~HX 3JieMeHTOB B cepe

tl;HHe 1964 ro,u,a so <l>pam~nn, aBTOphi o6pa~aiOT 
BHHMaHne Ha 3KOHOMH'IeCKHe aCIIeKThl 1IpOH3BO,D,

CTBa TeiiJIOBhitJ;eJIHIO~nx aneMeHTOB. Onn OTMe'la

IOT BJIHHHHe KaiiHTaJihHhiX 3aTpaT Ha ce6eCTOII

MOCTh TOIIJIHBa ll IICCJie,D,yiOT pa3JIH'IHhie IIOTepu 

TOIIJIHBa, 3aTeM ,D,eJiaiOT aHaJIH3 ce6eCTOHMOCTU 

TeiiJIOBhi,D,eJIJIIO~ero aJieMenTa. 

B aaKJIIO'Ienne aBTOphi OTMe'laiOT, na KaKne Mo

MeHThi neo6xo,rr,nMo naiipaBHTh ycnJinJI, 'IT06hi 

CHli3UTh CTOHMOCTh tJ:OBOJihHO CJIOil\HOfO, HO yme 

XOpOIIIO OCBOeHHOfO 1IpOU3BOtl;CTBa, ll onpetJ;eJI.HIOT 

pa3BliTJie 3TOH HOBOH OTpaCJIII IIpOMhiiiiJieHHOCTH. 

npoMbiWneHHOe ripOH3BOACTBO rennOBbiAe· 
MIIOll.IHX sneMeHTOB AMI norpy>KHbiX peaHTO
pOB 

AsTophi OTMe'laiOT, KaK nay'laJiaCh so <l>pan~nn 
IIp06JieMa IIpOMhiiiiJieHHOfO IIpOli3BOtl;CTBa TeJIJIO

BhitJ;eJIJIIO~IIX 3JieMeHTOB, H3fOTOBJIJieMhiX MeTO

,D,OM IIpoKaTKU, II OIIIIChiBaiOT Tpll IIpoiit~:eHHhiX 
:na11a: c6opKa IIJiacTnH, uaroTOBJI.HeMhiX B CiliA, 
npoKaTKa naroToBJIJieMhiX B CiliA OTJIIIBOK ,D,JIH 

IIOJiy'leHIIH IIJiaCTIIH, o6pa60TKa ypaH-aJIIOMIIHIIe

BOFO CIIJiaBa II np01I3BO,D,CTBO cepp,eqHIIKOB. 

BKpaT~e nepeqiicJI.HIOTCH xapaKTepiiCTIIKII paa

JinqHhix TeiiJIOBhi,D,eJI1JIO~IIX 3JieMeHTOB, H3FOTOB

JIHeMhiX B HaCTO.H~ee BpeMH. 3aTeM OIIIIChiBaiOTCH 

paaJinqHhie 3Taiihi paapa6oTKII, o6opy,u,osaHIIe, 

IIpii'IeM oco6o OTMeqaeTCH 3HaqeHIIe KOHTpOJI.H, 

ocy~ecTBJI.HeMoro na Ramt~:oii cTap,nii nponaBOA

CTBa. 

B aaKJIIO'Ienne paccMaTpiiBaeTCJI 6y)l;y~ee paa

BHTne 3TOFO MeTOtJ;a 1IpOH3BOtl;CTBa C yqeTOM IIpep;

ycMaTpiiBae.MhiX ycosepmeHCTBoBaHIIii. 

A/57 Francia 

La fabricaci6n en Francia de elementos 
combustibles 

por R. Boussard et at. 

Los autores tratan sucesivamente de la fabricaci6n 
industrial de elementos combustibles para reactores 
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de potencia del sistema uranio natural-grafito-gas 
y en especial para las centrales de Electricite de 
France y de Ia fabricacion de elementos combustibles 
a base de uranio enriquecido, destinados a los reac
tores experimentales del tipo « piscina ». 

Elementos combustibles avanzados para los reactores 
de Electricite de France 

Despues de un breve examen de las caracteristicas 
de los elementos combustibles que actualmente se 
fabrican en escala industrial para los reactores de 
Marcoule y de Chinon, los autores sefialan las distin
tas etapas seguidas para alcanzar la fase de fabrica
cion industrial de un elemento combustible nuevo, 
tanto en lo que concierne a la vaina y eventualmente 
a Ia camisa de grafito, como al propio combustible. 

En cuanto a la fabricacion del combustible, descri
ben las distintas operaciones e insisten en las inno
vaciones que aparecen tanto en los metodos de 
fabricacion como en la instrumentacion, tales como: 
i) colada en molde ·caliente, ii) tratamiento termico 
de las aleaciones U-Mo 1%, iii) soldadura de los 
tapones de cierre de los tubos, iv) envainado y 
v) control en las distintas fases. 

Por lo que respecta a Ia fabricacion de vainas, 
indican por que y como se ha pasado de la vaina 
extruida a la vaina mecanizada, mencionando 
algunas caracteristicas del dispositivo utilizado asi 
como de los controles efectuados. Dan igualmente 
algunas indicaciones sobre Ia fabricacion y el meca
nizado de las camisas. 

Despues de recordar como se presentaba en Francia 
Ia industria de los combustibles nucleares en 1964, 
los autores insisten sobre los aspectos economicos 
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de Ia fabricacion de elementos combustibles. Seiialan 
Ia imp.ortancia relativa de las inversiones sobre el 
coste de fabricacion del combustible propiamente 
dicho, examinando seguidamente las distintas perdi
das. Realizan un analisis del coste de fabricacion del 
elemento combustible completo, deduciendo los 
datos actuales. 

Para concluir, los autores indican los puntos par
ticulares sobre los que debe recaer Ia accion futura 
para disminuir el coste de una fabricacion muy 
delicada, pero actualmente a punto, y examinan 
las posibilidades que brinda el desarrollo de esta 
nueva rama industrial. 

Fabricaci6n industrial de elementos combustibles para 
reactores de tipo piscina 

Los autores indican como ha sido abordado en 
Francia el problema de Ia fabricacion industrial de 
elementos combustibles realizada por laminado y 
describen las tres fases por las que se ha pasado: 
montaje de placas fabricadas en los Estados Unidos, 
laminado de nucleos fabricados en los Estados 
Unidos para obtener las placas, y elaboracion de la 
aleacion U-Al y fabricacion de nucleos. 

Recuerdan brevemente las caracteristicas de los 
diferentes elementos combustibles que se fabrican 
actualmente. Describen seguidamente las diferentes 
fases de elaboracion dando indicaciones sobre el 
herramental empleado e insistiendo en la impor
tancia de los controles efectuados en cada fase. 

Para concluir examinan el desarrollo futuro de este 
tipo de fabricacion, teniendo en cuenta las mejoras 
previstas o previsibles. 
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Partie importante du emit du kWh, le coftt du 
cycle de combustibles a fait !'objet de nombreuses 
etudes. On sait que le poste traitement des combus
tibles irradies constitue une part importante de ce 
coftt. Or, Ia plupart du temps, !'estimation de ce 
poste est faite a partir d'un certain nombre d'hypo
theses sans que chacun des composants soit analyse 
et discute en detail. L'on pourrait penser que ceci ne 
s'applique qu'aux projets de reacteurs et que pour 
les reacteurs en marche on dispose de donnees pre
cises. Mais, en fait, jusqu'a present, le traitement des 
combustibles irradies de ces reacteurs n'a pas encore 
ete effectue ou commence seulement a l'etre. Aussi Ia 
plupart des chiffres publies sont bases sur les tarifs qui 
correspondent a des conditions de traitement dans 
des usines hypothetiques ou dans des usines en projet 
sans que Ia sanction de !'experience ait pu les con
firmer. 

II nous est apparu que le resultat d'une experience 
industrielle d'une part et des etudes plus poussees 
d'autre part nous permettaient de preciser deux ele
ments du co fit du retraitement: le co fit de l'entretien 
de l'usine et le cofit de transport des combustibles 
irradies. 

COOT DE TRANSPORT 
De nombreux chiffres ont ete publies a ce sujet qui 

correspondent a des valeurs tres differentes. Le petit 
nombre de transports ayant ete effectues, !'incertitude 
qui regne sur les usines oil sera effectue le retraitement 
et dans beaucoup de cas sur les cadences, les impre
cisions actuelles des reglements de transport con
duisent generalement a baser les etudes relatives au 
coftt du transport sur des hypotheses un peu arbi
traires et incompletes; c'est ce qui explique les Iarges 
variations que l'on trouve dans ces coftts. 

Nous avons eu en France a etudier quelques cas 
pratiques, ce qui nous a amene a preciser un certain 
nombre de facteurs importants. 

Rapport charge utilefpoids total d'un chateau 

La plus grande partie du poids d'un chateau est 
due a Ia protection. Or, l'epaisseur de Ia protection 

• Avec Ia collaboration de M. Idee,•• R. Martinet,•• 
J. Couture,•• J.Remy** etA. Aupetit (Societe Transnucleaire). 

•• Commissariat a l'energie atomique. 
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varie tres peu avec le nombre d'elements charges. II 
en resulte que le rapport charge utilefpoids total est 
d'autant meilleur que le poids total est plus eleve et 
que !'arrangement interne des combustibles est plus 
compact. Ainsi, on aura, en general, interet a adopter 
le chateau ayant le poids maximum compatible avec 
les autres imperatifs les plus restrictifs qui peuvent 
etre soit des imperatifs de transport ou manutention 
soit des imperatifs de securite dus a Ia charge en 
elements combustibles tels que criticite, degagement 
de chaleur, etc. 

lnvestissement 

La aussi Ia tendance generate est que le prix a Ia 
tonne de chateau diminue en fonction du poids du 
container. Cependant, cela peut n'etre plus vrai 
quelquefois. Par exemple, quand Ia charge en elements 
combustibles conduit a des degagements de chaleur 
importants et a des amenagements speciaux contre les 
risques de criticite. Dans ce cas, en effet, d'une part 
des usinages precis doivent etre executes sur Ia coque 
interne du chateau et sur les paniers contenant les 
elements combustibles en vue d'ameliorer les echanges 
thermiques et, d'autre part, des materiaux speciaux 
contenant des poisons pour neutrons doivent etre 
employes pour la fabrication des paniers_,. Or, usinages 
et materiaux speciaux so~t tres chers et peuvent con
duire finalement a un prix a la tonne superieur a cclui 
d'un chateau moins lourd contenant moins d'elements 
combustibles, mais le gain total par kilogramme d'ele
ments combustibles peut rester tres interessant. 

Un facteur important a considerer est Ia possibilite 
de standardisation de chateau. II n'y a pour un reac
teur donne que quelques transports a effectuer annuel
lement. II s'ensuit une mauvaise utilisation des cha
teaux, aggravee par !'augmentation de Ia capacite 
dont on vient de parler et aggravee aussi par Ia neces
site oil se trouvent les exploitants de pouvoir disposer 
de chateaux de reserve en cas d'incidents. Or, dans un 
grand nombre de cas, Ia standardisation des chateaux 
est possible; un exemple qui vient de suite a l'esprit 
est celui des reacteurs d'essai utilisant des combus~ 
tibles aluminium-uranium a 90% du type MTR. Mais, 
dans certains cas, plus d'un reacteur de puissance 
utilisant des combustibles de type voisin pourront 
egalement n'utiliser qu'un type standardise de cha-
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teau. Ceci peut s'appliquer a des cas tres divers; c'est 
ainsi que le chateau dont il sera question plys loin 
pour le transport des elements du reacteur PEGASE 
peut servir a transporter les elements du reacteur EL3. 

Bien que cette standardisation ne conduise pas au 
chateau optimum dans chaque cas, elle peut reduire 
Ia part investissement dans des proportions tres inte
ressantes. 

Transport proprement dit 
II existe une limite de tonnage separant des cas 

bien differents. C'est Ia limite du « transport excep
tionnel » routier au sens banal du terme. Cette limite 
est de 30 a 35 t, suivant les pays, pour le poids total 
roulant, et correspond done a un poids de chateau de 
l'ordre de 20 a 22 t. En-dessous de cette limite, on 
peut utiliser du materiel de transport courant sous 
reserve, neanmoins, de certains amenagements et ren
forcements pour charge concentree et pour amarrages. 
II est evident que l'on a interet a se rapprocher le plus 
possible de la limite du poids de 20 a 22 t. Les coilts 
de transport d'un chateau de 10 t ou d'un chateau de 
20 t sur un itineraire donne sont pratiquement les 
memes. 

Pour les trajets maritimes, par contre, et etant 
donne Ia structure des prix de fret, cette conclusion 
n'est pas valable et le prix est pratiquement propor
tionnel au tonnage transporte. 

Pour les trajets ferroviaires, Ia structure des prix 
est compliquee, mais le transport d'un chateau de 
20 t reste plus interessant proportionnellement que 
celui d'un chateau de 10 t. 

Au total ct dans tous les cas on a done interet a 
transporter des chateaux atteignant Ia limite de 20 
a 22 t. Au-dessus de cette limite, Ia question est beau
coup plus compliquee, car il faut utiliser ou bien un 
materiel construit specialement, ou bien un materiel 
existant ayant subi des amenagements importants. 

Frais generaux- Assurances 
Les frais generaux, malgre leur denomination, 

comprennent cependant une partie proportionnelle 
au nombre de transports. En consequence, toute 
augmentation de Ia capacite - et done du poids -
des containers, en diminuant le nombre de transports, 
diminue !'incidence des frais generaux. 

En ce qui concerne les assurances et plus particu
lierement !'assurance des risques nucleaires, Ia struc
ture actuelle des primes est telle que dans Ia zone des 
activites envisagees par transport (quelques centaines 
de milliers a quelques millions de curies) le doublement 
de Ia charge correspond a une augmentation de prime 
de l'ordre de 6%. La encore !'interet est done pour Ia 
charge maximum. 

Les elements que l'on vient de preciser sont inter
venus au premier chef dans !'etude des deux chateaux 
de transport tres differents. 

Transport des elements combustibles des reacteurs de 
recherche de type MTR 

Un premier chateau de transport avait ete etudie 
en 1962 pour le transport des elements combustibles 
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des reacteurs MELUSINE et TRITON. 11 s'agit de 
deux piles de recherches type piscine de faible puis
sance (2 MW); Ia consommation d'elements combus
tibles par an etait tres faible (une quarantaine d'ele
ments au total). Aussi s'etait-on oriente vers un cha
teau de faible capacite, ce qui simplifiait les problemes 
d'evacuation de chaleur, de criticite et permettait 
aussi d'utiliser les moyens de levage existant pour une 
des deux piles qui etaient limites a II t. Le chiiteau 
auquel on etait arrive avait les caracteristiques sui
vantes: d'un poids total de 9 t (10,5 t si I' on inclut les 
dispositifs d'arrimage), il comportait une protection 
en plomb de 23,5 em et etait constitue par un cylindre 
de 990 em de diametre et I ,627 metre de haut. II 
permettait le transport de neuf elements de type MTR, 
!'evacuation de chaleur etait effectuee par convection 
naturelle. Le prix d'un tel chateau se montait a 
100 000 francs, prix comprenant !'ensemble des etudes. 
Les coilts de transport avec un tel chateau avaient ete 
evalues a 280 $/kg d'alliage pour le transport entre 
1es reacteurs et l'usine d'Idaho ou a 8 $/g d'uranium 
235. Les chiffres correspondants etaient 152 $/kg d'al
liage pour le transport a Dounreay et 4,2 $/g d'ura
nium 235 initialement contenu. II est a noter que le 
poste assurance se montait respectivement a I 0 et 
18% des coilts precedents. 

II est evident que les coiits precedents etaient 
extremement eleves. Aussi avons-nous etudie un 
chateau de transport de capacite unitaire superieure 
qui permette une reduction sensible de ces coiits et 
qui etait indispensable pour le transport des elements 
du reacteur SILOE et PEGASE dont les puissances, 
respectivement 10 et 30 MW, entrainaient une nette 
augmentation du nombre d'elements a transporter 
annuellement. 

Etant donne les destinations de retraitement pre
vues (Idaho Falls, Dounreay) comportant des trajets 
terrestres et un trajet maritime, Ia frequence peu 
elevee des rotations, Ia limitation des moyens nor
maux de manutention sur les sites, certaines limita
tions techniques telles que degagement de chaleur des 
combustibles a transporter, nous nous trouvions de 
toute evidence au voisinage de la limite de poids de 
20 t pour le container. 

Nous avons done decide de ne pas depasser ces 20 t 
(22 t avec le systeme d'amarrage) afin de rester en
de<;a de Ia limite du « transport exceptionnel » telle 
que nous l'avons defini ci-dessus. On avait evidem
ment interet de loger dans un tel chateau Ia charge 
maximale possible d'elements combustibles. 

Nous sommes arrives ainsi a un chateau du type 
« sec » sans refroidissement auxiliaire et pouvant con
tenir de 25 a 32 elements combustibles MTR suivant 
la puissance residuelle des elements et Ia teneur en 
235U. La puissance interne qui peut etre evacuee sans 
depasser les limites de temperature externes et internes 
reglementaires est comprise entre 8 et 10 kW. 

Ce chateau est constitue par un cylindre de 1,540 m 
de diametre et I ,690 m de haut, son poids est de 18 t, 
il comprend une protection de plomb de 22,5 em. 
La figure I donne un schema general de ce chateau. 
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Y2 vue exterieure Y2 couvercle enleve 

Figure 1. Chateau de transport pour elements MTR. Elevation (a gauche) et vue de dessus (a droite) 

Caracteristiques: Poids, 18 t; Nombre d'elements MTR, 25; Protection,240 mm de plomb; Puissance 
thermique interne ,., 7 kW; Fluide de refroidissement, air 

Son prix s'etablit a environ 225 000 francs, en incluant 
toujours les etudes. 

Les coilts de transport auxquels on aboutit avec ce 
chateau s'etablissent a 100 $/kg d'alliage, soit 2,1 $/g 
d'uranium 235 initial pour le transport a Idaho et 
66$/kg d'alliage, soit 1,12$/g pour le transport a 
Dounreay. 

Ces chiffres montrent clairement l'interet de !'aug
mentation de capacite d'un chateau de transport. 

Elements combustibles des reacteurs EDF2 et EDF3 

Le probleme pose est le transport des elements com
bustibles irradies des reacteurs EDF2 et EDF3 de 
Chinon a l'usine de retraitement de La Hague dis
tante de 350 km. L'element combustible se compose 
d'une cartouche comprenant un barreau creux d'ura
nium naturel gaine de magnesium et d'une chemise en 
graphite. Le poids de chaque barreau d'uranium est 
de 10 kg environ; quant a !'element combustible 
complet, il pese environ 16 kg. 

A leur sortie de pile, les elements de combustibles 
irradies sont places deux par deux dans des containers 
cylindriques etanches en acier remplis de C02, d'une 
longueur de 1,24 m et d'un diametre de 0,150 m; 
c'est dans ces containers qu'ils sont stockes en piscine, 
groupes par six sur des plateaux metalliques, pour 
une periode de desactivation de quatre mois. L'etude 
consistait a definir les caracteristiques d'un chateau 
susceptibles de transporter ces plateaux. Comme on 
!'a vu precedemment, il etait interessant d'envisager 
un chateau de Ia capacite la plus grande possible. 

Des l'abord, une limitation apparaissait, du fait 
que ni le centre de Chinon ni l'usine de La Hague ne 
disposaient d'embranchements relies a Ia voie ferree. 
La solution qui semblait s'imposer pour eviter des 
ruptures de charge et des frais de manutention coil-

teux etait de realiser un transport uniquement routier. 
Le poids total de !'ensemble roulant (tracteur, semi
remorque et chateau) est alors limite a 35 t, qui est Ia 
limite superieure imposee par le code de Ia route 
fran9ais. 

Cette solution conduisait a adopter un chateau 
d'un poids maximum en charge de 22,5 t. Un tel 
chateau n'etait susceptible de transporter que 40 ele
ments combustibles, soit au total 400 kg d'uranium 
par expedition. Ses dimensions auraient ete de 
1,840 x 1,380 x 1,224 m pour une epaisseur de pro
tection de plomb de 20 em. 

Le faible tonnage qu'etait susceptible de transporter 
un tel chateau aurait entraine les consequences sui
vantes: 

i) un total d'environ 600 expeditions par an aurait 
ete necessaire pour transporter la totalite des com
bustibles irradies envisages; i1 aurait done ete neces
saire de prevoir deux expeditions par jour ouvrable; 

ii) Ia duree des rotations etait d'environ 3 j. Compte 
tenu de 1a necessite de disposer d'un nombre suffisant 
d'ensembles de secours pour depannage en cas d'inci
dents mecaniques, radioactifs, etc., il aurait fallu pre
voir Ia construction d'une quinzaine d'ensembles rou
tiers et de chateaux. 

Le prix d'un ensemble (chateau plus semi-remorque) 
etant d'environ 300 000 francs, le total des investisse
ments a prevoir se sera it done eleve a 4 500 000 francs. 

Le coilt d'une rotation se serait eleve a 7 550 francs, 
chiffre se decomposant comme suit: 

Transport proprement dit . . . . . . . 2 800 francs 
Amortissement du materiel (comp-

te sur 5 ans) . . . . . . . . . . . . . . . . . 1 500 francs 
Assurance des risques JW.cleaires. . 3 450 francs 

En definitive, le coilt du transport se serait etabli 
a. 18,85 F/kg d'uranium irradie transporte. 
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Les chiffres precedents nous ont conduit a etudier 
une autre solution, qui est celle d'un transport mixte 
rail-route. En effet, si les deux centres entre lesquels 
devait s'effectuer le transport ne disposaient pas 
d'embranchement ferre, les transports routiers d'ex
tremite n'interessaient que de faibles distances (4 km 
cote Chinon, 21 km cote La Hague). II etait tout a 
fait possible d'envisager le transport au moyen d'en
semble routier d'un poids total roulant de 75 a 80 t, 
les deux parcours routiers etant couverts par une 
autorisation de transport exceptionnel permanente 
qui peut etre accordee pour des trajets aussi courts 
et ne comportant pas de traversee d'agglomeration. 
Quant au transport par fer, ses seules limitations 
concernent le gabarit et ne sont pas genantes en !'oc
currence. 

L'amelioration du coefficient de charge poids d'ura
niumjpoids du chateau qui entraine Ia diminution 
du coi'tt du transport lui-meme et du coi'tt de l'inves
tissement rapporte au tonnage utile transporte, 
comm~ on l'a vu, entrainait a rechercher !'ensemble 
de plus grande capacite possible, comme le montre Ia 
figure 2; cependant, on etait limite par certaines 
caracteristiques des piscines de stockage existantes, 
notamment celle de La Hague. On etait limite aussi 
par les limites de charge admissible pour les ponts 
de manutention sur Ies deux sites. On a done ete 
amene a se limiter a un chateau d'un poids total en 
charge de 55 t. Ce chateau est schematise sur Ia 
figure 3. De dimensions hors-tout de 2,40 X 2,10 X 
2,30 m, il comporte comme protection contre 1es 
radiations une epaisseur en plomb de 20 em. Il peut 
recevoir deux piles de neuf plateaux comportant 
chacun six containers, soit au total216 elements com
bustibles ou 2 160 kg d'uranium; la chaleur degagee 
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Figure 2. Poids d'uranium transporte en fonction du poids du 
chiteau 

par cet uranium apres le temps de refroidissement 
prevu de 4 mois se monte a 38 w par element, soit 
environ 8 kW. Le refroidissement sera assure par 
convection naturelle. La temperature maximale des 
gaines restera inferieure a 350 °C. 

Sur le plan economique, !'adoption d'un tel cha
teau se traduit par Ies consequences suivantes: 

a) le nombre total de rotations a prevoir n'est plus 
que de 110 rotations par an, soit environ 2 expeditions 
par semaine au lieu de 2 expeditions par jour; 

ailettes de refraidissement 

PROTECTION RADIOLOGIQUE 

Coque externe acier ordinaire 

Figure 3. Chiiteau de transport pour elements combustibles irradies EDF2 et EDF3 

Caracteristiques: 2 piles de 9 plateaux; 6 containers par plateau; 2 cartouches par container (soit 
216 cartouches); Poids d'uranium transporte, 2 160 kg; Poids du chateau charge, 55 t. 
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Tableau 1. CoOt de l'entretien exprime en pourcentage du total des investissements 
correspondants 

Entretien Dissolution Extraction Purification Metallurgie Total 

Mecanique ................. 2 
Electricite .................. 0,4 
Controle ................... 0,4 

Total ...................... 2,8 

b) Ia dun~e d'une rotation par wagon isole est de 
3 jours, il est done necessaire de prevoir Ia construc
tion de 6 chateaux. II faut, par ailleurs, pouvoir dis
poser de 4 tracteurs et 4 remorques (2 ensembles a 
Chin on et 2 ensembles a La Hague). II faut enfin tenir 
compte de l'amenagement du materiel ferroviaire 
existant, des engins de manutention dont Ia construc
tion doit etre envisagee dans les deux gares d'extre
mite. On arrive a un total d'investissement a prevoir 
de 4 700 000 francs. Le prix du chateau lui-meme est 
de 500 000 francs. 

Le coiit d'une rotation s'etablit a 24 300 francs. 
Ce coilt se decompose ainsi: 

Transport partie fer. . . . . . . . . . . . . 5 735 francs 
Transport partie route . . . . . . . . . . 2 280 francs 
Amortissement sur 5 ans du mate-

riel . . . . . . . . . . . . . . . . . . . . . . . . . 8 540 francs 
Assurance des risques nucleaires.. 7 750 francs 

Le co fit du transport ressort a 11,25 F /kg d'ura
n ium trans porte. 

On voit que cette solution permet une forte eco
nomic du coiit du transport qui passe de 18,85 a 
11,25 francs, une tre<> forte augmentation du tonnage 
transporte et une tres grande diminution du nombre 
annuel de transports. 

Par contre, on ne diminue pratiquement pas les 
investissements, ce qui vient du fait que le prix uni
taire des chateaux est sensiblement plus eleve et que 
les sujetions dues aux ruptures de charge entrainent 
une assez lourde consequence sur le plan investisse
ment. 

Mais 1e bilan reste evidemment fortement positif 
tant sur le plan economique que sur le plan securite. 
Un dernier argument en faveur de cette solution pro
vient des conditions atmospheriques souvent defa
vorables dans Ia region de La Hague (pluie et brouil
lard) et qui rendent preferable une diminution du 
nombre et de Ia longueur des transports routiers. 

COOT D'ENTRETIEN D'UNE USINE 
DE RETRAITEMENT 

Dans une usine de retraitement du type a entre
tien direct, le poste du coiit de fonctionnement le 
plus difficile a evaluer a 'priori est sans con teste l'entre
tien. On a parfois tendance a considerer une telle usine 
sans entretien courant, les operations d'entretien ne 
s'effectuant qu'exceptionnellement et apn!s de longues 
et difficiles operations de decontamination; ce qui est le 
cas pour l'appareillage situe en zone active. Cet appa
reillage ne comporte pas, en general, de partie meca-

4,6 3,4 4,1 4 
0,3 0,6 0,9 0,4 
2 0,7 0,3 1,5 

6,9 4,7 5,3 5,9 / 

nique, l'entretien qu'on a a y faire est exceptionnel et 
serait tres delicat a effectuer, du moins dans Ia partie 
haute activite, c'est-a-dire dissolution - cycle d'ex
traction et concentration de produits de fission. 

Cependant, en fait, l'entretien d'une usine de retrai
tement se presente d'une far;on tres similaire a celle 
d'une usine chimique conventionnelle. L'experience 
de six annees de fonctionnement d'une usine de retrai
tement du type a entretien direct fonctionnant suivant 
un procede analogue au Purex nous a permis de cons
tater cette analogie et d'evaluer le coilt d'entretien de 
l'usine. 

Cette evaluation a ete faite en pourcentage des 
investissements. Cette methode courante dans l'indus
trie chimique est celle qui permet le plus d'effectuer 
des comparaisons d'une usine a !'autre comme de 
faire des previsions pour des usines nouvelles. 

L'entretien a ete subdivise en trois postes: entretien 
mecanique, entretien electrique, entretien du materiel 
de contrOle et de regulation. L'entretien mecanique 
comporte l'entretien de toute la partie mecanique, de 
la chaudronnerie, des tuyauteries; nous y avons joint 
l'entretien du genie civil. L'entretien electrique est 
celui de !'ensemble de l'appareillage electrique a !'ex
ception de celui entrant dans Ia regulation qui fait 
!'objet du troisieme poste avec tout !'ensemble des 
tableaux de commandes, transmetteurs, appareils de 
controle. 

Le tableau 1 donne les coiits d'entretien repartis 
suivant ces trois postes et repartis egalement suivant 
les sections principales du procede dissolution-extrac
tion-purification-metallurgie. La section dissolution 
comporte le pelage, Ia dissolution et le traitement des 
gaz, mais non le degainage mecanique qui n'est pas 
compris dans cette etude. La section extraction en
globe le premier cycle d'extraction, le second cycle 
de purification d'uranium, Ia concentration uranium 
et plutonium intercycle et Ia concentration des pro
duits de fission et Ia preparation des liquides inactifs. 
Quant a Ia section purification, elle recouvre Ia puri
fication finale des solutions de plutonium juc:;qu'a Ia 
precipitation de !'oxalate tandis que la section metal
lurgic recouvre toutes les operations d'elaboration du 
plutonium metal depuis la calcination de l'oxalate. 

Pour chaque poste et a l'interieur de chaque section, 
le coiit de l'entretien est exprime en pourcentage du 
total des investissements de Ia, section correspondante. 
On doit souligner que sont exclues de ces coiits les 
operations annexes telles que decontamination finale 
des appareils, mise en cimetiere actif du materiel 
contamine. II n'a pas ete tenu compte des coiits de 
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Tableau 2. CoOt de l'entretien mecanique exprime en pourcentage des investissements 

Entretien Dissolution Extraction Purification Metallurgie Total 

Entretien courant •••••••• 00 0,6 0,7 1,9 1,3 0,8 
Petit entretien ............... 0,1 0,7 0,9 1,6 0,7 
Gros entretien .............. 1,3 3,2 0,6 1,2 2,5 

Total ...................... 2 4,6 3,4 4,1 4 

Tableau 3. CoOt de l'entretien controle exprime en pourcentage des investissements 

Entretien Dissolution 

Entretien courant .......... 0,3 
Gros entretien .............. 0,1 

Total ..................... 0,4 

supervision ni des charges pour frais generaux de 
centre. Par contre, toutes les autres charges sont com
prises: main d'reuvre, y compris les charges sociales, 
materiels taxes comprises, etc. 

Le tableau l montre que le coilt d'entretien annuel 
represente 5,9% des investissements des ateliers d'ex
ploitation. Ces depenses se repartissent approxima
tivement en 80% de frais de main-d'reuvre et 20% de 
fourniture de materiel. 

Ce coilt d'entretien est tout a fait comparable a 
celui d'une usine chimique classique. Dans l'ouvrage 
« Rentabilite d'un procede chimique », Arris et Bou
litrop estiment a 6 ou 7% des investissements totaux 
l'cntretien annuel d'une usine ayant de 4 a 6 ans de 
marche, ce qui est le cas considere. 

La majeure partie de l'entretien concerne l'entre
ticn mecanique; le tableau 2 montre la repartition de 
cet entretien entre l'entretien courant effectue par des 
equipes en service continu (graissage, changement de 
joints, changement de garniture de presse-etoupe, etc.), 
le petit entretien effectue par des equipes specialisees, 
le plus souvent pendant les marches de l'usine, et le 
gros entretien correspondant a des changements d'une 
certaine importance (revision ou remplacement d'un 
appareil determine), operations prevues a l'avance et 
s'effectuant generalement a l'arret de l'usine. Une 
grande partie est executee par des entreprises exte
rieures, ce qui permet d'avoir un service d'entretien 
plus reduit. 

On voit que le pourcentage des depenses de gros 
entretien est plus eleve dans les sections haute activite 
(dissolution-extraction) que dans les autres. Ce fait 
n'est pas dil uniquement a un entretien plus onereux 
dans la partie Ia plus active de l'usine, mais a ce que 
la plus grande partie de l'appareillage ne peut etre 
revisee en cours de marche et fait !'objet d'un pro
gramme de gros entretien execute pendant l'arret. 

L'entretien electrique ne correspond qu'a un total 
tres faible, par contre l'entretien controle n'est pas 
negligeable. Le tableau 3 donne la repartition des 
coilts pour ce poste; on n'a pas dissocie entretien 
courant et petit entretien plus diffi.cile a distinguer 
dans ce poste. 

Ainsi qu'on l'a souligne plus haut, Ia presque totalite 

Extraction Purification Metallurgie Total 

1,6 0,6 0,2 1,2 
0,4 0,1 0,1 0,3 

2 0,7 0,3 I ,5 

de l'entretien est un entretien normal precede evidem
ment de certaines operations de decontamination, 
mais non d'operations speciales. Quand il s'agit d'ope
rations qui sont a effectuer dans Ia zone Ia plus active 
de l'usine, on peut etre amene a effectuer des opera
tions speciales longues et coilteuses de decontamina
tion, de construction de bouclier en plomb ou du 
materiel special d'intervention. 

Nous avons eu a effectuer une telle operation dans 
l'atelier de concentration de produits de fission a Ia 
suite d'une remontee d'une solution de forte activite 
specifique dans des tuyauteries de vide. Le cout de 
I' operation totale, y compris Ia decontamination, s'cst 
eleve a moins de 4% des investissements de !'atelier 
considere; ce chiffre comporte le cout des operations 
de remise en etat des peintures, ma~onneries, etc. 
La decontamination proprement dite peut etre esti
mee a I 0% de ce coilt. II faut cependant souligner que 
le traitement des effluents radioactifs provenant de 
cette operation n'a pas ete pris en ligne de compte. 

Une autre operation d'entretien caracteristique 
d'une usine radioactive est celle du remplacement des 
vannes opercules des cuves de dissolution discontinue. 
Ce systeme d'obturation doit faire l'objet d'un rem
placement periodique; le coilt d'une telle operation 
est inferieur a 0,4% des investissements de l'atelier 
correspondant. Ce coilt se repartit environ entre 30% 
pour Ia main-d'reuvre et 70% pour le materiel. 

On peut conclure en disant que l'cntretien d'une 
usine de traitement de combustibles irradies est assez 
comparable a celui d'une usine chimique convention
neUe; lc cout s'etablit a environ 6% de Ia valeur to tale 
des investissements de l'usine. 

Il faut d'ailleurs remarquer qu'une partie impor
tante de cet entretien (qui peut etre d'environ les 
2/3) est effectuee a titre preventif, ce qui correspond 
au souci d'eviter tout risque d'incident. C'est evi
demment Ia une caracteristique importante de l'entre
tien d'une usine de retraitement: il est en definitive 
moins coilteux d'effectuer a titre preventif un entre
tien et des remplacements de materiel important plu
tot que d'avoir des incidents qui se traduiront par un 
cout unitaire important comme l'a montre l'exemple 
ci-dessus. 
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A/64 France 

Irradiated fuel transport and maintenance 
costs in chemical reprocessing plants 

By Y. Sousselier 

Numerous studies have been made of the cost of a 
fuel cycle, but many of them are based on an a priori 
approach and are therefore to be treated with reserve. 
Thus, in the sector concerned with the treatment of 
irradiated fuels, two important cost components have 
but rarely been based on practical experience: the 
cost of transporting the fuels, and the maintenance 
costs of the reprocessing plant. 

Investigations into transport costs are generally 
based on calculations that themselves depend on 
somewhat arbitrary data. In the paper, studies carried 
out in France on the transport of irradiated uranium 
between the reactors of Electricite de France (EDF) 
at Chinon and the retreatment plant at La Hague, 
and that of irradiated uranium from French research 
reactors to foreign retreatment plants, are reported. 
They show that by a suitable choice of containers and 
due attention to despatching procedures it is possible 
to reduce costs very considerably, either by combining 
rail and road transport or by increasing the capacity 
of the containers. An example is given of a container 
for swimming-pool pile elements which can move a 
complete core at a time, with highly beneficial effects 
on costs. 

Studies on the maintenance costs of reprocessing 
plants are rarer still, although in direct maintenance 
plants they account for an appreciable fraction of the 
total cost of treatment. An attempt is made, on the 
basis of operational experience, to arrive at some 
idea of these costs. Only maintenance proper is 
considered, excluding ancillary operations such as the 
final decontamination of apparatus, the burial of 
contaminated material and radioprotection measures. 
Maintenance is divided into three sectors: mechanical 
maintenance; maintenance of electrical equipment; 
and maintenance of control and adjustment gear. 
In each case a distinction is made between manpower 
and supplies. In order to facilitate comparisons with 
other plants, an attempt is made to express mainte
nance costs as a percentage of the investment in each 
sector. 

The intermittent nature of maintenance in a plant 
of this type is emphasized, this being due in particular 
to the inaccessibility of most of the equipment during 
operation. 

Finally, some conclusions are drawn on the possible 
level of maintenance costs, and the steps that might 
be taken to reduce them in plants of the future. 

A/64 QJpaHLIHR 

CroHMOCTb rpaHcnopTHposKH o6ny
YeHHoro TOnllHBa H CTOHMOCTb COAep
maHHfl 3aBOAa XHMHYeCKO~ nepepa-
60TKH o6nyYeHHOrO TOnllHBa 

W. Cycenbe 

CTOHMOCTL TOllJIHBHoro ~HJ-ma HBJIHeTc'H npeA

MeToM MHOfO'IHCJieHHhlX H3y'leHHii, OAHaKo MHO

l'He H3 HHX OCHOBLJBaKJTCH Ha BhiBOAaX a priori U, 

cJieAOBaTeJILHo, HYmAaKJTCH B AOKaaaTeJILCTBax. 

TaR, HanpHMep, B OTHOIIIeHim nepepa6otKH o6Jiy

'leHHOro TOllJIHBa BaffiHhle COCTaBHLie 3JieMeHThl 

CTOHMOCTH JIHlllh B peAKHX CJiy'laHX onpeAeJIHJIHCL 

IICXOAH H3 npaKTH'IeCKOrO OllhlTa. 8TO OTHOCHTCH 

II K TpaHCllOpTHhlM paCXOAaM, CBH3aHHLIM C nepe

B03KaMH TOllJIHBa, H K CTOUMOCTH COAepmaHJIH aa

BOAa no nepepa6oTKe TonJiuBa. 

liCCJieAOBaHIIH CTOHMOCTU TpaHcnopTHpOBKll o6-

Jiy'leHHoro TOllJIHBa OCHOBLJBaKlTCH, KaK npaBHJIO, 

ua pacqeTax, CAeJiaHHLIX no npOH3BOJILHLIM AaH

HLIM. JlpoBeAeHHhle BO Cl>paH~llll IICCJieAoBaHUJI 

CTOHMOCTII rpancnopTupoBKH o6Jiy'leHnoro ypana 

oT peaKTopoB EDF B IIInHoHe AO aaBOAa no ne

pepa6oTKe, uaxoAH~erocn B Jla-Ar, a raKme ypa

ua, 06Jiy'leHHOfO B liCCJieAOBaTeJILCKHX peaKTOpax, 

AO aaBoAOB no nepepa6oTKe, uaxoAJI~uxcn aa 

rpaHH~eH, llOKa3LIBaKJT, 'ITO MOffiHO 6LIJIO 6hl C0-

3AaTL TaRDe THULl KOHTeiiuepOB H cpeACTB, KOTO
pLie no3BOJIHJIH 6hl HaMHOfO COKpaTHTh TpaHC

IIOpTHLie pacxOALI. 8Toro MomHo 6Lmo oLI A0-

6HTLCH KaK nyTeM KoMonHupoBaunLIX nepeBoaoK 

aBTO- II meJie3HOAOPOffiHhlM tpaHcnopTOM, Tal< II 

nyTeM yBeJiuqeuuH noJieauoii n.rro~aAH KOHTeiiHe

poB. B Ka'leCTBe npuMepa npHBOAHTCJI TpaHcnopr

HLJH KOHTeHHep AJIJI TB<JJIOB norpymHLIX peaKTO
poB, B KOTOpOM MOffiHO nepeB03HTh ~CJIHKOM 

aKTHBHyKJ 30HY peaKTOpa, 'ITO 3Ha'IHTCJILHO 

coKpa~aer TpaucnopTHhle pacXOALI. 

E~e MeHLIIIe uccJieAoBaHHH no onpeAeJiennKJ 

CTOHMOCTH COAepmaHHJI 3aBOAOB no pereHepa~Hif 

TOnJIIIBa, XOTJI Ha TaKJIX 3aBOAaX <JTO COCTaBJIJieT 

3Ha'IHTeJILHYKl 'laCTh CTOHMOCTH pereHepa~JIOH

HOro ~HKJia. Jlo pa6oTe OAHOfO 3aBOAa nLITaJIIICb 

onpeAeJIHTh CTOIIMOCTh ero COAepmaHJIJI. BbiJill liC

RJIKJ'IeHhl BCe AOnOJIHIITeJILHhle onepa~llll, TaKlle 

RaK, OKOH'IaTeJILHaJI Ae3aKTHBa~JIH o6opyAOBa

HHH, aaxopoHeHue paAIIOaRTJIBHhlX OTXOAOB, Me

ponpHJITJIJI no paAua~noHHoii aa~HTe. PacxoALI 

Ha COAepmaHHe 3aBOAa 6LIJIJI paaAeJieHLI Ha Tpll 

Kareropuu: COAepmaHne MaiiiHH, COAepmamte 

3JieKTpoo6opyAOBaHHJI H COAepmaHlle KOHTpOJILHO

lt3MepUTeJILHOii annapaTypLI. B KamAoii ua :nux 

KaTeropliH OTAeJILHO paCCMaTpHBaJIHCh paCXOAbi 

na onJiaty pa6oqeii CIIJILI n Ha coAepmaHue o6o

PYAOBaunn. Ll:Jin cpaBHeHuH c APYrHMH aaBoAaMn 

110llbiTaJIHCh onpeAeJIHTh 3TH paCXOAbl B npo~eHT-
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HOM OTHOIDeHHJI K KaTIHTaJIOBJiomeHHHM TIO Kam

)J;Oii H3 nepe'IHCJieHHLIX KaTeropHH. 

Ifay<Jennc noRaaaJio nenocToHHHLiii xapal\Tep 

paCXO)J;OB, CBH38HHhiX C CO~epmaHIICM 38BO;J,OB Ta

ROrO TIIIIa, 1\0TOpi.Iii B OCIIOHHOM OO'hHCIUICTCH ne

,J.OCTYIIHOCThiO K OOJILHIIJHCTBY MaiiHtH no npc~tH 
JIX paOOThl. 

lf, H8HOHCI~, JICXO,J.H 113 ;noro 113Y'ICHJIH IIb!Ta

JIIICh C,J.eJiaTh HeliOTOpLie BhiBO,J.hl B OTHOIUCIIJ!II 

TOfO, 'ITO MO<HeT COCT8BJIHTh paCXO,],hl 118 CO,],Cp

maHUC aano,aon JJ naK Momno ux yMCHhiiii!Th J.JIH 

OYJ.YII~JIX 38BO,J.OB. 

A/64 Francia 

Costes del transporte de los combustibles 
irradiados y costes de mantenimiento de una 
fabrica de tratamiento quimico de los com
bustibles irradiados 

por Y. Sousselier 

El coste del ciclo de los combustibles ha constituido 
el objeto de muchos estudios, si bien algunos de ellos 
se han basado en estudios aprioristicos y han de ser 
enjuiciados, por tanto, con ciertas reservas. Asi en 
Ia partida referente al tratamiento de los combus
tibles irradiados, existen elementos importantes del 
coste que no han sido precisados sino ocasionalmente 
como consecuencia de experiencias pnicticas: el 
coste del transporte de los propios combustibles y 
el de mantenimiento de Ia fabrica. 

Los estudios referentes al coste del transporte se 
basan generalmente en calculos realizados a partir 
de datos un tanto arbitrarios. Se exponen los realiza
dos en Francia para el transporte del urania irradiado 
entre los reactores EDF de Chinon y Ia fabrica de 
tratamiento de La Hague y del urania irradiado en 
los reactores experimentales basta las fabricas de 
tratamiento extranjeras, mostrando como ha sido 
posible llegar a tipos de castillos de transporte y 
modalidades de envio que permiten disminuir los 
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castes en proporciones muy importantes. Esto ha 
sido posible bien por combinaci6n de transportes 
por ferrocarril y por carretera o bien incrementando 
las capacidades unitarias de los castillos de transporte, 
mencionandose un castillo de transporte para los 
elementos de los reactores de tipo piscina, capaz de 
transportar de una vez el nucleo completo de un reac
tor, lo que implica una reducci6n sustancial del coste. 

Los estudios que se refieren a los castes de manteni
miento de las fabricas de tratamiento son aun mas 
escasos; ahara bien, en las fabricas de mantenimicnto 
directo estos castes constituyen una fracci6n no 
despreciable del coste del tratamiento. Con Ia expe
riencia adquirida con el funcionamiento de una 
fabrica, se ha intentado determinar a cuanto podria 
ascender este coste. El estudio se ha limitado a Ia 
consideraci6n del mantenimiento propiamente dicho, 
con excepci6n de ciertas operaciones que lleva 
anejas, tales como Ia descontaminaci6n final de los 
aparatos y Ia colocaci6n del material · contaminado 
en un cementerio activo, operaciones ambas, de 
radioprotecci6n propiamente dicha. El mantenimiento 
se ha desglosado en tres capitulos: mantenimiento 
mecanico, mantenimiento del instrumental electrico 
y mantenirriiento de los aparatos de control y regula
cion. En cada uno de estos capitulos se ha hecho 
distinci6n entre los apartados correspondientes a Ia 
mano de obra y al material. Con objeto de poder 
hacer comparaciones con otras fabricas, se ha tra
tado de expresar los gastos de mantenimiento en 
tantos por ciento de las inversiones correspondientes 
a cada uno de los capitulos considerados. 

Se ha puesto de manifiesto el caracter discontinuo 
que presenta el mantenimiento en una fabrica de este 
tipo, aspecto este que se debe fundamentalmente 
a Ia inaccesibilidad de Ia mayoria de los aparatos 
durante el funcionamiento de Ia misma. 

Finalmente, se ha intentado sacar algunas conclu
siones de este estudio referentes a los posibles costas 
de mantenimiento y a los medias a adoptar condu
centes a una disminuci6n de los mismos en fabricas 
futuras. 



P/98 France 

Perspectives a long terme des couts de traitement de 
l'uranium naturel irradie; tailles et localisations optimales 
des usines 

par L. Thiriet *, C. Oger ** et P. de Vaumas ** 

On sait que les filieres fran~aises ne nec.essitent pas 
du point de vue economique le traitement des combus
tibles irradies. I1 est neanmoins utile d'etudier l'eco
nomie du traitement de ces combustibles, en vue des 
futurs reacteurs surregenerateurs qui ne seront viables 
que dans la mesure ou le cout d'extraction du pluto
nium sera suffisamment faible. 

11 importe done d'examiner attentivement, par une 
etude aussi precise que possible, ce cout d'extraction 
qui pesera d'un poids certain sur les decisions qui 
devront etre prises quant a la date de mise en service 
des reacteurs a neutrons rapides utilisant le plutonium. 

L'importance des programmes d'usines d'elabora
tion et de retraitement des combustibles nucleaires 
aura des repercussions sensibles sur les couts de 
l'energie atomique. Leur optimisation est done parti
culierement souhaitable. 

La presente communication est consacree a l'etude 
d'un de ces programmes optimaux: celui des usines 
de traitement de !'uranium nature! irradie, associees 
a des centrales nucleaires a uranium naturel-graphite
co2. Elle comprendra l'etude des perspectives a long 
terme des couts de traitement de !'uranium nature! 
irradie, celle des tailles et des Iocalisations optimales 
des usines necessaires, et enfin un aper~u des possi
bilites de generalisation de la methode utilisee, notam
ment a un ensemble de plusieurs programmes de 
centrales nucleaires. 

PERSPECTIVES A LONG TERME DES COOTS DE 
TRAITEMENT DE L'URANIUM NATUREL IRRADIE 

Considerations generales 

Pour examiner les couts possibles a long terme de 
traitemcnt de !'uranium nature! irradie, il est neces
saire d'elaborer une methode d'analyse des structures 
economiques des projets ou realisations existantes et 
de prevision de !'influence de la taille des usines futures 
sur ces structures, done sur leur cout. Nous evoque
rons successivement la methode utilisee et les resul
tats obtenus. 

La methode d'analyse et de prevision utilisee 
Resumons rapidement cette methode, inspiree de 

celles de Lang et de Bach couramment pratiquees 

• Commissariat a l'energie atomique. 
** Saint-Gobain Nucleaire. 

21 

dans l'industrie chimique et qui a ete presentee plus 
en detail en septembre 1963 [1]. 

Les usines de traitement des combustibles irradies, 
comme d'ailleurs la plupart des installations indus
trielles, ne sont pas constituees d'un seul atelier de 
production, fabriquant un produit unique (et des 
services generaux correspondants), mais d'une suite 
de fabrications ou traitements intermediaires, chacun 
d'eux relatif a une fonction definie, et le plus souvent 
unitaire. 

Les couts d'investissement sont analyses, tant au 
niveau de chaque atelier de production qu'a celui 
de l'usine complete, par categories de travaux et de 
services. 

On distingue le materiel principal, non monte, des 
ateliers de production ( dont le cout est designe par P, 
c'est-a-dire notamment dissolveurs, melangeurs-de
canteurs, evaporateurs, filtres, etc.). Ce materiel princi
pal est une caracteristique essentielle du type de pro
cede utilise et du flux de production, done de la taille 
de l'usine ou de !'atelier considere. Les autres postes 
du cout direct des ateliers de production peuvent etre 
indexes sur P. Ce sont: le montage du materiel prin
cipal; les terrassements et le gros ceuvre; le second 
ceuvre et l'equipement classique de batiment; la maru
tention (y compris les charpentes); la tuyauterie-rohi
netterie; les installations electriques; le controle regu
lation; Ies protections biologiques; I'equipement spe
cial nucleaire (prises d'echantillon, boites a gants). 

Les couts des services generaux, structures de la 
meme maniere, et les couts indirects (frais d'architecte 
industriel, frais de demarrage, interets intercalaires, 
aleas) se rapportent aux investissements et peuvent 
egalement etre indexes sur Ia valeur P du materiel 
principal des ateliers de production. 

Enfin, on examine separement les frais d'amena
gement du site, de traitement des eflluents et des 
stockages, qui ne sont pas lies seulement a la capacite 
de production (done a P). 

Les couts d'exploitation (hors amortissements) sont 
analyses en deux types de nature economique essen
tiellement differente: 

1. Les frais proportionnels, qui dependent directe
ment du flux de production de l'usine (les reactifs et 
ce que l'on nomme souvent les utilites, c'est-a-dire la 
vapeur, l'energie, l'eau, l'air comprfme); 
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2. Les frais fixes, qui comprennent: a) la main
d'reuvre et les frais generaux s'y rattachant directe
ment, pour lesquels les depenses en fonction de Ia 
taille varient selon le type d'exploitation, d'entretien 
et de securite choisis; b) ce qui depend de l'inves
tissement (l'entretien, les assurances). Ces depenses 
peuvent etre considerees comme proportionnelles aux 
investissements. 

Cette analyse est faite egalement comme pour les 
coiits d'investissements soit au niveau de chaque 
atelier de production, soit a celui de l'usine complete. 

La methode permet, en examinant les structures 
des coiits d'lisines de tailles differentes, d'etudier 
l'influence economique de Ia taille. 

II peut etre commode de caracteriser cette influence 
par une expression simplifiee du type suivant: 

c2 ( t2 )"' 
cl = t; 

cl et c2 representant les elements de coiits relatifs 
aux tailles t 1 et t2 (exprimes en tonnes d'uranium natu
re! irradie traite par jour). 

D'apres les resultats obtenus et nos estimations, les 
exposants pourraient etre les suivants: 

<X = 0,4 si cl et c2 representent les coiits d'inves
tissement; 

<X = 0,3 si cl et c2 representent les depenses an
nuelles liees a Ia main-d'reuvre; 

<X = 0,4 si cl et c2 representent les frais annuels 
d'exploitation fixes, proportionnels aux 
investissements; 

<X = 1 si cl et c2 representent les frais annuels 
d'exploitation proportionnels a la pro
duction. 

Estimation des coOts de traitement de !'uranium 
nature! irradh~ en France selon Ia taille des usines 
II s'agit ici d'usines a objectifs purement civils dont 

les decisions de construction pourraient etre prises 
dans les annees qui viennent. 

Les chiffres evoques representent des coiits en ten
dance. Les resultats obtenus sont les suivants*: 

Taille de l'usine I t/i 2 t/i 3 t/i !Ot/i 20t/i 

Investissements (108 F) 145 190 225 360 475 
Frais d'exp1oitation 

(108 F/an) .............. 10 15 19 38 61 
Cout de traitement 

Ffkg u• ................ 85 57 45 25 18 
(en $/kg U) ............. 17 11 9 5 3,5 

• En admettant un taux d'amortissement de 10% par an, corres
pondant sensiblement a un amortissement en 15 ans et un taux 
d'interet de 7% par an. 

COOTS DE TRANSPORT 
DE L'URANIUM NATUREL IRRADIE 

L'estimation previsionnelle des cofits de traitement 
de !'uranium nature! irradie selon Ia taille des usines 
ne suffit pas a elle seule a fournir les elements de 
cofits necessaires a Ia determination de la taille et de 

• Voir aussi fig. 1. 
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Figure 1. CoOt de traitement de !'uranium nature! irradie en 
fonction de Ia taille des usines 

Ia localisation des usines a mettre en service pour 
satisfaire des besoins variables dans le temps. II faut 
tenir compte des coiits de transport des combustibles 
irradies des lieux de production aux sites des usines 
de traitement. 

La structure de ce cofit est analysee dans la commu
nication de Y. Sousselier a Ia presente Conference [2] 
et nous nous limitons a en rappeler les resultats. 

Selon cette etude, les cofits de transport actuels de 
l'uranium nature! irradie sont de l'ordre de 32 francs 
par tonne d'uranium et par kilometre. 

II faut souligner que ce chiffre s'entend pour des 
transports tres simples, de courte duree, impliquant 
un minimum de manutentions. L'experience montre 
que les prix peuvent varier assez vite lorsqu'on s'ecarte 
de ces conditions. 

TAILLES ET LOCALISATIONS OPTIMALES 
DES USINES DE TRAITEMENT 

DE L'URANIUM NATUREL IRRADIE 
ASSOCIEES A UN PROGRAMME 

DONNE DE CENTRALES NUCLEAIRES 

Expose du probleme 

Le probleme pose est Ie suivant: etant donne, d'une 
part, un programme de centrales nucleaires fixe dans 
le temps et dans l'espace, c'est-a-dire selon une ca
dence et une repartition geographique determinees, 
et d'autre part les coiits de traitement et de transport 
des combustibles irradies que nous venons d'indiquer, 
quel est le programme optimal d'usines de traitement 
associees a ces centrales, c'est-a-dire quelles sont les 
tailles et Ies localisations les meilleures de ces usines 
ainsi que Ia cadence Ia plus economique de leur mise 
en service (voir fig. 2)? 

On remarquera que Ia fixation du programme de 
centrales nucleaires determine les quantites d'uranium 
irradie a traiter. Nous avons choisi, a titre d'exemple, 
le programme suivant de production d'electricite (cor
respondant a une hypothese pessimiste de developpe
ment de l'energie nucleaire): 
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Figure 2 

Ann~s 
Puissances nucteaires 
install~s en MW(e) 

1965 ........................................... . 
1970 ........................................... . 
1975 ........................................... . 
1980 ........................................... . 
1985 ........................................... . 
1990 ........................................... . 
1995 ........................................... . 

400 
1400 
3 000 
7000 

16000 
25 000 
31000 

De plus, les localisations possibles ,d'usines de 
traitement ne sont pas quelconques et dependent 
essentiellement de diverses conditions, principalement 
geographiques et meteorologiques: }'etude systema
tique montre generalement que, dans un pays de 
dimension moyenne, le nombre des sites envisageables 
est assez limite. Dans l'exemple illustre ici, nous 
n'avons retenu que quatre sites, designes par les 
lettres A, B, C, D, comme presentant les conditions 
voulues, ce qui a permis de limiter raisonnablement 
les calculs. 

La methode sequentielle d'optimisation 
des programmes d'usines 

La methode d'optimisation utilisee, empruntee aux 
travaux du math6maticien R. Bellman, est celle de la 
(( programmation dynamique » ou sequentielle [3]. 
Nous nous bornerons a rappeler son principe de base, 
dit d'« optimalite », voisin de celui de Fermat en 
optique geometrique, et selon lequel une politique 
optimale se decompose en sous-politiques optimales. 
C'est ainsi que, si on considere n phases successives 
de decisions possibles, l'optimum a Ia phase. n peut 
etre obtenu par }'exploration systematique des opti
mums successifs aux phases 1, 2, ... n -1. 

Pour un programme correspondant a un horizon 
fixe, il existe une quantite donnee d'uranium naturel 
irradie a affecter a un certain nombre de sites: A, B, 
C, D. On ne considere tout d'abord que deux de ces 
sites, A et B, et on recherche }'affectation optimale de 
cet uranium irradie et les tailles d'usines correspon
dantes. 

Si on considere, par exemple, le debut du pro
gramme, le calcul s'effectue de la maniere suivante. 
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L'annee 1 du programme, une seule usine peut 
etre envisagee en A ou en B pour satisfaire les besoins. 
On evalue les depenses correspondantes (couts d'in
vestissement, d'exploitation de cette usine et de trans
port des combustibles) jusqu'a la fin du programme 
(1 'horizon H) en 'tenant compte du renouvellement 
eventuel de l'usine si H est situe au-dela de sa duree 
de vie supposee. Ces depenses sont actualisees et 
cumulees l'annee 0. 

Si on considere maintenant la quantite a retraiter 
l'annee 2, deux solutions sont possibles: a) on conserve 
l'usine construite l'annee 1 en A ou en B a laquelle 
on ajoute une usine supplementaire l'annee 2 en A 
ou en B; b) on decide de construire des l'annee 1 en 
A ou en B une usine plus grosse, done plus econo
mique, mais qui ne fonctionnera la premiere annee 
qu'a capacite reduite. 

On compare les couts de l'une et de l'autre solution, 
evalues comme precedemment, et on retient !'opti
mum. 

Pour l'annee 3 et les suivantes, on continue le meme 
processus. On introduit ensuite successivement les 
sites C et D pour obtenir la solution globale. 

L'utilisation de calculatrices pennet evidemment 
de determiner un optimUm rigoureux. Mais compte 
tenu des incertitudes liees aux previsions a long tenne 
qui donnent un caractere illusoire a un tel optimum, on 
a prefere utiEser cette methode qui fournit pas a pas 
les consequences economiques des choix effectues et 
pennet de definir des solutions avec un certain prag
matisme, sans trop s'ecarter des optimums theoriques. 

Quelques resultats obtenus 

Nous avons ete amenes a construire un modele, un 
mecanisme pennettant de determiner la politique et 
les sous-politiques optimales dans un contexte tech
nique et economique donne, ainsi que la sensibilite de 
l'optimum aux hypotheses adoptees. 

Le programme d'energie nucleaire installee est celui 
indique precedemment. Quatre sites possibles (A, B, 
C, D) d'usines de traitement ont ete retenus. Les 
hypotheses economiques sont les suivantes: 

Horizon: 30 ans; 
Duree de vie des usines: 15 ans; 
Taux d'actualisation: 7%; 
Cout de transport: 32 F/t-km. 
La solution trouvee est: 

Annees 1965-1979 1980-1995 

Taille des usines (en t/j d'uranium). . . . . 4 17" 
Localisation . . . . . . . . . . . . . . . . . . . . . . . . A A 

• Des chiffres tels que 17 t/j et 26 t/j, qui depassent largement 
les capacites habituellement evoquees, sont parfaitement conce
vables sur le plan technique, compte tenu des programmes futurs et 
de Ia rarete des sites. II faut se preparer a de telles capacites. 

On peut remarquer Ia stabilite des resultats obtenus 
vis-a-vis de certaines variations des parametres econo
miques du probleme. 

Si le coilt de transport s'abaissait aux alentours de 
20 F /t-km ou si le taux d'actualisation etait porte de 
7 a 10%, ou si }'horizon etait de 40 ans au lieu de 
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30 ans, cette solution demeurerait inchangee: mais 
dans cette demiere eventualite, une usine de 26 tjj 
devrait etre mise en service a partir de 1996. 

Compte tenu de Ia faiblesse relative des cofits de 
transport par rapport aux cofits de traitement, il 
s'avere qu'il est preferable de construire une seule 
usine de taille suffisante pour satisfaire Ia demande 
pendant toute sa duree de vie, et qu'une seule usine, 
mais de taille plus importante, devra prendre Ia 
releve sur le meme site a la fin de Ia vie de la premiere. 

II faut particulierement souligner Ia stabilite de la 
politique optimale a court ou a moyen terme a la 
variation de !'horizon. 

Les resultats restent neanmoins sensibles a I' accrois
sement des coCtts de transport et Ia duree de vie des 
usines. 

Nous venons de voir que, dans les cas precedents, 
Ia politique optimale a court et a moyen terme est rela
tivement independante de certaines variations des 
parametres economiques etudies. 

Cette stabilite est beaucoup moins grande vis-a-vis 
de l'accroissement du cofit. de transport et de la 
variation de la duree de vie des installations. 

II convient de souligner que, si le cofit de transport 
etait plus eleve par suite de frais importants de manu
tention d'ailleurs tres difficiles a preciser actuellement, 
Ia politique optimale serait fortement perturbee; c'est 
ainsi que pour des frais de transport de l'ordre de 
50 F/t-km*, il s'avere qu'une seconde usine doit etre 
construite sur le site B, avant Ia fin de Ia vie de Ia 
premiere, localisee en A. 

La politique optimale a court et a moyen terme est 
tres sensible a la duree de vie supposee des usines. 
Si cette dun!e de vie etait de 25 ans au lieu de 15 ans, 
Ia solution optimale consisterait a construire une 
usine de 14 t/j en A de 1965 a 1989, puis de 17 t/j, 
toujours en A, de 1989 a 1995. 

Si on desire stocker l'uranium naturel irradie et le 
traiter seulement en 1980 {date possible de demarrage 
accelere des reacteurs a neutrons rapides), le modele 
permet de trouver Ia solution la plus economique. Le 
stockage pendant 15 ans doit en effet etre prevu en A 
(minimisation des frais de transport). L'usine a pre
voir l'annee 15 sera egalement situee en A. Sa taille 
dependra seulement de Ia quantite d'uranium naturel 
irradie a traiter la derniere annee de sa duree de vie 
supposee. Le stock d'uranium accumule pourra etre 
absorbe sans difficulte etant donne le mauvais facteur 
de charge de l'usine dans les premieres annees de 
son fonctionnement. 

En conclusion, pour le programme d'energie nu
cleaire installee etudie, et avec les hypotheses retenues, 
le site A est toujours a retenir, et la taille optimale de 
l'unique usine a construire ne depend pratiquement 
que de !'hypothese faite, on pourrait presque dire le 
pari effectue, sur la duree de vie de cette usine. 

• Le cou.t de 32 F/t-km que nous avons evoque precedem
ment correspond a 2 $/kg U pour un parcours tres simple en 
France. Les chiffres habituellement cites pour les transports 
en Europe font etat de 5 a 6 $/kg U, pour des distances un peu 
superieures et impliquant surtout des manutentions plus 
compliquees. 
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EXTENSIONS POSSIBLES DE LA METHODE 
UTI LISEE 

Nous avons etudie les localisations, les tailles et les 
cadences de mise en service optimales des usines de 
traitement de l'uranium naturel irradie associees a 
un programme de centrales nucleaires donne. Nous 
avons situe Ia sensibilite de l'optimum obtenu a cer
taines des hypotheses adoptees (co fit de transport, 
choix de l'horizon, taux d'actualisation). L'influence 
sur Ia sequence d'usines optimale de son annee de 
demarrage et des divers programmes possibles d'ener
gie nucleaire installee peut etre appreciee d'une ma
niere analogue. 

La methode elaboree s'analyse essentiellement 
comme un mecanisme general de determination de 
l'optimum dans des conditions techniques et econo
miques fixees. Elle permet, en outre, d'evaluer les 
pertes economiques resultant du choix pour des 
raisons autres qu'economiques d'une politique non 
optimale. 

L'exemple d'application retenu (le traitement de 
!'uranium naturel irradie) supposait une demande en 
plutonium a satisfaire strictement chaque annee ou, 
ce qui revient au meme, des quantites d'uranium 
naturel irradie a traiter effectivement chaque annee. 
Cette hypothese est celle de }'existence d'un systeme 
complementaire de centrales a neutrons thermiques 
productrices d'uranium irradie, done de plutonium 
et de centrales a neutrons rapides productrices et 
consommatrices de plutonium, mais essentiellement 
consommatrices dans les premieres decades de leur 
developpement (compte tenu de I' importance des pre
mieres charges en plutonium necessaires a !'extension 
de ces programmes de centrales). Ce systeme est sup
pose autarcique du point de vue du plutonium, aucun 
apport exterieur de ce metal n'etant envisage. 

L'etude des usines de traitement des combustibles 
irradies au plutonium provenant des reacteurs sur
regenerateurs, associees a ces programmes de reacteurs 
doit etre, elle aussi, justiciable de Ia meme approche. 
Par contre, le retraitement des elements combustibles 
des reacteurs de recherches (du type MTR) peut etre 
envisage d'une maniere plus souple. Ces combustibles 
peuvent en effet etre stockes, Ia recuperation de 
l'uranium 235 contenu differee, l'uranium enrichi ne
cessaire aux reacteurs de recherches etant disponible 
sur le marche exterieur que constituent les possibilites 
commerciales americaines. Ce modele economique se 
rapprochera alors du cas le plus general ou un en
semble nouveau de production peut s'inserer dans le 
cadre d'une economie de marche. 

Dans le probleme que nous avons etudie et dans les 
exemples que nous venons d'evoquer, les quantites 
annuelles de combustibles irradies a traiter sont sup
posees donnees; le systeme d'usines associees a pour 
fonction de restituer chaque annee les matieres fissiles 
contenues dans ces combustibles. Cette fonction peut 
eventuellement etre remplie en faisant appel a des 
approvisionnements exterieurs (elements a uranium 
enrichi) et en modifiant la cadence de mise en service 
des usines. 
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Mais, dans tousles cas, les quantites de combustibles 
irradies a traiter sont supposees fixees chaque annee. 
Cette hypothese a la signification economique sui
vante: on determine separement les programmes opti
maux de centrales nucleaires a neutrons thermiques 
et rapides (compte tenu des disponibilites en pluto
nium des premieres et des besoins des secondes) et 
ceux des usines de traitement de !'uranium nature! 
irradie produisant le plutonium. 

Ces evaluations separees peuvent conduire a des 
pertes economiques qu'une optimisation globale evite
rait. Cette derniere en effet doit faire apparaitre les 
consequences d'un retard eventuel dans le traitement 
de !'uranium irradie, done dans la disponibilite en 
plutonium, susceptible de porter atteinte au deve
loppement des centrales utilisant ce dernier combus
tible, ou au contraire les consequences d'une utilisa
tion non optimale des usines de traitement. 

Les localisations et les tailles des usines de traite
ment des combustibles irradies associees a des pro
grammes separes de centrales nucleaires peuvent de 
plus etre combinees au mieux en tenant compte de 
!'integration possible sur les memes sites et de la 
polyvalence eventuelle de ces usines. 
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Il est alors possible de determiner des optimums 
globaux de programmes de centrales et d'usines con
dui~ant a des gains economiques par rapport aux 
optimums separes. 
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A/98 France 

Long term developments in the cost of pro
cessing irradiated natural uranium and their 
bearing on optimum size and siting of plants 

By L. Thiriet et a/. 

The aim of this paper is to help solve the problem 
of the choice of optimum sizes and sites for spent 
nuclear fuel processing plants associated with atomic 
power plant programmes already implemented. 

First, the structure of the capital and operating 
costs of plants for processing irradiated natural 
uranium is studied, together with the influence of 
plant size on costs and cost structures. Transport 
costs from reactor site to treatment plant must be 
added to the processing costs. Any attempt to achieve 
a minimum cost for the total production of a country 
or group of countries must therefore take into account 
both the size and the location of the plants. The 
foreseeable transport charges and their structure 
(freight, insurance, and container cost and depre
ciation) for spent natural uranium are given. 

Secondly, the optimum size and locations of plants 
are determined for a variety of annual spent fuel 
reprocessing programmes. The sensitivity of the 
results to the basic assumptions regarding processing 

costs, transport charges, the year in which the plant 
programme is inaugurated, and the length of the 
treatment period considered is also tested. This 
rather complex problem, of a combinative nature, 
is solved by dynamic programming methods; and it 
is shown that these methods can also be applied to 
the problem of selecting the optimum sizes and 
locations of processing plants for MTR type fuel 
elements, associated with research-reactor pro
grammes, as well as to future plutonium fuel-element 
processing plants associated with breeders. 

Thirdly, the case where yearly extraction of the 
plutonium contained in the irradiated natural uranium 
is not compulsory, so that some stockpiling of the 
fuel is acceptable for a few years, permitting delayed 
processing, is examined. The load factor of such 
treatment plants is greatly improved by comparison 
with that of plants where the plutonium requirement 
has to be strictly met every year. 

Allowing for the cost of stockpiling the spent 
natural uranium, an optimum rhythm of operation 
and optimum sizes for spent t'uel processing plants 
are arrived at which differ from those given in the 
second part of the paper. 

The indirect effect of these retreatment programmes 
on the availability of plutonium, and therefore on the 
possibility of embarking upon plutonium-burning 
reactor programmes, must be given special weight. 
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A/98 QlpaH4HA 

.LJ.onroCp04Hble nporH03bl CTOHMOCTH 
nepepa6oTKH o6ny4eHHoro npHpOAHO
ro ypaHa 

11. THpbe et al. 

QeJib HaCTOJI~ero C006~eHHJI - BHeCTH BNJia;:J; 

B perneune npo6JieMhi Bhl6opa onTnMaJihHhiX paa

MepoB u paaMe~eHHH aaBop;oB ;:J;JIH nepepa6oTNII 

o6JiylJeHHoro Hp;epuoro TOnJinBa, CBH3aHHhiX c 

nporpaMMOH npOH3BO;:J;CTBa aJieNTpOaHeprHH. 

B nepBou 'laCTH paccMaTpnBaiOTCJI NannTaJih

Hhie 3aTpaTbl H 3NCnJiyaTaiJ;HOHHbie paCXO;:J;hl Ha aa

BO;:J;aX no nepepa6oTNe o6Jiy'leHHoro npupop;uoro 

ypaHa, BJIHJIHHe pa3MepoB 3aBO;:J;OB Ha CTOHMOCTb 

H H3p;epmNH npOH3BO;:J;CTBa. f\ CTOHMOCTH nepepa-

60TNH o6Jiy'leHHoro npnpop;Horo ypaua ;:~;o6aBJIJieT
CH CTOHMOCTb ·TpaHcnopTHpOBNH 06Jiy'leHHOrO 

TOnJIHBa OT MeCTa ero npOH3BO;:J;CTBa ;:1;0 3aBO;:J;OB 

;:J;JIH nepepa6oTNH. 

IJoHCNH MHHHMaJibHOH CTOHMOCTH npOH3BO;:J;CT

Ba O;:J;HOH CTpaHOH HJIH rpynnou CTpaH BNJIIO'JaiOT 

paaMep n paaMe~eHne aaBop;oB. YNa3hiBaeTcJI pa

clJeTHaH CTOHMOCTb TpaHCnOpTHpOBNH 06Jiy'JeHHO

ro npnpop;Horo ypaHa n na qero oHa CNJia;:J;biBaeT

cJI (TpaHCnOpT, CTpaXOBaHHe, CTOHMOCTb H aMOp

TH3aQHJI NOHTeHHepoB) • 

Bo BTopou qacTn orrpep;eJIJIIOTCH orrTnMaJihHhie 

paaMephi n paaMe~eune aaBOAOB no rrepepa6oTNe 

TOIIJIHBa (AJIJI pa3JIHlJHbiX NOJIH'leCTB o6JiyqeHHOTO 

TOIIJIHBa, NOTOpbie 6yp;yT rrepepa6aThlBaTbCJI eme

TO;:J;HO) H 3aBHCHMOCTh HX OT OCHOBHhiX THIIOTe3, 

RaCaiO~HXCJI CTOHMOCTH rrepepa60TRH, CTOHMOCTH 

TpaHcrropTnpoBNH, rop;a Ha'raJia rrporpaMMhi aaBo

AOB. ,[(OBOJihHO CJIOlliHaJI rrpo6JieMa, OXBaThiBaiO
IQaJI HeCKOJihKO <flaKTOpOB, paapernaeTCJI IIyTeM 

rrpnMeHeHHJI MeTOAOB p;nHaMnqecKoro rrporpaMMH

poBaHnH. ABTOphi noNaahiBaiOT, 'JTO aTn MeTOAhl 

MOlliHO npHMeHHTb TaNme N npo6JieMe Bhl6opa on

THMaJibHhiX paaMepoB H pa3Me~eHHJI 3aBO;:J;OB no 

rrepepa60TNe TenJIOBhi;:J;eJIJIIO~HX aJieMeHTOB THna 

ncnoJihayeMhlX B peaNTope MTR, CBHaaHHhiX c 

IIporpaMMaMH HCCJie;:J;OBaTeJibCNHX peaNTOpOB, a 

TaNme N 6y;:~;y~nM aaBop;aM no nepepa6oTKe nJiy

TOHHeBhiX TenJIOBhl;:J;eJIJIIO~HX aJieMeHTOB H3 peaN

TOpOB-pa3MHOlliHTeJieH. 

B TpeTheu 'laCTH paccMaTpnBaeTCH cJiylJau, No

rp;a He npep;noJiaraiOT emero;:~;uo naBJieNaTh nJiy

ToHnu, co;:~;epma~nucH B o6JiylJeHHOM npnpop;HoM 

ypaHe, H NOrp;a MOlliHO p;onyCTHTh xpaHeHHe Teii

JIOBhl;:J;eJIJIIO~HX aJieMeHTOB B Te'leHHe HeCNOJib

NHX JieT; 3TO HeCNOJibNO MeHJieT TeXHOJIOTHIO nepe

pa60TNH. f\oa!fl!flnu;neHT 3arpy3NH Ha TaNHX 

aaBop;ax aHalJnTeJihHo Jiy'lrne no cpaBHeHniO c 

Noa!fl!flnu;neHTOM aarpyaNn Ha aaBop;ax; rp;e noTpe6-

HOCTL B nJiyTOHHH CTpOrO YAOBJieTBOpHeTCJI Nam

ll,hiH ro;:~;. 
YlJuThiBaJI CTOHMOCTL xpaHeHUH o6JiylJeHHoro 

npnpo)lHoro ypaua, aBTOphi noNa3LIBaiOT, 'ITO cy

~ecTBYIOT OIITHMaJihHhle pa3Mepbl 3aBO;:J;OB no ne

pepa6oTNe o6JiylJeHHOTO TOIIJIHBa, OTJIHlJaiO~UeCJI 
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OT OIITHMaJibHbiX pa3MepoB, OIIUCaHHbiX BO BTOpOlf 

YJaCTH • 

B lJaCTHOCTn, cJiep;yeT ylJHTLIBaTb NOCBeHHoe 

BJIHJIHne aTnx nporpaMM rrepepa6oTKU ua aanachi 

IIJIYTOHHJI, a CJie;:J;OBaTeJihHO, Ha B03MOlliHOCTU ocy

~eCTBJieHUJI rrporpaMM IIO peaKTOpaM, HCIIOJih3y

IO~UM TIJIYTOHUH. 

A/98 Francia 

Perspectivas a largo plazo de los costes de 
tratamiento del uranio natural irradiado; 
tamafio y emplazamiento 6ptimos de las 
fabricas 
por L. Thiriet et al. 

El objeto de esta memoria es el de contribuir a Ia 
resolucion del problema de Ia eleccion del tamaiio 
y del emplazamiento optimos de las fabricas de trata
miento de los combustibles nucleares irradiados, que 
plantean los programas de potencia electrica instalada. 

En Ia primera parte se estudia el desglose de los 
gastos de primer establecimiento y de explotacion 
de las fabricas de tratamiento de uranio natural 
irradiado, Ia influencia del tamaiio de las fabricas 
sobre dichos costes y su desglose. AI coste del trata
miento del uranio natural irradiado hay que aiiadir el 
coste del transporte del combustible irradiado desde 
el Iugar de produccion a la fabrica de tratamiento. 

La determinacion del coste minimo para Ia pro
duccion de un pais o de un conjunto de paises, hace 
intervenir, a Ia vez, el tamaiio y el emplazamiento 
de las fabricas. Se indican los costes de transporte 
previsible para el uranio natural irradiado y el 
desglose de estos costes (transportes, seguros, coste 
y amortizaci6n de los recipientes). 

En la segunda parte y para diferentes programas 
anuales de tratamiento de combustible irradiado, se 
determina el tamaiio y el emplazamiento 6ptimos 
de las fabricas de tratamiento y como dependen 
estos resultados de las hip6tesis de partida referentes 
al coste del tratamiento, al coste del transporte, al aiio 
de iniciaci6n del programa de construccion de las 
fabricas y a Ia capacidad elegida. El problema de 
naturaleza combinatoria, bastante complejo, se re
suelve ve por aplicacion de los metodos de la progra
macion dinamica. Se demuestra que los metodos son 
igualmente aplicables al problema de Ia eleccion 
del tamaiio y del emplazamiento optimos de las 
fabricas de tratamiento de elementos del tipo MTR, 
correspondientes a los programas de reactores de 
investigacion, asi como a las futuras fabricas de 
tratamiento de elementos de plutonio de los reactores 
reprod uctores. 

En Ia tercera parte se estudia el caso de que no se 
imponga a Ia fabrica Ia necesidad de extraer, cada aiio, 
el plutonio contenido en el uranio natural irradiado y 
que se pueda admitir cierto almacenamiento de combus
tible durante algunos aiios, lo que da Iugar a un trata
miento diferido. El factor de carga de tales fabricas me
jora mucho en comparacion con el de las fabricas que 
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deben satisfacer estrictamente, cada aiio, la demanda 
de plutonio. 

Se demuestra, teniendo en cuenta los costes de 
almacenamiento del uranio natural irradiado, que 
existe un numero y un tamaiio de las fabricas de 
tratamiento de combustibles irradiados 6ptimos, 
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diferentes del caso considerado en la segunda parte. 
Particularmente debe tenerse en cuenta el efecto 

indirecto de estos programas de tratamiento sobre 
la disponibilidad de plutonio y, por lo tanto, sobre 
las posibilidades de realizaci6n de los programas de 
reactores que utilicen este plutonio. 
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Facteurs essentiels d'une economie nucleaire balancee 
(reacteurs thermiques et surgenerateurs) 

par R. Gibrat* 

Le rapport de 1' Atomic Energy Commission des 
Etats-Unis au president Kennedy en date du 20 no
vembre 1962 (Civilian Nuclear Power) a cree dans le 
monde entier un mouvement tres important de refle
xions et de discussions autour du tres long terme de 
l'economie nucleaire. 

Des articles precurseurs tres rares comme celui de 
la reference [1] de notre bibliographie n'avaient pas 
a leur parution attire I' attention, mais sont maintenant 
etudies avec soin. Des articles nouveaux se font chaque 
jour de plus en plus nombreux [2, 3, 4]. Pour notre 
part, nous avons tente dans plusieurs articles (refe
rences [6, 8, 12]) d'aller aussi loin que possi~le dans 
!'analyse du futur. Mais ce n'est que progressivement 
que nous avons perc;u le role essentiel pour le deve
loppement des reacteurs surgenerateurs des trois fac
teurs: pertes de matieres fissiles, immobilisation dans 
les inventaires, delais de retraitement et de fabrication. 

Le rapport etablit les equations correspondant a 
ces problemes, fixe leur dependance en fonction du 
taux de croissance de l'economie nucleaire totale et 
calcule les taux de penetration des surgenerateurs pour 
des valeurs raisonnables des divers parametres. 

ANALYSE SIMPLIFIEE 

11 nous faut d'abord analyser soigneusement le 
processus d'une economie balancee c'est-a-dire com
prenant uniquement un type de convertisseur et un 
type de surgenerateur. Notons a !'instant t: N(t), 
T(t) et F(t) les puissances installees nucleaires totales, 
en convertisseurs, en surgenerateurs, en MW(e). 

Trois parametres vont, dans cette analyse simpli
fiee, caracteriser les donnees physiques de l'economie 
nucleaire balancee. 

1. Production de plutonium fissile nette d'un con-
vertisseur en kg par MW(e) et par an ......... C1 

2. Production de plutonium fissile nette d'un 
surgenerateur, en kg par MW(e) c'est-a-dire apres 
reconstitution des elements fissiles brllles dans le 
reacteur .................................... c2 

3. Charge initiale en plutonium fissile d'un sur
generateur en kg par MW(e), y compris inven
taires divers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S 

L'equation exprimant qu'il n'y a ni formation, ni 
utilisation de stock est: 

"'Directeur general d'INDATOM (Groupement pour 
l'industrie atomique, Paris). 
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dF(t) 
s Ci"t = cl T(tJ + c2 F(tJ (1) 

11 est habitue! [8, 12], d'etudier le cas ou N(t) 
varie exponentiellement suivant une formule telle que 
N(t) = N(o)eJ-t. 

Ce modele exponentiel est tres general, ,\ lentement 
variable equivaut a remplacer les courbes de crois
sance par la suite de certaines de leurs tangentes, 
N(t) etant exprime en coordonnees logarithmiques. 
L'equation (2) donne immediatement une des solu
tions correspondant au probleme apres avoir elimine 
T(t) [12]. 

F 
- = p 0 (eM- e -{3t) + F0 e -{3t (2) 
No 

avec: 
cl C1- C2 

Po = C
1 

- C
2 
+ ,\S et fJ = S 

p0 represente la part limite des surgenerateurs, F0 est 
la valeur a !'instant zero de la puissance installee en 
surgenerateurs. 

La discussion des conditions de validite de cette 
proportion limite est assez delicate [8]. 

Nous y avons demontre, pour une situation tech
nique caracterisee par les parametres C1, C2, S et une 
situation economique definie par ,\, qu'il existe, sui
vant les valeurs des parametres, soit une economie 
pure de surgenerateurs produisant un exces de pluto
nium ou utilisant du plutonium exterieur, soit une 
economie balancee de duree limitee debouchant au 
bout d'un temps plus ou moins long sur une economie 
ou tous les reacteurs nouveaux sont des surgenera
teurs, soit enfin une economie balancee comprenant 
indefiniment les deux types. 

Une autre consequence de !'equation d'equilibre 
du plutonium dans une economie balancee est inte
ressante: les surgenerateurs ont d'autant plus de diffi
cultes a prendre une part dans le nucleaire que le taux 
de croissance du nucleaire total est plus eleve. 

Le temps t0 necessaire pour atteindre pratiquement 
cette limite decroit tres vite quand ,\ croit, aussi pour 
atteindre 95% de la limite pour F0 = 0 on a: 

3S 
t0 = ,\ (3) 

C1-C2 + S 

INTRODUCTION D'UN DELAI y 

En fait, i1 faut un certain delai y entre la mise en 
route d'un reacteur rapide ou non et le moment ou 
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on peut disposer d'elements de combustibles conte
nant le plutonium recupere [5]. 

L'equation d'equilibre devient: 

dF(t + y) 
S dt = C1 N(t)- (C1- C2) F(t) (Ibis) 

puisque le dechargement d'un reacteur en t donne des 
elements de combustibles utilisables pour Ia charge 
initiale a I' instant (t + ')' ). 

La limite Po devient [8, 12]: 

(2bis) 

L'influence du retard y se traduit par Ia transfor
mation de ,\ en ,\ e.:IY ce qui diminue tres sensiblement 
pour les grands taux de croissance les valeurs de p. 

Pour avoir le nouveau temps d'attente, il faut rem
placer dans (3) ( C1 - CJ par Ia quantite Sp. tel que: 

Sp.e -1-'Y = cl- c2 
Pour,\ = 0,21 un peu inferieur au decuplement en 

10 ans prevu par EURATOM, le taux de penetration 
limite est pour les valeurs nouvelles des coefficients 
Ia moitie seulement du taux calcule sans delais. Le 
role du delai est done fondamental. 

INTRODUCTION DES DIVERS DELAIS ET PERTES 

y est insuffisant; en effet: 
a) a !'instant de mise en service d'un reacteur rapide 

il faut une charge initiale R par unite de puissance 
(nous ecrivons ici R et non S comme ci-dessus pour 
bien marquer que R ne comprend pas le plutonium 
immobilise en dehors du reacteur). 

b) Le dechargement des elements combustibles 
irradies ne commence pas a la mise en route du reac
teur, il faut une certaine duree d'irradiation et surtout 
l'equilibre neutronique du reacteur ne s'obtient 
qu'apres un long delai. Quand l'equilibre est atteint le 

' "d . 'd R reacteur rap1 e consomme par umte e temps -, a 
a 

etant la duree moyenne de sejour de Ia charge, et 

d . "'d C RC, pro mt par umte e temps 2 + -, 2 etant comme 
a 

ci-dessus la production nette. Une loi compliquee 
devrait caracteriser Ia periode avant l'equilibre oil la 
charge est mal utilisee, mais on peut raisonnablement 
representer dans l'etat actuel de nos connaissances la 
marche d'un reacteur en supposant que pendant un 
temps 8 on ne le decharge pas mais qu'ensuite le de-

R 
chargement reste constant egal a C2 + -. Nous ad-. a 
mettons done implicitement que le chargement et 
dechargement sont continus et que la duree de vie 
des reacteurs est infinie (pas d'obsolescence). 

c) 11 existe aussi un delai entre le moment du dechar
gement des combustibles irradies et le moment oil le 
plutonium corresponda:nt reviendra dans un reacteur 
sous forme d'elements neufs. 

d) A chaque recyclage, il y a des pertes de matieres 
fissiles. La reference [1 0] contient sur ce sujet des 
renseignements precieux proposant trois hypotheses 
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que nous appellerons ici faible, moyenne et forte 
(pertes totales par cycle respectivement 2,7, 5,0 et 
15,0% valables en fait quel que soit le taux de com
bustion). 

Pour un taux de combustion de 5% (42 500 MWj/t), 
Ia perte par cycle est egale a !'utilisation dans !'hypo
these moyenne et trois fois plus forte dans !'hypothese 
forte. Les references americaines [4, 5] considerent 
comme normal d'atteindre pour les premiers surgene
rateurs industriels a chaque cycle une utilisation egale 
a Ia moitie des pertes, ils sont ainsi pour 1980 a mi
chemin des hypotheses moyenne et forte. 

Nous introduisons done au lieu de y quatre nou
veaux parametres a, duree de sejour, 8 delai avant 
dechargement, E duree de traitement et k coefficient 
de pertes. 11 est facile d'ecrire !'equation rempla9ant 
(1) ou (Ibis). Nous admettons par simplicite les memes 
valeurs de a, 8 et ')' pour les reacteurs thermiques. 

Entre les instants t et t + dt il nous faut assurer 
d'une part la charge initiale d'une puissance dF en 
rapides, d'autre part le rechargement continu de tous 
les rapides ayant ete mis en service au moins depuis 
un temps 8 soit F (t- 8). 

Le plutonium de ces charges proviendra du dechar
gement execute un temps E avant c'est-a-dire des 
reacteurs mis en marche E + 8 avant, mais il faudra 
affecter ces quantites du coefficient I - k pour tenir 
compte des pertes. La nouvelle equation d'equilibre 
de plutonium devient: 

[
dF(t) F(t-8)] j 

R ---at+ a _ = (1-k) lC1 T(t-8 -€) 

+ (C2 + ~ F(t-8 -E)] (Iter) 

Cette equation n'est evidemment valable que pour 
t > 8 + E, c'est-a-dire a partir du moment oil on a 
commence a disposer d'elements de combustibles 
neufs provenant d'elements irradies prealablement. 
II est facile d'ecrire les equations valables pour t com
pris entre 8 et 8 + E et t compris entre 0 et 8. Le calcul 
des stocks necessaires est facile, nous ne le ferons pas 
ICI. 

Un nouveau terme apparait done R F (t -8); il a 
a 

R 
sa contre-partie dans I' apparition de (1 - k) - F 

a 
(t- 8 -E) au deuxieme membre. 

La nouvelle valeur limite du taux de penetration est: 

cl 
p- ~~ 

- C1 -C2 +Rl(,\e.:18+~)~-~J a 1-k a 

L'equation donnant le temps d'attente t0 est tou
jours !'equation (4) oil C1 - C2 est remplie par Sfl tel 
que: 1 /C1- C2 1) (!1- e-1-'8- -) e-J-L€ = (1- k) \ -- (4bis) 

a . R a 

L'etude des differents regimes possibles se fait 
comme dans [12] introduisant des diagrammes sem
blables sur lesquels nous n'insisterons pas, !'equation 
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~ (1- p) + t.t (F0 - p) = 0 jouant toujours le role 
essentiel. 

EXEMPLES NUMERIQUES 
Les divers auteurs paraissent d'accord sur un delai 

e d'une annee. Le choix d'une valeur pour 8 est plus 
delicat, car sa signification n'est pas evidente, nous 
avons admis ici, faute de mieux, une demi-duree de 

sejour soit ~ . Pour k, nous ne garderons sur Ies trois 

ca~ definis plus haut, que Ies deux extremes (k = 2, 7 
ou 15%). 

Nous ferons les calculs ici pour les deux types de 
surgenerateurs envisages en France, A et B [10, II], 
le premier avec un taux de combustion de 5%, le 
deuxieme de 10%, ceci afin d'avoir un large eventail 
dans les durees de sejour a (tableau 1). 

Tableau 1. Parametres des surgenerateurs franc;ais 

a 

A..... 1,45 

B . . . . . 4,10 

Annees 

0,725 

2,05 

C' 

0,28 

0,42 

R 

2,85 

2,82 

s 

4,80 

3,50 

N . d. . S a+e . . ous mtro mrons auss1 = R--- mvesttsse
a 

ment total en plutonium dans !'analyse simplifiee [10]. 
Nous utilisons de plus ici comme exemple de con

vertisseur le type graphite-gaz envisage par EURA
TOM en I963 soit C1 = 0,47. 

Nos calculs porteront done pour chaque type de 
reacteur A ou B sur trois hypotheses, une analyse 
simplifiee sans pertes ou on tient compte des divers 
delais par la substitution de Sa R (calculs precedents) 
et deux autres ou on utilise R mais ou on tient compte 
explicitement des divers delais et des pertes (calculs 
ci-dessus avec 2, 7 ou 15%). Nous appellerons ces trois 
hypotheses s, f et F, signifiant simplifie, pertes faibles 
et pertes fortes. Pour chaque cas, nous prendrons 
diverses valeurs pour A.; le tableau 2 donne les valeurs 
des taux limites de penetration p (formules 2). 

Tableau 2. Exemples de taux de penetration pour 
divers taux de pertes 

Taux limites 
de penetration 

p 

Reacteur A 

f 

Reacteur B 

F f F 

A= 0,00 ........... 2,48 1,68 0,90 9,4 7,0 2,75 
0,07 ........... 0,89 0,72 0,48 1,88 1,23 0,89 
0,14 ........... 0,55 0,44 0,32 0,89 0,59 0,47 
0,21 . . . . . . . . . . . 0,39 0,29 0,22 0,62 0,35 0,28 
0,28 ........... 0,30 0,21 0,12 0,47 0,22 0,18 

Les chiffres en italiques (superieurs a l'unite) ne 
traduisent pas des pourcentages, mais signifient que 
les surgenerateurs subsistent seuls apres un certain 
temps. 

Adoptons un instant le taux de croissance 0,21 un 
peu inferieur a celui prevu par EURATOM ou cer-
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tains Americains (ils comptent sur un decuplement 
en dix ans de la puissance nucleaire ), on verra en 
comparant Af a BF que !'amelioration apportee par 
le passage du type A au type B est a peu pres com
pensee par la degradation due au passage d'un taux 
faible de pertes a un taux fort. La comparaison des 
chiffres relatifs a A et B montre bien Ia meilleure 
qualite nucleaire de B. 

Le taux de croissance~ de l'economie dans laquelle 
se trouvent plonges Ies reacteurs rapides exerce 
evidemment, queUes que soient les hypotheses, une 
influence dominante. 

Un moyen peut-etre plus frappant encore pour 
mettre en evidence cette influence est de calculer le 
taux de regeneration, c'est-a-dire le taux de crois
sance ~ 1 que permet une economie formee uniquement 
de surgenerateurs. 

La valeur ~1 est Ia racine de I' equation. 

I e"-• I C2 
(~e"-o +-) -- --=-

a 1-k a R 

C'est d'ailleurs !'equation caracteristique de !'equa
tion differentielle aux differences qui domine notre 
probleme. 

Le taux de regeneration du reacteur B (14,9%), 
quand on utilise Ia charge initiale R sans delai ni 
perte, est remarquable, mais quand on en tient compte 
il descend a 8,6 ou 5,9% suivant que les pertes sont 
faibles ou fortes. Meme a pertes faibles, le type A a 
un taux de regeneration presque desesperant: 1,9%. 

INFLUENCE DES DIVERS FACTEURS 
Vaut-il mieux, pour une certaine somme totale 

depensee en recherches, se concentrer sur !'ameliora
tion des pertes ou sur Ia diminution du delai entre 
dechargement et chargement ou encore doit-on insis
ter sur Ia reduction de Ia periode de transition con
duisant apres un demarrage a un equilibre neutro
nique, etc.? QueUe proportion de depenses, en d'autres 
mots, accorder aux diverses recherches? 

Notre analyse utilise d'abord pour le surgenerateur 

. f: C2, "' k . ffi . d . qnq acteurs R a, o, e, pms un coe c1ent e crOis-

sance ~ caracterisant le degre de faveur que porte a 
l'energie nucleaire le milieu economique, enfin, le 

, C1 , . 
1 

. 
parametre R caractensant e converttsseur. 

Entre ces sept facteurs, il existera pour un but 
donne 21 coefficients d'equivalence dependant de six 
d'entre eux. Nous nous donnerons comme but, a 
titre d'exemple parmi beaucoup d'autres, celui d'ob
tenir un rapport limite de penetration donne p, 
!'equation liant les parametres est done (p etant ici 
constant): 

1 e "-• I C2 C1 (1 - p) 
<~e"-o+a) 1-k-<a+R) = pR (4) 

On en deduit les six derivees partielles, par exem
ple, de C2 par rapport aux autres parametres. 

Nous avons fait nos calculs numeriques sur le cas 
le plus favorable des hypotheses precedentes, a savoir 
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Tableau 3. Coefficient d'influence des divers parametres 

ll c, llC2 llC2 llC2 a C2 ( ll c,) ,\ 6"a """"ii""a IJ € IJ k ~ ~-a,ll 
0,086 -0,019 0,028 0,095 1,16 5,6 -0,005 
0,14 -0,030 0,117 0,202 I ,51 7,3 + 0,028 
0,21 -0,045 0,245 0,426 2,15 10,0 + 0,077 
0,28 -0,060 0,540 0,790 2,97 13,6 + 0,210 

le type B a faibles pertes (Bf). Le tableau 3 donne 
d'abord les valeurs des cinq autres derivees de c2, 
mais on remarquera une derniere colonne intitulee 

( 8C2 \ 
"- en effet, nous avons admis au paragraphe 
u a a. a 

a 
precedent 8 = 2 et si on ad met que toute variation de 

a se repercute sur 8, 8 cesse d'etre un parametre inde
pendant. 

Nous avons pris pour le coefficient de croissance A 
dans nos tableaux, d'abord Ia plus petite valeur pos
sible, c'est-a-dire la valeur donnant le taux de regene
ration (ici, 8,6%), puis trois valeurs A croissant regu
lierement. 

Une augmentation de 8, E, k, ,\ demande, pour etre 
compensee, une amelioration du coefficient de sur
generation C2 ; par contre, un allongement de la 
duree de sejour a, si e/le n' entrafne pas une augmenta
tion de Ia duree de mise en equilibre 8, peut compenser 

un abaissement de C2, si par contre la loi 8 = ~ 
etait verifiee, le resultat global sauf pour le taux de 
regeneration serait defavorable. Si ,\ augmente, le 
taux de penetration p reste constant si C2 croit de 
fa.;on correspondante. Le tableau 4 precise tout cela. 

Tableau 4. Augmentation de a, 8, E (en annees), de k 
(en% de pertes), de,\ (en%) equivalente a une amelio

ration de 10% du coefficient de surgeneration 

Valeur Variation 
de base de,\ a 0 kC"l de,\('/,;) 

0,086 2,2 -1,5 -0,4 -3,6 -7,5 
0,14 1,4 -0,4 -0,2 -2,8 -5,7 
0,21 0,9 -0,2 -0,1 -2,0 -4,2 
0,28 0,7 -0,1 -0,04 -1,4 -3,1 

Done pour ce cas precis, faire varier Ia production 
nette de plutonium d'un surgenerateur de 10% equi
vaut, si on veut garder constant le taux de penetra
tion d'un surgenerateur dans une economie nucleaire 
de croissance donnee: 

a augmenter Ia duree de sejour de Ia charge de 
onze mois; 

ou a diminuer Ia duree de mise en equilibre neu
tronique de deux mois; 

ou a diminuer la duree de retraitement, de fabri
cation, etc., d'un mois; 

ou a diminuer le pourcentage des pertes par cycle 
de 2%; 

ou a chercher le meme taux de penetration pour 
un taux de croissance plus bas de 4,2%. 

IMMOBILISATIONS DE PLUTONIUM 
DANS LES DIVERS CIRCUITS 

La grande valeur au gramme (10 dollars) du pluto
nium [ 12] immobilise dans le cycle tout en tier attire 
!'attention sur Ia determination exacte des quantites 
correspondantes. 

On trouve aisement dans le cas general pour le 
stock total M ( t) Ia form ule suivante: 

M(t) = R! F(t+E)+~ J:_, F(t+E-o)dtl 

Utilisant Ia solution limite asymptotique pour F, 
p N 11 eA1

, Ia valeur limite m du stock par unite de puis
sance sera: 

m = -- = R e"•-+- (6) 
lim M(t) I e"(E-8)-e"Sl 
t-+= F(t) a,\ 

m 
Pour le cas du type B de reacteur, les valeurs de R 

varient avec,\, tableau 5. 

Tableau 5. lnventaire total par unite de puissance 

m 
R 

0,00 

1,24 

0,086 

1,33 

0,14 0,21 0,28 

1,36 1,41 1,48 

Le fait d'immerger une economie de rapides dam 
une economie balancee de croissance ,\ augmentc 
done, par rapport a !'analyse simplifiee, l'immobilisa
tion hors pile dans des proportions non negligeables; 
pour,\ = 0,21, l'immobilisation hors pile dans ce cas 
tres favorable passe de 24% de Ia charge en pile a 
41%. 

CONCLUSION 

L'introduction des divers delais (duree de sejour 
dans Ia pile, temps de mise en equilibre, duree de 
traitement et de fabrication des combustibles irradies) 
et des pertes modifie fondamentalement, pour une 
economie balancee formee de reacteurs convertisseurs 
et surgenerateurs, les taux de penetration des reacteurs 
surgenerateurs que !'on peut attendre et les immohi
lisations totales de plutonium, les divers resultats 
dependant fortement du taux de croissance ,\ de 
l'economie nucleaire dans laquelle les reacteurs sur
generateurs se trouveront demain immerges. 

Par !'introduction des coefficients d'equivalence, 
un organisme de repartition de credits pourra doser 
son effort suivant les differentes directions de recher
ches. 
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ABSTRACT -RESUME-AHHOTALU·1.R-RESUMEN 

A/99 France 

Essential factors in a balanced nuclear econo
my: thermal versus breeder reactors 

By R. Gibrat 

The report rendered by the United States Atomic 
Energy Commission to President Kennedy on 
20 November 1962 stimulated lively thought and 
discussion in all parts of the world on long-term 
nuclear economy. There is general agreement today 
that this will take the form of thermal and breeder 
reactors, at least for a long time to come. Meanwhile, 
earlier papers, such as that of Androit and Gaussens, 
read at the operational research conference held at 
Aix-en-Provence, France, in Septem her 1960, attracted 
no attention at the time. They are now being care
fully studied. 

The author of the present paper himself attempted, 
in a number of studies carried out in 1963, to carry 
analysis of the future as far as possible, demonstrating, 
for example, the vital fact that the faster the growth 
of the over-all nuclear programme, the more difficult 
it will be for breeder reactors to play a part in it. 
Only gradually, however, did he come to realize the 
fundamental influence of the following three factors 
on the development of a balanced nuclear economy: 
(i) length of time required for treatment and manu
facture; (ii) loss of fissile materials in the cycle; and 
(iii) hold-up in inventories. 

The present paper develops the equations describing 
these problems, establishes their dependence on the 
growth rate of the over-all nuclear economy, and 
calculates the extent to which breeders will enter 
into (penetrate) the over-all economy for reasonable 
values of the various parameters. 

It was possible to demonstrate from these calcu
lations, for one specific case, that to vary the net 
plutonium production of a breeder by 10% is equiv
alent, if the extent to which a breeder penetrates a 
given nuclear economy is to be kept constant, to: 

(a) Increasing by eleven months the time the charge 
remains in the pile; or 

(b) Decreasing the neutron equilibration period by 
two months; or 

(c) Decreasing the time taken for treatment, 
manufacture, etc., by one month; or 

(d) Decreasing the percentage of losses per cycle 
by 2%; or 

(e) Maintaining the same degree of penetration 
for a 4.2% lower growth rate. 

An institution responsible for distributing research 
funds could thus review their allocation to various 
fields in the light of the formulae presented in this 
paper. 

A/99 UJpaH4HR 

£1JaKTOpbl, BJlHfiiO~He Ha c6a1laHCHpO
BaHHYIO 3KOHOMHKY fiA6pHOH 3Hepre
THKH (peaKTOpbl Ha T6n110BbiX HeHTpO
HaX H peaKTOpb1-pa3MHO}t{HTe11H) 

P. H<H6pa 

.ll:o:KJiaA 1\oMuccuu no aToMHoif :mepruu CiliA 
upe3u,T:~eHTY HeHHeAH OT 20 HoH6pJI 1962 r. Bhi-
3BaJI BO BCeM Mope ,T:IUC:KYCCUU 06 31\0HOMU'IeCI\OH 
nepcne:KTHBHOCTH HAepHoif 3HepreTu:Ku. B HaCTo
JIJ.I.~ee apeMJI MHorue noJiararoT, 'ITO B 6y.r:~y~eM 
31\0HOMH:Ka 6y.r:~eT OCHOBaHa Ha pea:KTOpaX Ha Te
IIJIOBhlX HeifTpOHaX U Ha pea:KTOpax-pa3MHOiRU
TeJIJIX. O.r:~Ha:Ko paHee 6hiJIH ony6Jiu:KoBaHhl cTaThH, 
HanpnMep CTaThJI AH.r:~puo u focceHa, noJiauamaJI
cJI B CBJI3H c 1\oH<J>epeHn;ueif no 31\CnJiyaTan;uou
nhiM HCCJie,T:~OBaHHJIM B :3:KC-aH-llpOBaHCe ( ceH
TH6pb 1960 ro,T:~a), B 1\0TOphiX BhipamaJiaCh HHaJI 
TO'I:Ka 3peHuJI. Ho B TO apeMJI oHH He npHBJie:KJin 
anuMaHuJI. Cei1:•1ac ux T~aTeJihHO u3y'IaiOT. 

Bo <DpaHn;un c.r:~eJiaHa nonhiT:Ka B PJIAe pa6oT, 
ITpOBOAHBlliUXCJI B Te'IeHHe 1963 ro,T:~a, ITO B03-
MOiRHOCTU no.r:~po6Hee npoaHaJIU3HpoBaTh 6y.r:~yiiJ;ee 
n.r:~epuoif 3HepreTu:Ku u o6HapymuJiu, B 'IaCTHOCTH, 
TO BaiRHOe o6CTOJITeJihCTBO, qTO npu BHe.r:~peHHU 
pea:KTopoa-pa3MHomuTeJieif . BCTpeTJITCJI TPYAHO
CTH, 1\0TOphie 6YAYT TeM 60Jibllie, qeM Bhillie 
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CTeneHb pa3BHTUH HAepHOH 3HepreTHKH. 3AeCb 

CJieAyeT JIUillb OTMeTHTb, 'ITO B C03AaHHU c6aJiaH

cupoBaHHOU aKoHoMnKn HAepnou anepreTHKn 

cy~eCTBeHHYIO pOJib nrpaiOT CJie,ll,yiOI.QHe TpH !flaK

Topa: npo,[J,OJI/1\HTeJihHOCTb o6pa60TKU U npoH3BOA

CTBa, llOTepu ,[l,eJIHI.QUXCH MaTepHaJIOB B ~UKJie, 

xpaHeHne B fOTOBOM BHAe. 

B ,ll,OKJia,[l,e npnBOAHTCH ypaBHenue, CBH3hiBaiO

I.Qee 3TH !flaKTOpbl, Ollpe,[J,eJIHeTCH HX 3aBHCUMOCTb 

OT CTeneHU pa3BUTUH BCeJi H,[J,epHOH 3HepreTUKll 

H paCC'IUThiBaiOTCH TeMllbl BHeApeHUH peaKTOpOB

pa3MHOii\UTeJieJi B 3KOHOMHKY ,[I,JIH pH,ll,a pa~liO

HaJihHblX 3Ha'IeHUH pa3JIUlJ:HbiX napaMeTpOB. 

B pe3yJihTaTe npoBe,[l,ennH aTHX pac'IeToB na oT

,[I,eJibHOM KOHKpeTHOM npuMepe YAaJioch noKa3aTb, 

'ITO li3MeHeHHe Ha 10% llpOI13BO,[I,CTBa (HeTTO) 

llJIYTOHHH Ha peaKTope-pa3MHOii\HTeJie 3KBHBa

JieHTHO (npH coxpaHeHHU llOCTOHHHhlX TeMllOB 

HHe,[J,peHHH peaKTOpOB-pa3MHOii\HTeJieH B 3KOHO-

. MHKY): 

a) yBeJIUlJ:eHHIO Ha O,[l,liHHal(~aTb MeCH~eB Bpe

MeHH naxom,[l,eHHH 3arpy3KH B peaKTope; 

b) coKpai.Qenuro na ,[I,Ba MecH~a nepno,[l,a neii

Tponnoro paBHOBecnH; 

c) coKpai.QeHuro na MecH~ nepno)J,a perenepa

~uu, ll3fOTOBJieHUH H np.; 

d) yMeHbllleHHIO Ha 2% llOTepb B ~UKJie; 
e) TeM me TeMnaM BHeApennH, no cTenenn po

eT a, MeHbllieH Ha 4,2%. 
OpraHn3a~HH, BeAaiOI.QHe cpe,ll,CTBaMH na npoBe

AeHHe HCCJieAOBaHHH, MOfJIH 6hi C y'IeTOM npHBe

l,eHHbiX B )J,OKJiaAe !flopMyJI pacnpe)J,eJIHTb CBOll 

ycuJinH no paaJin'IHhiM nanpaBJieHnHM. 

A/99 Francia 

Factores esenciales de una economia nuclear 
equilibrada (reactores termicos y repro
ductores) 

por R. Gibrat 

El informe presentado el 20 de noviembre de 1962 
por la Comision de Energia Atomica de los Estados 
Unidos al Presidente Kennedy ha suscitado en el 
mundo entero una ola de reflexiones y debates 
acerca del futuro de la economia nuclear. El consenso 
mas general es que se basara en los reactores termicos 
y en los reproductores, por lo menos durante un 
plazo prolongado. A todo esto, anteriormente se 
habian publicado articulos que cabe calificar de 
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precursores, tales como el comunicado por los 
senores Andriot y Gaussens a la Conferencia de 
estudios operacionales celebrada en Aix-en-Provence, 
en septiembre de 1960, y que entonces no habia 
llamado mayormente la atencion. Ahora, en cambio, 
se los estudia cuidadosamente. 

Los autores, por su parte, en varios trabajos 
preparados en el curso del aiio 1963, trataron de 
llevar lomas adelante posible las previsiones, poniendo 
de manifiesto el hecho esencial de que sera tanto 
mas dificil que los reactores reproductores se incor
poren a la produccion de energia nuclear cuanto mas 
rapido sea el indice de crecimiento de la potencia 
nucleoelectrica total instalada. Sin embargo, solo 
fueron comprendidos gradualmente el papel esencial 
que desempeiian en el desarrollo de una economia 
equilibrada los tres facto res siguientes: los tiempos 
de regeneracion y de elaboracion; las perdidas de 
sustancias fisibles en el ciclo; los capitales inmobili
zados en las existencias de combustibles. 

En Ia memoria se establecen las ecuaciones que 
.resumen estos problemas, se determina sus rela
ciones de dependencia con el indice de crecimiento 
de Ia economia nuclear total y se calcula el indice 
de incorporacion de los reactores reproductores a 
dicha economia, para valores razonables de los 
diversos parametros. 

Gracias a tales cals::ulos, los autores han podido 
demostrar, en un caso particular bien definido, que 
hacer variar en un 10 % la producci6n neta de plu
tonio de un reactor reproductor equivale, si se 
quiere que permanezca constante el indice de incor
poraci6n de un reactor reproductor a una economia 
nuclear determinada: 

a) a prolongar por once meses Ia permanencia 
de Ia carga en el reactor; 

b) o a abreviar en dos meses el plazo 'de estableci
miento del equilibrio neutronico; 

c) o a abreviar en un mes la duracion del ciclo de 
regeneracion, de elaboracion, etc.: 

d) o a reducir en 2% el total de perdidas por 
ciclo; 

e) o a tratar de obtener el mismo indice de incor
poracion con un indice de crecimiento menor en 
un 4,2%. 

De esta manera, un organismo de adjudicacion 
de creditos para investigaciones podria, gracias a 
las formulas presentadas en esta memoria, graduar 
sus esfuerzos de acuerdo con las respectivas 
di recci ones. 
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Fuel cycle costs for a large nuclear power programme 

By N. L. Franklin,* C. Allday,* j. L. Gillams** and D. G. Avery* 

PART I: FUEL CYCLE COSTS FOR MAGNOX, AGR AND SGHW REACTORS 

The last of the Magnox reactors of the present 
UK nuclear power programme should be in operation 
in 1969, and after that date up to 1 500 t of fuel will 
be replaced and reprocessed each year. The facilities 
for fuel manufacture have been commissioned during 
the last few years and, with the completion in 
spring 1964 of a new reprocessing plant at Windscale, 
the initial capital investment in the Magnox reactor 
fuel cycle in the United Kingdom is almost complete. 

It now seems clear that the next phase of the UK 
nuclear power programme- will involve a substantial 
installation of advanced thermal reactors to go on 
power between 1970 and 1980. It will be assumed that, 
in the early part of this programme, most, if not all, 
of these reactors will be of the AGR type [l] and will 
use enriched uranium dioxide in stainless steel cans. 
The higher thermal efficiency and rating of the AGR 
lead to lower capital requirements than the Magnox 
stations. A prototype AGR has operated successfully 
at Windscale since the end of 1962 [2], and has reached 
powers substantially above its designed output of 
100 MW(th). 

The UKAEA is also constructing a 100 MW(e) 
prototype Steam-Generating Heavy-Water reactor 
(SGHW), a system selected because it appeared under 
UK conditions to offer the best economic prospects 
of all water systems [3]. This type of reactor could be 
represented in the UK nuclear power programme in 
the later 1970s at the time at which plutonium
burning fast reactors are also expected to have been 
developed. 

Whatever the pattern of the UK nuclear power 
programme in the 1970s, two or perhaps three types 
of thermal reactor can be expected in the UK power 
system. The cost, or more exactly the variable com
ponent of the cost of the fuel cycle to the station 
operator, will be of importance in determining their 
"order of merit" for operation and hence the annual 
operating hours of the stations and their requirements 
for fuel cycle services. This paper discusses the 
make-up of the fuel cycle costs for Magnox, AGR and 
SGHW stations, and indicates the improvements 
which can result from fuel management techniques 
and better fuel design or endurance. Possible varia
tions in the main components of the cost are discussed 

* UK Atomic Energy Authority, Production Group, Risley. 
** UK Atomic Energy Authority, London Office. 
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in detail, particularly in relation to enrichment prices, 
and these variations together with an analysis of future 
design trends are used to make predictions of long 
term fuel cycle costs. Plutonium production in the UK 
will amount to 3 tjyr and upwards during the 1970s. 
This material may be reserved for fast reactor use if 
the prospects of this system appear attractive at the 
time, and indeed much development effort is being 
devoted to this reactors system in the UK on that 
assumption, but studies to date indicate that pluto
nium burning is also technically feasible in the AGR 
and SGHW systems [4,5]. This part of the paper con
cludes with a discussion of the use of plutonium in 
these thermal reactors. 

It is misleading to discuss fuel cycle costs in terms 
of single reactors or even reactor systems considered 
in isolation. Part II of this paper examines the 
influence upon the cost of the nuclear fuel cycle of 
factors such as the scale of the production plant 
involved, the percentage utilisation of such plants, 
their flexibility and the economic structure of their 
operating costs. 

FUEL CYCLE COSTING METHODS 
Fuel cycle costs are usually computed in the UK 

either as a component of the generating cost, averaged 
and discounted over the station lifetime for use in 
investments studies, or to determine the average 
variable component of this cost so as to place a station 
in the "order of merit" for operation. Little interest 
is taken in precise calculations of annual fuel cycle 
expenditure because of the arbitrary valuation for 
partially burnt fuel which is required and because, 
in the UK, there is no fiscal or other reason for making 
such estimates. The fuel costs arise from the replace
ment of burnt fuel, and interest charges on fuel held 
up in the various sectors of the in-pile and out-of-pile 
cycle. It is possible to calculate the components of the 
cycle cost as they arise and to discount them to a 
present worth total [6,7], but the difference due to such 
precise methods is at most only a few per cent of the 
fuel cycle costs under the conditions assumed in this 
paper and is therefore within present uncertainties. 

The fuel cycle costs in this paper are therefore 
calculated on a simple capitalisation and replace
ment basis. The two components are made up as 
follows: 
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(a) The fuel inventory charges, computed by 
amortising over the life of the reactor the difference 
between the investment in the initial fuel charge and 
the present value of the rejected final charge. These 
charges are spread equally over each year's output of 
electricity. The initial investment includes both fissile 
material and fabrication costs, and the valuation of 
the final charge takes account of the fissile material 
content and the costs of recovering this material in 
a useful form. 

(b) Replacement fuel charges, calculated by assum
ing that all heat is produced under equilibrium condi
tions. The charges comprise the cost of the uranium 
burnt, credit for discharged plutonium and the fabrica
tion, reprocessing and transport costs associated with 
the replacement fuel including any interest on fissile 
material stocks. 

In Table 1, the fuel cycle costs are also shown iiV 
terms of the cost of uranium, the charge for fuel 
fabrication, the charge for reprocessing and the credit 
for recovered plutonium. 

Table 1. Illustrative breakdown of short-term fuel cycle 
costs 

(in pence per unit sent out, d./u. s. o.) 

Standard Early 
Magnox AGR 

Inventory charge. 0.037 0.040 
Replacement charge: 

(a) Net uranium minus plutonium 
credit 0.014 0.062 

(b) Processing . 0.067 0.064 

Total (rounded) 0.12 0.17 

Fabrication cost . 0.063 0.066 
Net uranium c'ost 0.069 0.097 
Reprocessing cost 0.023 0.016 
Plutonium credit . -0.037 -0.013 

Total (rounded) 0.12 0.17 

NoTEs 
1. 85% load factor; 7 Yz% per annum interest; 25-year amorti

sation. 
2. Natural uranium ore at $7 per lb. 
3. Enriched uranium supplied, and credited, at cost based on 

present US price scale offset at low enrichments by optimum 
blending with $7 ore. 

4. Plutonium (thermally fissile isotopes) credited at £2 Yz per g 
(==: £2 per g, all isotopes for Magnox 3 000 MWd/t plutonium). 

5. Magnox equilibrium burn-up 4 000 MWd/t (channel average). 
6. AGR burn-up 12 000 MWd/t (channel average): the effect 

of higher AGR burn-ups is illustrated in Tables 2, 3 and 5. 
7. Processing and reprocessing costs as under heading"Processing 

and reprocessing costs:·. 
8. Thermal efficiency: Magnox- 0.30; AGR- 0.40. 

The UK types of thermal reactors are designed for 
on-load refuelling on a continuous cycle. If refuelling 
begins immediately at the equilibrium rate, the initial 
charge produces a smaller heat output than fuel 
irradiated in the equilibrium cycle [8]. In practice, 
delayed discharge, radial interchange or other fuel 
management techniques applied during the approach 
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to equilibrium can improve the utilisation of the 
first charge. In addition, the cost penalty associated 
with the lost heat output can be minimised by adjust
ing its enrichment. The above method of calculation 
does not therefore accurately reflect the heat produc
tion from the first charge, but the discrepancy is small 
when averaged over the reactor lifetime. 

The comparative significance of the main com
ponents of the fuel cycle cost are illustrated in Table 1. 
In each case these costs depend appreciably on the 
scale of the manufacturing operations, and it has been 
assumed that 5 OOOMW(e) from each type of reactor 
are involved. The comparison indicates that the 
principal difference between standard Magnox and 
early AGR fuel cycle costs lies in the charges for 
uranium burn-up and the credit for plutonium. 

It is evident from Table 1 that a main component 
of the fuel cycle cost arises from the net cost of the 
uranium. This depends on three factors which are 
discussed below: 

(a) The cost of natural and enriched uranium (the 
economics of uranium-235 enrichment operations are 
discussed further in Part II of this paper); 

(b) Fuel element design and levels of enrichment; 
(c) Fuel performance and fuel management. 
Fabrication and reprocessing costs are discussed 

below, from both short-term and long-term view
points. 

The cost of natural and enriched uranium 

At the levels of enrichment required by an AGR, 
the cost of the enriched uranium is approximately 
equally divided between the costs of the natural 
material and of the separative work, when produced 
from an efficient diffusion plant. The market price for 
uranium concentrate is currently in the range $3 
to $5 per lb U30 8, but such prices are unlikely to 
persist during an appreciable part of the lifetime of 
reactors now under construction or contemplated. 
In the 1970s and 1980s, and depending upon the 
success of prospecting for low-cost reserves, the 
price of U30 8 in concentrate may rise from $5 to $7 
per lb and possibly as high as $10 for a time. Fuel 
cycle estimates in the United Kingdom are currently 
based on the assumption that the figure of $7 is an 
appropriate average for reactors commissioned in 
the 1970s. 

The present US price scale for enriched uranium 
is based upon a concentrate price of $8 per lb U30 8 

and upon separative work costs of about £11 per kg. 
We have assumed that, notwithstanding possible 
further cut-backs in production, this price scale will 
continue. For use in fuel cycle .cost estimates in the 
United Kingdom, account must be taken of the 
additional stockholding and transport costs asso
ciated with purchase of enriched uranium from the 
United States as compared with domestic manufacture. 
The resulting additional costs are estimated to be 4lf2% 
of the list price plus £500 per tonne for transport. 
The reactor fuel cycle costs in this paper are based 
upon the "augmented" US scale, blended where this 
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is advantageous with natural uranium at $7 per lb 
U30 8, although it is expected that the enriched ura
nium will in fact be supplied from the domestic 
diffusion plant (see Part II of this paper). 

The uranium component of the fuel cycle cost 
The factor of direct importance in fuel cycle costs 

is not so much the cost of enriched uranium as the 
net cost of uranium as illustrated in Table 1. To cal
culate this, it is necessary to have a scale of values 
for the uranium rejected from the fuel cycle. In large
scale fuel cycle operations involving different types 
of reactor the valuation of this material will be set by 
the most economic method of re-use. For example, 
if significant quantities of material are available in 
the concen~ration range 0.6-0.8% uranium-235, they 
may be utilised by blending to natural enrichment 
as a feed to the Magnox fuel cycle and can be priced 
accordingly. If, however, the materials in question can 
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Figure 1. Possible valuations of depleted uranyl nitrate recovered 
during processing 

be employed as a feed to a diffusion plant, their 
valuation, particularly in the range 0.3-0.7% uranium-
235, depends acutely upon the separative work costs 
of the diffusion plant. Figure 1 illustrates the valua
tion which might be placed upon depleted material 
for various assumed values of ore cost and separa
tive work cost C8 , together with a valuation consis
tent with blending with US material at the present 
price scale to provide further supplies of enriched or 
natural uranium. The effect of alternative assumptions 
about the separative work cost and the cost of ore on 
the AGR fuel cycle cost are illustrated in Table 3. 

Fuel element performance and levels of enrichment 
The factors underlying the performance of natural 

or near-natural uranium fuel elements for the Magnox 
reactors have been described in detail by Stewart et 
a!. [9]. For the slightly enriched A G Rfuel elements, pos
sible failure mechanisms are discussed by Greenough 
et a!. [10], together with the current development pro
gramme leading to elements capable of endurance up 
to at least 20 000 MWd/t. The net uranium cost 
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depends on the level of enrichment and the burn-up, 
in the way illustrated in Table 2. 

Table 2. The effect of burn-up 
on AGR fuel enrichment and net uranium cost 

Net 
uranium 

cost 
----- ----- (d/kWh) 

Enrichment of 
unirradiated 

fuel 

Reject 
enrichment 

First Replace- Replace- Final 
charge ment ment charge 

Equilibrium burn-up: 
12000 MWd/t 1.35% 1.54% 0.60% 0.99% 0.097 
20000 MWd/t 1.35% 1.80% 0.42% 0.97% 0.083 

NOTES 
1. 500 MW(e) reactors. 
2. 0.015 in stainless steel cans. 
3. Axial and radial shuffling. 
4. Enriched uranium supplied and credited at present cost, based 

on present US price scale offset at low enrichments by optimum 
blending with $7 per lb. ore. 

It will be seen from Table 2 that some economy is 
secured at higher irradiation levels because an increas
ing proportion ofthe fissions takes place in plutonium, 
which on the conventions used is less valuable than 
uranium-235. However, in general it appears that the 
economies obtainable from employing average burn
ups in excess of 15 000-20 000 MWd/t would be 
small. 

Fuel performance and fuel management 
Further useful reductions can be made in the fuel 

cycle cost even when the fuel element has been 
designed. Four economically important aspects of 
fuel behaviour can be influenced by the way in which 
the fuel is deployed within the reactor and economies 
of up to 10-15% of the fuel cycle cost can result. 
They are: reactivity and enrichment requirements, fuel 
endurance, local rating and temperatures (affecting 
station outputs), and mean irradiation during the 
approach to equilibrium. These aspects are discussed 
as follows: 

Reactivity and enrichment requirements 

Although the enrichment of the fuel as loaded is 
mainly determined by the design of the reactor and the 
fuel element, there is still scope for varying the 
enrichment according to the operating tactics 
employed during irradiation. A good distribution of 
fuel rating, and therefore a high power output from 
the reactor overall, can be obtained by using fuel of 
higher reactivity in the outer regions of the core. 
One method employs different enrichments in the two 
zones, although this involves some extra production 
cost through the use of more than one enrichment. 
Alternatively, radial interchange or "out-in" schemes 
of various sorts (involving irradiation at inner zone 
locations following irradiation in outer zones) can be 
used; their effectiveness depends upon the details of 
the reactor and particularly upon the form of the 
variation with irradiation of the reactivity and fission 
cross section of the fuel. Further economies can be 
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achieved by the use of axial inversion in reactors in 
which the fuel is in any case sub-divided over the 
length of the channel [8]. Whichever scheme is selected, 
the optimum method of deployment of the fuel must 
take account of the available on-load fuel handling 
capacity, the acceptability of replacing fuel which has 
been handled after irradiation, and the local power 
rating under steady or transient conditions produced 
in the fuel after transfer to a new location. The effect 
of such schemes on enrichment requirements and on 
costs is illustrated in Table 3. 
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ages which are well intermingled. If, however, the 
effective fuel fission cross-section is appreciably 
dependent upon bum-up, e.g., in enriched reactors 
(and especially if plutonium enrichment is used), 
then significant channel to channel variations in local 
power output will result, to the disadvantage of the 
overall reactor output. 

Mean irradiation during the approach to equilibrium 

The weight of the initial charge of fuel could repre
sent as much as 20% of the total lifetime fuel require-

Table 3. Variation of net uranium component of AGR fuel cycle costs with separative work cost, 
ore cost and method of fuel deployment 

Alternative enrichment 
Feed Augmented scales with ore at $7/lb Effect on 
reject us Separative work costs scale (b) of 

enrich- price a rise of 
ments scale (a) (b) (c) $1 per lb 

(£) (d./kWh) £11/kg £17/kg £23/kg in ore cost 

Target irradiation 12 000 MWdft: 
Axial shuffling only 1.68/0.66 
Axial and radial shuffling . 1.54/0.60 
No shuffling . 1.78/0.70 

Target irradiation 20 000 MWdft: 
Axial shuffling only 2.05/0.48 
Axial and radial shuffling .· . 1.80/0.42 
No shuffling 2.25/0.53 

NOTES 

(d./kWh) (d./kWh) (d./kWh) (d./kWh) 

0.103 0.086 0.105 0.122 
} 0.007 0.097 0.079 0.096 0.111 

0.108 0.091 0.112 0.133 

0.094 0.081 0.098 0.114 
} 0.006 0.083 0.071 0.086 0.098 

0.104 0.088 0.108 0.126 

considered as discussed, under the uranium component of the fuel 
cycle cost, and shown in Fig. 1. 

1. d. in d./kWh refers to pence (UK). 
2. The enrichment levels for initial charges are as given in 

Table 2 (1.35%). 

5. 500 MW(e) reactors. 
6. Can wall thickness 0.015 in. 
7. In comparison, the effect of a change of$1 per lb in ore cost 

with a standard Magnox station burning to 4 000 MWd/t 
is 0.01d./kWh. 

3. Additions to the US scale, 4 Yz% plus £500/t. 
4. Reject material valued on a basis appropriate to the price scale 

Fuel endurance 

If fuel endurance is determined by mechankal or 
metallurgical factors then the incidence of these effects 
will usually depend upon temperature, stress and 
chemical conditions and/or upon the flux level. It is 
possible to devise fuel handling schemes which ensure 
that the fuel element is only subjected to the most 
severe environment for a fraction of its life. The 
quantitative data on which to base such a scheme only 
becomes available when the fuel in question has been 
in use for several years either in a prototype reactor, 
such as the Windscale AGR, or in the full-scale 
power station itself. Alternatively, if information on 
the distribution of conditions in the core is available 
in some detail it may be possible to replace that small 
proportion of the fuel which encounters the most 
severe conditions more frequently than the rest of the 
charge [11]. 

Local rating and temperature 

Even with on-load fuel handling the permitted 
number of handling or shuffling operations during the 
life of a fuel element is likely to be small. Nevertheless, 
the mean flux within any particular zone of the reactor 
can be made substantially time-independent if its 
fuel channels have a considerable spread of irradiation 

ments for a base-load Magnox reactor; in the case 
of the AG R, the corresponding figure may exceed 25%. 
With an equilibrium fuel cycle, the utilisation of the 
first charge of fuel will be only about 50%, and this 
detracts significantly from the average fuel endurance 
over the reactor life. However, in enriched reactors 
the economic effect of this would be minimised by 
reducing the initial enrichment [12]. For reactors in 
which the variable component of the fabrication and 
reprocessing costs is high, it may be desirable to 
improve the utilisation of the first charge, either by 
delaying the onset of fuel discharge or by radial 
interchange of fuel. Such techniques can increase the 
charge utilisation from 50% to 75% [8,11]. 

The irradiation level assumed for Magnox fuel 
elements in Table 1 is 4 000 MWdft. There is 
increasing evidence that with the uranium production 
processes and the type of canning material employed 
in the Magnox stations the fuel elements are inherently 
capable of achieving even higher irradiation levels [9]. 
Prototype elements have already reached 4 500 MWd/t 
channel average irradiation in the Chapelcross reac
tors. The reactivity available from long-irradiated 
Magnox fuel is still subject to some uncertainty, but 
it appears probable that the reactivity will be adequate 
to allow an irradiation of more than 3 000 MW d/t 
in the unflattened zone of reactors and around 
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5 000 MW d/t in the flattened zone. The relevant 
throughput of fuel in the two zones of the larger . 
reactors of the UK nuclear power programme is such 
that a mean irradiation of 4 000 MWd/t should be 
achievable without radial shuffling or enrichment on 
reactivity grounds. The economics of higher irradia
tion are offset in part for a nuclear power programme 
of fixed size by the reduction in throughput in the 
fabrication and reprocessing plants. When account is 
taken of this effect, the use of slightly enriched 
uranium to prolong the reactivity lifetime of Magnox 
fuel is marginally justifiable. 

PROCESSING AND REPROCESSING COSTS 
This subject is examined from the fuel cycle con

tractors' viewpoint in Part II of this paper. Here 
we indicate the numerical values which have been used 
and their basis. These values are uncertain to 
about ± 20%, due to variations in throughput caused 
by changes in reactor programme or fuel endurance. 

In Table 1, fabrication from U30 8 to finished 
Magnox fuel elements of the present simple stacked 
designs using solid rods of 1.15 in diam, is estimated 
to cost £6 000/t uranium on a 10-year forward 
average starting in 1970. The 10-year average cost 
estimate for AGR fuel used in Table I, and associated 
with a total AGR installation of 5 000 MW(e), 
is £23 000/t. This estimate is based upon the present 
concept of an 18 rod cluster of 0.57 in diam pellets in 
0.015 in stainless steel cans [1], but the design of AGR 
fuel is still evolving. 

The reprocessing cost estimates used in Table 1 
provide for processing the contents of irradiated fuel 
to uranyl nitrate and plutonium nitrate, and include 
a capital sum sufficient to cover the perpetual storage 
of highly-active long-lived fission product waste. 
The costs are based on the use of the recently commis
sioned separation plant at Windscale for Magnox 
fuel and of the expected use of this plant together 
with appropriate fuel breakdown and dissolution 
stages for AGR fuels. Costs for the UK programme 
appropriate to the 1970s when a high level of utilisa
tion should be attained are £2 000-3 000/t uranium 
for Magnox and £6 000/t uranium for the enriched 
reactors. 

The fabrication and reprocessing elements of the 
fuel cycle costs in Table 1 also include items for the 
transport respectively of new and irradiated fuel. This 
subject is discussed in detail by Bishop eta/. [13] For 
the purpose of fuel cycle costing the transport costs 
for new fuel are taken to be £50/t for Magnox and 
£250ft for AGR. The cost of transport of irradiated 
fuel depends upon the fuel rating, the size of individual 
shipments, the distance to be traversed and the 
insurance provision. For transport within the United 
Kingdom, experience is already available and indicates 
that figures of £250ft uranium are appropriate for 
Magnox fuel elements, whilst £1 000/t uranium is 
forecast for AG R fuel element transport costs. If over
seas transport is involved, legal and insurance problems 
may exist and each project must be assessed individually. 
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Plutonium credits 
The fuel cycle costs in Tables 1 and 3 have assumed 

that 3 000 MWd/t Magnox plutonium is valued 
at £2/g, and that other grades of plutonium are 
valued in proportion to the content of thermally fissile 
isotope. Table 4 shows the expected content of the 
plutonium produced in the reactors discussed in this 
paper. 

Table 4. Reject uranium and plutonium 
arisings in Magnox, AGR and 
SGHW 500 MW(e) reactors 

Reactor and sasu Pu as&pu + t41Pu uop0 + utpu 
burn-up (MWd/t) (%) (kg/t) (%) 

Magnox - 4 000 
No shuffling. 
Replacement fuel. 0.40 2.4 80 
Final charge . 0.50 1.5 88 

AGR-12000 
Axial shuffling only. 
Replacement fuel. 0.66 3.8 61 
Final charge. 1.08 2.4 77 

AGR-20000 
Axial shuffling only. 
Replacement fuel. 0.48 4.8 52 
Final charge . 1.10 3.3 69 

SGHW -18000 
Radial shuffling only. 
Replacement fuel. 0.36 6.5 57 
Final charge . 1.00 3.3 63 

Longer term fuel cycle cost predictions 
Magnox 

(%) 

20 
12 

39 
23 

48 
31 

43 
37 

In the long term, the fuel cycle costs for simple 
stacked fuel elements capable of 5 000 MWd/t with 
marginal enrichment in the unflattened zone, using 
$7/lb ore, are estimated at about O.Id.fu.s.o. This 
figure might be reduced if more highly rated elements 
are used. One method of increasing ratings is to use 
hollow uranium rods as in the Tokai Mura reactor [14], 
but the fuel bore may need support against collapse 
if full advantage is to be taken .of the higher gas 
pressures attainable in a pre-stressed concrete pressure 
vessel. An alternative line of development, which 
shows considerable promise, is the flat bar fuel 
element proposed by the Nuclear Power Group [15] 
on which irradiation experience is already being 
obtained and for which peak ratings up to 9 MW(th)/t 
should be possible. Manufacturing costs of such 
elements would not be significantly greater than the 
£6 000/t uranium quoted above for conventional 
designs, providing the associated special R. & D. costs 
are excluded. 

AGR 

In addition to technical developments the long-term 
prospects for fuel cycle costs in the AGR depend 
appreciably upon the size of programme involved. 
Under conditions of high plant utilisation, combined 
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Table 5. Long term trends in AGR fuel cycle costs 

Burn-up (MWd/t). 
Can wall thickness (in x 10·3) 
Processing costs (£/t) 
Fuel cycle cost (d./u.s.o.): 

(a) Net uranium cost . 
(b) Processing cost . 
(c) Plutonium credit 

Total 

NoTES 
I. 5oq MW(e) reactor. 

20000 
15 

29 000 

0.083 
0.060 
0.008 

0.14 

Short term 
costs for 

comparison 

20000 12000 
15 15 

21000 29000 

0.083 0.097 
0.041 0.082 
0.008 0.013 

0.12 0.17 

2. Axt!ll and radi!ll shuffling. 
3. En~tched uramum cost based on augmented US price scale 
4. ReJect uranium credited as in Table l. · 
5. Plutonium credited as in Table l. 
~- 85% load-factor; 7 %% per annum interest; 25-year amorti

sation. 

costs of fuel fabrication and reprocessing in the region 
of £21 000/t should be achievable. Table 5 gives 
a comparison of early and long-term costs in which 
it can be seen that an overall reduction of ~bout 40% 
in the figures quoted in Table 1 should be attainable: 
Current development and design studies on this class 
of reactor are showing that units of at least twice 
the present 500 MW(e) size and with increased 
ratings and thermal efficiencies are feasible. Greenough 
et a/. [10] review possible developments in the fuel 
design including the possibility of a reduction in can 
wall thickness with consequent improvement in neu
tron economy. The net result of these improvements 
should result in further reductions in the long-term 
fuel cycle costs of perhaps 0.02d.fu.s.o. or more. 

SGHW fuel cycle costs 

Fuel cycle cost predictions for this reactor must be 
uncertain since no large-scale manufacturing expe
rience or irradiation evidence is available and since the 
core design is still at an early stage of development. 
Process operations involved in the out-of-pile sections 

Table 6. Illustrative SGHW fuel cycle cost 

Rating [MW(th)/t] . . 
Thermal efficiency . . 
Burn-up (MWd/t) ... 
Feed enrichment (%) . 
Reject enrichment (%) 
Pu content (kg/t) . . . . 
Fuel cycle cost (d./u.s.o.): 

(a) Net uranium cost 
(b) Processing cost . . 
(c) Plutonium credit . 

NoTEs 
l. 500 MW(e) reactors. 
2. Axial and radial shuffling. 

Total 

12.8 
0.32 

18.000 
1.63 
0.36 
6.5 

0.084 
0.049 
0.017 

0.12 

3. Enriched uranium cost based on augmented US price scale 
4. Reject uranium credited as in Table I. · 
5. Plutonium credited as in Table I. 
~- 85% load factor; 7 Y2% per annum interest; 25-year amorti

satton. 
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of the fuel cycle are akin to those involved in the 
manufacture of AGR fuel, though the canning 
materials are different. Fuel management techniques 
may be based on batch refuelling and have yet to be 
established. On the basis of manufacture for a large
scale power programme and of the development of 
eff~ctive fuel management techniques, the best present 
est1mates of the technical [5] and cost characteristics 
of the fuel cycle are shown in Table 6. It may ulti
mately be possible to achieve bum-ups higher than 
18 000 MWd/t with the zirconium-clad oxide fuel 
used in the SGHW, in which case fuel cycle costs 
should approach 0.1 d.fu.s.o. 

PLUTONIUM FUEL 
It is generally believed that the long-term economic 

use of plutonium is in the fast reactor, but it also 
seems unlikely that civil versions of this type of reactor 
will be "on power" much before 1980, whereas annual 
plutonium production in the United Kingdom will 
be of the order of three tonnes per year and upwards 
throughout the 1970s. This is not enough to support 
the programme of enriched thermal reactors which it 
is expected will be installed in the 1970s so that its 
use would lead to a mixed fuelling system with some 
reactors being enriched with uranium-235 and others 
with plutonium. It seems possible, however, that 
when fast reactors are available it would be desirable 
to use all available plutonium to provide fuel for 
them and that the plutonium-fuelled thermal reactors 
would have to be capable of changing back to 
uranium-235 enrichment. Despite these uncertainties, 
it is possible that it would be economic to bum 
plutonium in a thermal reactor system before using 
it as feed to a fast reactor, and work at the Atomic 
Energy Establishment. Winfrith and elsewhere in 
the UK [4,5] have shown no reason why plutonium 
cannot be used as a means of enrichment in both 
the AGR and SGHW systems. The uncertainties 
relate to the level of plutonium enrichment required 
and the effectiveness in thermal reactors of recycle 
material with a reduced content of fissile isotopes. 
They affect and could appreciably reduce the value 
attributable to the plutonium, and should be borne 
in mind in the economic assessment which follows. 

A disadvantage of plutonium fuelling is that the 
change of reactivity and effective fission cross-section 
with bum-up is more marked for this type of fuel 
than for uranium-235 enriched material. In conse
quence, for a given degree of fuel handling, channel 
peaking factors are higher for plutonium. This prob
lem is intensified if it is necessary to change the mode 
of enrichment of an operating reactor from uranium-
235 to plutonium or vice versa. One possible solution 
involves the intermediate use of a part charge of fuel 
employing lower levels of plutonium enrichment and 
achieving low bum-up [12]. In addition it appears that 
the provision of adequate margins in the range over 
which channel flows can be adjusted would materially 
help the interconversion between uranium and pluto
nium enrichment in AGRs, and so reduce the wastage 
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of fuel. The manufacture of fuel of mixed plutonium 
and uranium oxides will, however, be more expensive 
than that of uranium alone. 

The penalty is very dependent upon the scale and 
duration of manufacture as discussed in Part II of this 
paper. Assuming the necessary physics and process 
technology are available without charge, it is estimated 
that the additional cost of fabrication would amount 
to some £5 000/t uranium on a typical large-scale 
plutonium enrichment programme averaged over ten 
years, and £10 000/t uranium with a small-scale 
plutonium enrichment programme. In practice, the 
effect of withdrawing demand from the alternative 
uranium-235 production and fabrication facilities, 
which would otherwise have been used, would alter 
both the loading and the investment pattern associated 
with them. There would be a tendency to lose from 
the reduced scale of operations associated with using 
two basic materials rather than one. Whether or not 
this would add significantly to the effective average 
cost of plutonium enrichment over a long period 
would, however, depend on the details of the pro
grammes involved. Reprocessing costs will not differ 
significantly for plutonium and uranium enriched 
fuels. 

The comparative overall fuel cycle costs for 
uranium-235 and plutonium-enriched systems are 
shown in Fig. 2. Here the lines A and B are the fuel 
cycle costs for an early AGR (see Table I) and a long 
term AGR (see the second column of Table 5), plotted 
against varying levels of plutonium credit. As in the 
tables the respective burn-ups are taken as 12 000 and 
20 000 MWdft. The lines A' and B' are the com
parable fuel cycle costs for plutonium-enriched AGRs 
using the figures of 10.9 and 18.5 kg of Magnox 

Pu cost (£/g fis~ile material) 

Figure 2. Mean fuel cycle costs for uranium-235 and plutonium 
enriched reactors 
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3 000 MWd/t grade plutonium added to each tonne 
of natural uranium for fuel intended for irradiations 
of 12 000 and 20 000 MWd/t respectively [12]. Lines A' 
and B' incorporate fabrication penalties of £10 000/t 
uranium and £5 000/t uranium respectively. The reject 
fuel is valued at the same rate, per gramme of ther
mally fissile isotopes as the feed plutonium. On the 
assumption that no other costs are involved (e.g., for 
reactor modifications) than those contained in the 
fuel cycle costs, the intersection of the lines A and A', 
and B and B' suggest short-term and long-term 
values of plutonium for burning in AGRs. Since the 
values shown are well above the likely extraction cost 
for plutonium, it would be worth using plutonium 
in this way if, over a period of many years, no higher 
average value seemed likely to be obtainable from 
using the plutonium available in some other way, e.g., 
in fast reactors. In Fig. 2 the dashed line allows not 
only for the fabrication penalty but also for physics 
uncertainties and for the extra costs associated with 
the transition from uranium to plutonium fuelling. 

SUMMARY 
In Part I of this paper we have shown the fuel cycle 

costs to be expected from the present Magnox and 
early AGR reactors, and made predictions on likely 
long-term values for these systems, together with an 
estimate for SGHW reactors. In the Magnox case, 
costs of about 0.12 d.fu.s.o. should be attainable as 
irradiation is extended to 4 000 MWd/t, with the 
prospect of reduction to about 0.1 d.fu.s.o. in the 
long-term. The proportionate reduction with time 
from early AGR fuel cycle costs is much greater. 
Analyses of the major component of these costs 
suggests that increases in expected fuel endurance 
to 20 000 MWd/t, coupled with improvements in fuel 
element design, optimised fuel management schemes, 
the introduction of larger and more highly-rated 
reactors, and with the reductions in processing cost 
which would accompany a large scale installation 
programme of this type of reactor, could lead to 
a long-term cost of around 0.1 d.fu.s.o. A first predic
tion for SGHW costs on a similar large programme 
basis suggests something in the region of 0. I d./u.s.o. 
These figures all assume uranium-235 fuelling; pluto
nium fuelling has been shown to be feasible and the 
analysis given suggests that at least for some years 
it may be as profitable to use available supplies of 
plutonium in thermal reactors as to stockpile them 
for later fast reactor burning. 

PART II: ECONOMIC CHARACTERISTICS OF PROCESSING FACILITIES 

Part I of this paper has examined the fuel cycle 
costs to be expected from Magnox, AGR and SGHW 
reactors in both the near and long-term. However, 
such costs are dependent upon the scale of installation 
programme undertaken and on the extent to which 

large scale enrichment and processing plants can be 
utilised at high load factor as common services to 
more than one type of reactor. Furthermore, it is now 
widely appreciated that a major problem in the 
establishment of economic nuclear power within 
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a country is the considerable scale of installation 
necessary if development expenditure is to be justified 
and if processing operations are to be undertaken 
on a sound commercial basis. The scale~dependent 
characteristics of the main processes of the out-of-pile 
fuel cycle are therefore described here, together with 
an examination of the effects of programme changes 
on the percentage utilisation of the plants involved. 

Diffusion plant 
Political and economic factors are involved in any 

national decisions on uranium enrichment plants 
and the economic characteristics of such plants depend 
upon the extent to which the expensive process of 
development has been borne for military purposes. 
In what follows it will be assumed that an efficient 
and developed diffusion technology is available with
out cost. It will also be assumed that the diffusion 
plant pays a low economic price of about a half 
penny per kWh for its power requirements, being 
treated as an auxiliary plant of the electrical generation 
system. Under these conditions, the construction of a 
diffusion plant supporting a large-scale power pro
gramme of enriched reactors might cost about 5% 
of the capital cost of the reactors, and the plant might 
use 2-3% of their electrical output. Such a plant 
would produce separative work in the range £15-20 
per kilogramme for a minimum economic scale of 
operation of, for example, 400 t per year of 2% 
uranium-235, but economies of scale would be avail
able at up to at least five times this output. In the 
case of the AGR on its own, the installation pro
gramme size corresponding to the above minimum 
output might be 10 000 MW(e). 

At the minimum economic scale of operation, 
uranium feed costs would account for approximately 
one half of the cost of enriched material for the AGR, 
power for up to one quarter, and capital charges 
would exceed operating costs in the remainder. As 
the scale of demand for output is increased, the capital 
and operating element decreases in the usual way. 
There may also be some marginal savings in power 
costs since higher stage efficiencies can be justified 
for larger stages. 

It is not yet clear whether the gas centrifuge repre
sents a competitive alternative to a diffusion plant for 
the production of low-enriched uranium. It is well 
known that in a successful gas centrifuge process 
power costs would be small and that a very large 
number of gas centrifuges would be involved. It is 
therefore credible, and even likely, that if a commer
cially attractive gas centrifuge can be evolved and 
manufactured on a large scale by a limited number 
of suppliers, it would be possible to produce enriched 
uranium for a power programme on a scale which 
is smaller than that necessary to justify the minimum 
size of commercial diffusion plant. 

Fuel manufacturing plant 
The economic characteristics of fuel manufacturing 

operations depend to some extent upon the type of 
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fuel involved. In the case of the Magnox type of fuel 
element the minimum economic scale is probably 
that required to su,pport the order of 1 000 MW(e) 
installed capacity, whilst significant economies of scale 
persist up to 5 000 MW(e). Exclusive of ore costs 
and development charges, the manufacturing cost for 
Magnox fuel elements might be about 60% variable 
and 40% fixed in a factory producing several different 
designs of element. In the manufacture of enriched 
oxide fuel elements, the higher values of the uranium 
material mean that stocks and work in progress are 
of significance in the overall cost. The long irradiations 
that are thought to be achievable with replacement 
fuel (20 000 MWd/t and 40% efficiency of the AGR) 
mean that the electrical output per tonne of AGR fuel 
is greater by a factor of 6 to 7 than that from Magnox 
fuel. The value added by the fuel fabricator per unit 
heat production is low and, from the fuel manu
facturer's viewpoint, the minimum economic scale for 
the production of such fuel elements corresponds to a 
reactor programme of. a few thousand megawatts. 
Economies of scale persist up to 10 000 MW(e). 
For each type of fuel the capital investment in the 
uranium refining and fuel processing operations, 
excluding only the diffusion plant, will be in the 
range 2-4% of the cost of the reactor programme 
supported. 

Plutonium fuel manufacture 

If plutonium is available, then as discussed in 
Part I of this paper, the foregoing operations of the fuel 
cycle may be combined by manufacturing natural 
uranium fuel elements enriched with plutonium in 
the form of mixed oxide fuel. Under these circum
stances it is important to be able to forecast the 
additional costs which result from the incorporation 
of plutonium in fuel manufacturing operations. Such 
costs must be estimated, since large scale manufacture 
has nowhere been undertaken, but recently a detailed 
study has been made in the UK of the comparative 
costs of plants to produce 250 t per year of stand
ard AGR type fuel from uranium dioxide or uranium 
dioxide plus plutonium dioxide. Under the conditions 
of the comparison it was concluded that the extra 
investment associated with the plutonium fuel facility 
might amount to £1 x 106 and that the additional 
cost per tonne of fuel from a large-scale sustained 
production campaign should average something in the 
region of £5 000 excluding R. & D. and certain 
other costs. These figures are supported by develop
ment studies and by existing experience of large
scale plutonium handling on the Windscale site. 
As can be seen from Fig. 2, additional costs of this 
order, which add only about O.ol d./kWh to the fuel 
cycle cost, are unlikely to be a dominant factor in the 
choice of mode of enrichment. They are, however, 
critically dependent upon the scale and duration of 
manufacture, which depend in turn upon the sus
tained availability of a few tonnes of plutonium per 
year. 
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Chemical reprocessing 
The main economic characteristics of active chemi

cal reprocessing operations are the predominance of 
fixed charges and the economies of scale which are 
available. In the processing of natural uranium metal 
fuel, mechanical decanning operations and simple 
dissolution processes can be used. It is possible to 
construct a single chemical plant which is ·capable 
of processing, for example, 3 000 t per year of irra
diated metal and therefore of supporting a power 
programme of some 10 000 MW(e) of Magnoc 
reactors. There is no long-term experience of the 
durability of such plants, and, in view of difficulties 
of access for maintenance, it is usual to depreciate 
them over ten years. Under these circumstances, 
the fixed charges associated with the operation of 
a plant in the capacity range 1 500-3 000 t a year 
and costing perhaps £15 x 106, are likely to be up 
to 90% of the total reprocessing cost, which may be 
estimated at between £3 000 and £6 000 per tonne. 
In reprocessing oxide fuel the low inherent strength 
of the fuel material makes mechanical decanning 
impracticable and some form of chopping and leaching 
operation is probably the best solution. To profit 
from the economies of scale the processor who 
already has a substantial metal throughput to handle 
will almost certainly attempt to carry out all opera
tions after dissolution in' the same plant as that which 
he employs for natural uranium fuels, using more 
dilute solutions where required by criticality con
siderations or by fission-product damage to solvents. 
The oxide fuels would then be processed through 
a "head-end" unit peculiar to their requirements and 
costing perhaps £2 x 106 for a plant which would 
accommodate 250-500 tjyr of fuel. 

Process plants in a power programme 
The indications which have been given in the 

previous paragraphs of the approximate minimum 
economic scale for the various operations of the 
processing cycle make it clear that the expansion of 
nuclear power programmes will not in general permit 
process plants to be operated at high load factor. 
Figure 3 shows the hypothetical case of a programme 
of 5 000 MW(e) of AGRs installed in a 5-year period, 
followed by 5 000 MW(e) of AGRs together with 
5 000 MW(e) of SGHWs burning to 18 000 MWd/t 
in the following 5-year period. It is assumed that the 
bum-up achieved by the AGR fuel is increased 
from 12 000 to 20 000 MWd/t for replacement fuel 
loaded from the beginning of the second 5-year 
period. The requirements for the services of enrich
ment and fuel manufacture in the early years of the 
programme arise principally from the manufacture of 
initial charges of fuel, whereas for reprocessing serv
ices the build-up of demand is slow and delayed. 
For most reactors the equilibrium irradiation period 
for the fuel is several years, e.g., four to seven years 
on average in AGR. In consequence the demand for 
initial charges is a significant part of the total require
ment for many years in an expanding programme. 
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Figure 3. Actual requirements for fuel fabrication, re-processing 
and uranium-235 separation on a power programme 

The curves show fabrication, reprocessing and separa
tive work demands on the enrichment plant during 
the first I 0 years of this programme. In practice, 
the demand might be met more smoothly in some 
years through stockpiling. Nevertheless, it is evident 
that the mean loading on the reprocessing plant 
(if assumed to operate as the same unit throughout 
the period) will be no more than 5%. The loading 
on the fabrication plants would depend on the actual 
installation programme achieved, which would prob
ably not be as steady as implied in this example, 
and on the fuel utilisation achieved, which would 
be unlikely, however, to exceed about 75%. The 
mean loading on the enrichment plant could well 
be a good deal higher than 75%, if full advantage 
were taken of the factors outlined below. 

Programme effects on diffusion plant 

Even where the nuclear installation programme 
consists of a single type of enriched reactor, the levels 
of enrichment required will vary for initial and 
replacement fuel and according to the irradiation 
lifetime or can wall thickness. In addition, the quan
tity of separative effort required to be produced from 
the plant, assuming a natural uranium feed, may for 
several years be smaller than associated above with 
the minimum economic scale of plant. Furthermore, 
material discharged from the initial charges of the 
reactors will have a range of enrichments according 
to the bum-up achieved by the individual element and 
in the UK case, account has to be taken of arisings 
of material from the Magnox reactors of the earlier 
power programme. This combination of considera
tions calls for careful optimisation of the phasing 
of the construction and extension of a civil diffusion 
plant, and the manner of its operation. It is always 
possible by incurring interest charges to stock-pile 
production for use in later years, but it may be 
preferable to use depleted uranium feed in the early 
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years of the programme so as to adjust the output 
from an economic size of diffusion plant to the level 
of demands. 

The problems arising from the necessity to manu
facture products at a range of enrichments, say 
1 Y4%-2Yz% uranium-235 according to features of the 
fuel design and utilisation, need not be severe, and the 
utilisation of a range of feed enrichments arising from 
the power programme does not present a problem 
for a plant designed with this in mind. In general, 
a diffusion plant is relatively flexible in relation to 
feed and product composition over modest ranges. 
A new requirement for material at 5% uranium-235 
imposed on a plant designed to make 2% material 
would be a different matter. The extension of the plant 
above the initial minimum economic size calls for the 
progressive introduction of larger sizes of diffusion 
plant stages and the operation in parallel of existing 
stages. Even over the range of outputs to sup
port 10 000-50 000 MW(e), it is unlikely that any 
significant number of stages would become obsolete 
due to the increase in size of the cascade. It is therefore 
possible to anticipate both a high loading and a long 
amortisation life for a civil diffusion plant. 

Programme effects on chemical reprocessing plant 
The capital cost of a chemical reprocessing plant 

and much of the annual operating cost vary only 
slowly with the designed capacity of the plant. For 
this reason, it will usually be desirable to construct 
a plant of as large a capacity as can reasonably be 
justified, and this means that the utilisation of plant 
capacity will be low during the early years of opera
tion. In view of the characteristic pattern of arisings 
of irradiated fuel, it also implies that the plant should 
be designed with the maximum degree of flexibility to 
reprocess the various types of enrichments of fuel 
arising in the power programme. 

Variations of enrichment level of discharged fuel 
are of importance to the reprocessing plant if blending 
losses are to be avoided. Assuming that the recovered 
material is to be reprocessed through a diffusion plant, 
it is necessary to fix bands of enrichment within which 
blending is acceptable and to reprocess fuel within 
each band in campaigns through the reprocessing 
plant, thereby incurring extra charges on stocks of 
irradiated fuel. The plant utilisation is also worsened, 
but for the reasons of the previous paragraph this is 
unlikely to be important throughout most of its life. 

Programme effects on fuel element design and 
manufacture 

The minimum economic scale of manufacture of 
fuel elements is not a restrictive consideration in the 
development of an expanding power programme, 
since the capital associated with fuel production itself 
is small by comparison with the requirements for 
diffusion plant or chemical separation plant. More 
important effects upon costs are those arising from 
changes in fuel design and enrichment. At present, 
only uranium metal and uranium dioxide fuels are 
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contemplated in large-scale power programmes and 
the uranium metal fuels are of the Magnox type. For 
this latter category the primary cost effects of changes 
in design are associated with costs of components, 
both in the manufacture and development of new 
types of cans or fittings and in the additional cost of, 
for example, a graphite sleeve element which may 
be 5% greater than a corresponding stalcked design. 
Secondary cost effects arising from development 
expenditure are at least as important. The develop
ment and demonstration by irradiation trials of a 
novel type of Magnox fuel can easily cost £1 x 106 

corresponding to 5-10% of the fuel costs of a 
500 MW(e) reactor employing that design of fuel. The 
disadvantage in terms of lack of standardisation and 
the development charges associated with diversity in 
fuel element design, have led, in the case of the UK 
Magnox programme, to an increasing standardisation 
upon a simple stacked design of element. The only 
major departure from this principle in the last two 
years is the current effort to develop the herringbone 
type of Magnox finning as an alternative to the present 
standardised use of the helically finned can. 

Most other reactor systems employ oxide fuel 
elements using enriched uranium, and the availa
bility of this variable gives greater freedom in the 
design of fuel element and in the choice of cladding 
materials. Changes in cladding material or even in 
the thickness of cladding and in irradiation lifetime 
can, however, add to the cost of manufacture, possibly 
involving substantial expenditure in development and 
in the demonstration of extended fuel endurance. 
Changes from the standard design may therefore tend 
to be limited to those which can be demonstrated in 
commercial reactors without special programmes of 
development work. 

The effect of fuel cycle costs on station" order of merit" 
Decisions about the future installation of generat

ing capacity need to take the total fuel cycle cost into 
account. However, decisions on the hour-to-hour 
deployment of generating capacity within the system 
depend for nuclear stations upon the fuel replacement . 
costs. Operating costs associated with fuel handling 
or the maintenance of fuel handling equipment may 
also be included in these costs. The total so formed 
is a proper figure for use in decisions on the operation 
of generating capacity. In other cases, when costs are 
optimised over the fuel supplier and user together, 
it is sufficient to consider only the variable component 
of the fuel cycle cost. A decision whether or not to 
keep a nuclear power station running on a summer 
weekend night, for example, would then be taken on 
the basis of its position in the "order of merit" of all 
stations in the system. This could be important in 
deciding between a nuclear station and some other 
station of low running cost (e.g., a hydro station). 
On this basis, in the case of Magnox stations, the 
variable part of the fuel cycle costs would be only 
50-60% of the total. For enriched oxide reactors the 
variable component would be somewhat higher. 
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A/1 59 Royaume-Uni 

Couts des cycles de combustibles pour un 
programme etendu de production d'energie 
d'origine nucleaire 

par N. L. Franklin et at. 

Avec l'ouverture du chantier de Wylfa, le pro
gramme de 5 000 MW(e) d'installation de reacteurs 
a Magnox au Royaume-Uni approche de sa fin. On 
s'attend a une autre expansion substantielle au cours 
de Ia prochaine decennie. Avant I' introduction du 
reacteur rapide a une echelle industrielle, une grande 
partie de Ia puissance additionnelle sera probable
ment fournie par des types plus avances de reacteurs 
thermiques. Les travaux de developpement au 
Royaume-Uni se sont concentres sur Ies reacteurs 
ameliores a refrigerant gazeux (AGR) et Ies reacteurs 
a eau lourde generateurs de vapeur (SGHW). Un 
prototype du premier groupe fonctionne pour Ia pro
duction d'energie a Windscale depuis plus d'une 
annee et Ia construction d'un prototype SGHW est 
en cours a l'etablissement de Winfrith de l'UKAEA. 
Les deux parties du memoire discutent les differents 
aspects des cofits des cycles de combustibles auxquels 
on peut s'attendre pour ce programme. 

Dans Ia premiere partie, on discute et compare les 
cofits de cycles de combustibles des reacteurs a 
Magnox et des reacteurs AGR et SGHW; ces com
paraisons portent a Ia fois sur les valeurs moyennes 
auxquelles on doit s'attendre pour les dix premieres 
annees d'installation de l'un quelconque de ces types 
de reacteurs et sur les tendances a long terme. On 
indique les effets de variations possibles du cofit du 
minerai d'uranium et de l'enrichissement ainsi que les 

reductions de cofit qui peuvent provenir de }'amelio
ration des politiques d'utilisation du combustible et 
des Iimites d'irradiation. On indique Ies tendances de 
conception conduisant a des cofits plus faibles a long 
terme. 

Les travaux de l'UKAEA sur Ia physique de !'utili
sation de plutonium dans ces systemes ont montre 
qu'il doit etre possible d'introduire dans les systemes 
AGR et SGHW des combustibles a base de pluto
nium, sans changement important dans Ia conception 
des reacteurs. On discute et on precise Ia valeur econo
mique de !'utilisation du plutonium de cette maniere, 
ainsi que Ie rapport entre les valeurs du plutonium 
dans ces systemes et dans un reacteur rapide. 

La deuxieme partie discute !'influence sur les cofits 
des cycles de combustibles de Ia taille des installations 
d'enrichissement, de fabrication et de traitement des 
combustibles irradies associes a ce programme. A vee 
un programme en expansion, il existe de nombreuses 
possibilites de relier les cycles de combustibles des 
trois systemes de reacteurs thermiques, a Ia fois au 
moyen d'installations communes et par !'utilisation 
de !'uranium rejete d'un systeme pour alimenter un 
autre systeme ou une installation de diffusion. Pour 
reconnaitre ces possibilites et les economies qui 
peuvent en resulter, les operations concernant les 
combustibles doivent etre etudiees dans leur ensemble. 
Les effets, sur Ia demande de Ia capacite de production, 
de changements dans Ia conception des combustibles 
et dans les objectifs en matiere de taux d'irradiation, 
compliquent encore Ia.situation. 

D'une part, Ies comparaisons de cofits de cycles de 
combustible pour des systemes particuliers de reacteur 
sont necessaires, lorsqu'on considere par exemple les 
taux relatifs d'installation, mais d'autre part les esti-
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mations du coiit d'enrichissement et Ies coiits de 
traitement pour chaque systeme ne peuvent pas etre 
consideres de fa<;on tout a fait independante. Ces 
facteurs sont pris en consideration dans Ia discussion 
de !'utilisation des installations de production exis
tantes, leur future extension et les variations de coiits 
prevues pour satisfaire les besoins du programme du 
Royaume-Uni en matiere d'energie d'origine nucleaire. 

A/159 CoeAMHeHHoe KoponeacTao 

CTOHMOCTb TOnnHBHbiX U.HKnOB AnH WH
pOKOA nporpaMMbl pa3BHTHH aTOMHOA 
3HepreTHKH 

H. 11. ttJpaHKIIMH et al. 

C Ha'laJIOM CTpOHTeJILCTBa aTOMHOU 3JieKTpo

C1'aH~HH B "'YHJI<jle 6JIH3HTCJI K 3aBeprneHHIO npo

rpaMMa coopymeHHH B CoeAHHeHHOM l\opoJieBCTBe 

MarHOKCOBhlX peaKTOpOB o6~eii 3JieKTpH'IeCKOH 

MO~HOCTLIO 5000 Mer. B nocJieAyiO~ee ACCJITU

JieTHe omuf{aeTcH f{aJihHeiirnee aHa'IHTeJihHoe pac

JIJHpeuue nporpaMMhl. ,D;o BBeAeHnH B npoMhlm

,TIBHHOM MaClllTa6e peaKTOpa Ha 6LICTpbiX HeHTpO

HaX 60JiblllaJI 'laCTb f{OnOJIHHTeJILHOii MO~HOCTII 
oyf{CT, BepO.RTHO, IIpHXOf{HTLCJI Ha 6oJiee COBep

JIIeHHhle THJibl peaKTOpOB Ha TCJIJIOBLIX HeiiTpO

HaX. B uacToH~ee BpeMH onhlTHo-RoHcTpyRTop

<'KHe pa60Tbl CROHI~CHTpupoBaHbl Ha paapa6oTKC 

ycoseprneHCTBOBaHHoro pea KTopa (A G R) c raao

llbiM TCUJIOHOCHTeJICM II THiRCJIOBOf{HOI'O peaKTOpa 

( SGHW) c reuepa~Heii napa B aRTHBHoii aoue. 

fl pOTOTHU IICpBoro 113 3THX peaRTOpOB 6oJiee l'O,'J,U 

pa6oTaeT ua MO~HOCTU B BuHACReiine, a n "Yun~ 
tppHTCKOM ~eHTpe YnpasneHnH no aToMnoii auep

rHu BenuRo6pnTaHHH BeAeTcH B uacToH~ee spe

MH CTpOHTeJibCTBO npOTOTHnHoro peaKTopa 

SGHW. B ABYX ••acTHX AOKJiaAa o6cymf{aiOTCH 

pa3JIH'1Hhle aCIICKTbl CTOHMOCTeH TOUJIHBHblX ~HK

JIOB, npeACRa3LIBaeMhlX AJIH aToii nporpaMMhl. 

B qacTH I o6cymAaiOTCH H cpaBHHBaiOTCH CTou

MOCTH TOnJIHBHblX ~HRJIOB f{;IH Mal'HOKCOBOI'O pe

aRTopa, peai:<TOpa AGR H peaKTopa SGHW, npH

'IeM npeACKa3hlBaiOTCH RaR cpeAHHe ~H!flphl AJIH 

uepBLix AeCHTH JteT cTpOHTCJILCTBa peaKTopa 

,TII06oro 113 3THX THIIOB, TaK H TCHf{CHQUH Ha 6y ,w
JI~ee. lloKa3hlBaCTCJI BJIHHHHe B03MOiRHblX JI3Mfl

HeHHH CTOHMOCTH ypanoBoii PYAhi H npoQecca 

o6ora~eHHH c y'leToM BoaMomnoro CHHiRCHlUI 

CTOHMOCTJI B peayJILTaTe 60JICe a<fJ<jleKTHBHOI'O 

JICnOJIL30BaHHJI TeiiJIOBblf{CJIHIO~HX 3JICMCHTOB II 

noBhlrneHHH yposueii o6nyqeuuH TonJIHBa. YKaaLI

RaiOTCH TCHACH~HU B npoeRTHpOBaHHH peaKTOpa, 

BCAY~Ue R CHU/1\CHHIO paCXOAOB. 

Pa6oThl YnpaBJieHHH no aToMuoii auepruH Be
JIHRo6pHTaHHH no cpH3HKe HCnOJIL30BaHHH nJiyTO

liHJI B paCCMaTpHBaeMLIX peaKTOpHbiX CHCTeMaX 

CBHACTeJILCTBYIOT 0 B03MOiRHOCTB npBMCHCHHJI 

nnyToHBeBoro Tonnusa B peaKTopax AGR H 

SGHW 6ea aHa'IHTeJILHoro BaMeHeHHH ROHCTpyR

I~BH aTux cncTeM. B AORJiaAe o6cymAaiOTCH Bonpo

cLI 3ROHOM:BKH, CBH3aHHble C BCUOJIL30BaHBCM 
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IIJIYTOHHJI B ynoMHHYTbiX peaKTOpax, H f{aeTCJI 

cpaBHCHBC CTOHMOCTH UJIYTOHBH npH ero HCUOJIL-

30BaHliB B peanopHhiX cucTeMax AGR H SGHW 
H B peaRTope ua 6hlcTphlx ueii:Tpouax. 

B 'laCTH I I AORJiaAa o6cymAaercJI BJIBJIHHe Ha 

CTOHMOCTL TODJIHBHOI'O ~HKJia CTeneHB o6ora~e
HHJI H o6opyAOBaHBH AJIH H3l'OTOBJICHBJI H nepepa-

6oTRB TeUJIOBhlACJIJIIO~BX 3JICHCHTOB UpHMCHH

TCJILHO R paccMaTpHBaeMoii nporpaHMe. C pac

mBpeHHeM nporpaMMbl no aTOMHoii auepreTHKe 

rroHBJIHIOTCJI MHoroqHcJieHHhle B03MOiRHOCTH AJIH 

ocy~eCTBJieHHH B3aHMHOH CBJI3H TOnJIHBHblX ~H
KJIOB Tpex peaRTOpHbiX CBCTCM Ha TeUJIOBbiX HCH

TpoHaX KaR nyTeM o6~eA~HeHHJI o6opyAOBaHHHII 

ycTaHOBOR, TaR H nyTeM HCnOJIL30B3HHJI 0Tpa6o

T3HHOI'O ypaHOBOfO TOnJIHBa Of{HOI'O peaKTOpa Ha 

f{pyroM peanope liJIB ua AB<fJcpyaHOHHOM aaBof{e. 

,[I;JIH peaJIH33~HJI 3THX B03MO/RHOCTCH H 06paayro

ll\CHCJI 3ROHOMHB HC06XOABMO llJI3HHpOB3TL pa6o

Tbl no HAepuoMy TOnJIHBY :KaR OAHO ~eJioe. BJIHH

HHe H3Meueuuii ROHCTPYR~IIH TCUJIOBhlACJIHIO~ux 
3JieMeHTOB J1 ypOBHeH o6Jiy'leHHJI Ha llOTpe6HOCTb 

B llpOH3BOACTBCHHbiX MO~HOCTJIX HCCROJILKO yc

JI0/1\HHeT nOJIOiReHHC. 

TaRHM o6paaoM, rroKa cpasueuue cTouMocTeii 

TonJIHBHhlx ~HRJIOB AJIH OTACJILHbiX peaRTopuLix 

ClfCTCM He06XOAHMO rrpB paCCMOTpeHHH, Hanpu

~tep, CpaBHHTCJILHOH CTOIIMOCTII CTpOHTCJILCTBa, 

HeJIL3JI paCCMaTpHBaTL ITOJIHOCTLIO H30JIHpOBaHHO 

ouenKH ,'I,O;IH CTOHMOCTH o6ora~eHHH H nepepa-

6oTJm TOIIJIHBa B CTOIIMOCTB K3il\f{OH CHCTeMhl. 

ihn fllaKTOpbl IIpiiHHTbl BO BHHM3HIIe Hpll 

o6CyiR;J,CHIIH UCnOJIL30B3HIIJI cy~eCTBYIO~IIX npo

U:JBOJlCTBCHHLIX npef{UpHHTUii, HX l];3JILHeiimero 

pacrmrpeHHJI II CTOHMOCTHLIX HaMeHCHIIH, rrpeACI\a

:lh!BaeMbiX B CBHau c y,!l;oBJICTBopeuueM uym~ npo

rpaMMhi paaHHTHH aToMHoii auepreTinm B CoeAH

IH'HHoM l\opoJieBCTBC 

A/159 Reino Unido 

Costes del ciclo de combustibles en un gran 
programa de energia nuclear 

por N. L. Franklin et a/. 

Con el comienzo de la construcci6n de Wylfa, el 
programa de 5 000 MW(e) de instalaci6n de reactores 
Magnox en el Reino Unido esta tocando a su fin. Se 
espera una sustancial expansion durante los pr6ximos 
diez anos. Antes de la introducci6n de los reactores 
rapidos en escala comercial, la mayor parte de Ia 
capacidad adicional consistira, probablemente, en 
tipos mas avanzados de reactores termicos. El 
estudio en el Reino Unido se ha concentrado en el 
reactor refrigerado por gas (AGR) yen el reactor por 
agua pesada generador de vapor (SGHW). Un 
prototipo de los primeros ha estado funcionand.o 
a plena potencia en Windscale durante mas de un 
aiio y en el establecimiento de Winfrith esta en 
construcci6n un prototipo de un reactor de agua 
pesada generador de vapor. En las dos partes de 
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esta memoria, se discuten los diferentes aspectos 
de los costes de los ciclos del combustible previstos 
en este programa. 

En la primera parte se discuten y comparan los 
costes del ciclo del combustible de los reactores 
Magnox, AGR y SGHW, asi como los valores 
medios esperados en los diez primeros afios de la 
instalacion de cualquier tipo de reactor, y se anticipan 
las tendencias a largo plazo. Se demuestran los 
efectos de las posibles variaciones en el precio del 
mineral de uranio y del enriquecimiento, junto con 
las reducciones en el coste que pueden derivarse de 
mejoras en la operacion y en los limites de irradiacion 
del combustible. Se identifican las tendencias de 
disefio que conducen a menores costes a largo plazo. 

El trabajo de la UKAEA en la fisica de la utili
zacion del plutonio en estos sistemas ha mostrado 
que seria posible introducir combustibles basados 
en plutonio en los reactores AGR y SGHW sin 
cambios importantes en el disefio del reactor. Se 
discute Ia economia del uso del plutonio en esta 
forma y tambien la relacion entre el comporta
miento del plutonio en estos sistemas y en los reac
tores rapidos. 

En la segunda parte se discute Ia influencia del 
grado de enriquecimiento y de las instalaciones de 
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fabricacion y tratamiento sobre los costes del ciclo 
de combustible. Con un programa de expansion, 
existen muchas posibilidades para la interconexion 
de los ciclos de combustibles de los sistemas de 
los tres reactores termicos, tanto mediante Ia existen
cia de instalaciones comunes como mediante el 
uso del uranio rechazado en un sistema como alimen
tacion de otro, o para una instalacion de difusion. 
Para aprovechar estas posibilidades y conseguir Ia 
economia resultante, la operacion del suministro del 
combustible se debe planear en conjunto. Los efectos 
de cambios en el disefio tanto del combustible como 
de los blancos de irradiacion debidos a las exigencias 
de produccion, complican aun mas el problema. 

Asi, mientras que son necesarias comparaciones 
de costes del ciclo de combustible para sistemas 
individuates de reactores, al considerar por ejemplo 
los costes relativos de instalacion, Ia estimacion 
de los costes de enriquecimiento y tratamiento como 
componentes de los costes de cada sistema, no se 
puede considerar completamente por separado. Estos 
factores se tienen en cuenta al discutir la utilizacion 
de las instalaciones existentes de produccion, su 
extension futura y las variaciones de costes previstas 
para cubrir las necesidades del programa de energia 
nuclear del Reino Unido. 



Plutonium value analysis 

By E. A. Eschbach* 

Because plutonium is a by-product without a speci
fic production cost, it is relevant to determine its value 
as recycled fuel in the parent reactor. Such calculations 
help identify the price range at which plutonium might 
be marketed. Although many methods have been used 
to determine plutonium values, most share a common 
premise that value is the price of plutonium yielding 
identical fuel costs for plutonium and alternative fuel
ing systems. Of the many analyses used, those employ
ing equally rigorous treatment of all factors yield the 
most consistent results. 

P/246 United States of America 

were nominal. This, however, is not the general case 
as fuel irradiation time intervals last 3 to 5 years and 
reactor fuel loads cost 10 000 000 to 20 000 000 dollars. 

Plut_onium composition and value 

Analysis of plutonium fueling requires special atten
tion to the composition of fuel as irradiation proceeds 
because plutonium initially loaded is significantly 
altered as to amounts and qualities throughout irra-

Table 1. Isotopic composition of newly-formed plutonium 
and of plutonium formed from plutonium itialinyl in the fuel of SPWR* 

%Plutonium %Plutonium %Plutonium %Plutonium 
composition composition composition composition 

Fuel initial formed from initial newly formed in fuel mixture 

Fuel 
exposure 

(MWd/ton**) 239 240 241 242 239 240 241 242 239 240 241 242 239 240 241 242 

Slightly-enriched uranium . 
0 0 0 0 0 0 0 0 47 32 12 8 47 32 12 8 

19 373 
(5 335 grams/ton) (5 335 grams/ton) 

Plutonium in natural uranium 
95 5 0 0 2 36 21 41 46 35 12 7 39 35 13 13 

21 318 
(7 760 grams/ton) (1 108 grams/ton) (5 690 grams/ton) (6 798 grams/ton) 

Plutonium in natural uranium 
76 18 5 33 20 46 46 35 12 7 37 34 14 15 

21 764 
(8 789 grams/ton) (l 522 grams/ton) (5 760 grams/ton) (7 282 grams/ton) 

* SPWR = Simulation of APWR (Advanced Pressurized Water Reactor) described in TID-8502. ** Ton = 2000ll;>s. 

GENERAL DISCUSSION 
Cost analysis 

When developing cost structures for comparisons, 
it is often tempting to select a simplified variational 
approach if the effect of a single factor is being 
studied. Cost approximations, though sometimes use
ful, may fail to allow for the interdependence of many 
economic and neutronic variables. Accurate deter
mination of nuclear reactor fuel costs involves use 
of a sequential accounting system because the initial 
substantial investment in fuel inventories is progres
sively consumed to produce neat, and converted to 
produce various additional fuel species. Determining 
costs from initial and final conditions would be 
sufficient if irradiation periods were no greater than 
one accounting period, or if investment in the fuel 

• Hanford Laboratories, General Electric, Washington. 
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diation. Typical initial and final compositions are 
shown for plutonium-enriched-natural-uranium fuel
ing of a simulated water-moderated reactor in Table 1. 
Significant changes in composition and quantities tend 
to be obscured if plutonium batches of different 
generations are mixed, as shown in the last colunm. 
With successive recycle of plutonium in 238U, equi
librium plutonium concentrations are developed, as 
will be discussed. 

Spatial dependence 
The differences between plutonium compositions of 

different generations are even greater than shown on 
the table if the spatial dependence within the fuel is 
taken into account. The differences in the generation 
and spatial history of plutonium batches are not 
physically observed if, during dissolution of the spent 
fuel, they are intimately mixed as assumed for prepara-
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U Enrichment and Sell Pu 

"Indifference" Point (Correspondin 
Assigned Pu Price Defined as Pu 

Value"). 

Assigned Pu Price, $/g Fissile 
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Figure 1. Fuel cost and assigned Pu price for a hypothetical non 
breeding reactor 

tion of the last column in Table 1. Maintaining iden
tity of the plutonium used to enrich 238U requires 
some contriving; while this has promise of improving 
plutonium utilization contriving may involve outright 
costs or altered performance. Even so, gains appear 
attractive and this represents a valuable endeavor for 
future plutonium utilization studies. 

Plutonium uniformly distributed in fuel 

To provide a firm process for initial utilization of 
plutonium, current analyses and demonstrations are 
emphasizing a simple plutonium fueling method in 
which Pu02-U02 of uniform concentration is burned 
in a reactor, followed by recovery of a single pluto
nium composition, which is a mixture of the unburned 
initial and newly formed plutonium. This fueling 
system is undergoing test in the PRTR at Hanford 
Laboratories and will be further tested in the EBWR 
at Argonne National Laboratory. While the uniform 
intermixing of new and old plutonium with each 
recycle tends to minimize the changes in plutonium 
composition as burn-up proceeds, the composition 
still varies enough to alter the productivity of pluto
nium. As is generally known 239Pu and 241Pu are 
fissile; 240Pu is a fertile fuel with a relatively large 
nuclear cross section to form 241Pu; and 242Pu is 
a mild parasite so far as the thermal reactor process 
is concerned. The differences in plutonium values from 
batch to batch are principally due to the roles of 240Pu 
and 242Pu. 

Influence of plutonium-240 

When plutonium is used as the major enrichment 
material throughout a reactor, the strong neutron 
absorbing qualities of 240Pu can upset reactivity
conversion ratio balances that formerly yielded lowest 
costs if the reactor were originally designed for 235U-
238U fuels. An interesting method of restoring this 
balance is afforded by reducing the 238 U content of 
the fuel and by substituting a diluent for 238U. This 
may be preferable to altering the moderator-to-fuel 
volume to reduce the 238U and 240Pu absorptions 
because altering the moderator-to-fuel volume may 
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Figure 2. Successive plutonium recycle flow sheet 

either adversely affect the heat rating of the reactor 
or entail accommodation to significantly different 
heat-transfer and maximum-temperature conditions. 
Utilization of 240Pu may allow diluting the 238U enough 
to achieve durable matrix fuels for power reactors 
and may simplify reactor control as 240Pu tends to act 
as a burnable "fertile poison". In addition for some 
special circumstances, it has been observed that 
with no 238U, or with only a little, some compositions 
of plutonium high in 240Pu (named "Phoenix" fuels) 
exhibit essentially constant reactivity throughout the 
fuel lifetime, which may have special value in compact 
reactors. 

Plutonium-242 as a parasite 

The build up of 242Pu progressively decreases the 
value of plutonium in thermal reactors. Consequently, 
the minimization of 242Pu build-up in the fuel mixture 
or the outright isolation of the initial and newly
formed plutonium batches are important objectives 
of plutonium fueling strategies. However, 242Pu is not 
necessarily valueless, as it is the precursor of higher 
isotopes of potential usefulness, as will be discussed. 

Plutonium effective cross sections 

An additional complication to computing pluto
nium fuel performance is that as the plutonium isotope 
concentrations change so do the relevant cross sections. 
This particularly affects the reproduction of neutrons 
by 239Pu in thermal reactors. As an example, making 
estimates from a table of basic physics data prepared 
for the infinitely dilute case can erroneously indicate 
reductions of neutron yield from 239Pu in certain 
thermal reactors because of overemphasizing the low
lying 239Pu resonances. As additional amounts of· 
plutonium are added to the fuel, the resonances 
"self-shield" and plutonium neutron yields appear 
more favorable. Self-shielding of 239Pu can be maxi
mized by placing plutonium in fuel rod centers, but 
added inventory costs and possible heat-transfer and 
temperature complications may limit the worth of 
this approach. Regardless, the burning of plutonium 
on the surface of the 238U as it is formed does not 
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achieve optimum self-shielding of 239Pu, and the per
formance of plutonium under these circumstances does 
not provide an adequate means of predicting the value 
of plutonium recycle. 

COMPUTATION OF PLUTONIUM VALUES 

General 

Variations in plutonium value implied throughout 
the foregoing discussion can be reflected by a logical 
(although complex) extension of the simple indiffer
ence plutonium value determination, which defines 
plutonium value as the price yielding the same fuel 
cost whether the plutonium discharged is sold or recy
cled. This value is graphically determined by intersec
tion of two lines usually of opposite slope, as shown 
in Fig. I. Proper accounting must acknowledge that 
the plutonium being recycled within an operation is 
not "free" but that it is sold at a price from one 
cycle to the next. Thus, recycling plutonium within an 
operation can be treated as the sale or purchase of 
goods among several operations. Consequently, a 
higher price for plutonium would lower the fuel cost 
for a 235U enriched reactor and would raise costs 
for plutonium enrichment. If the selling price of 
plutonium is less than its value, it is likely that it 
would be recycled and not sold. Thus, plutonium 
value is a basic number which must be considered 
for each reactor discharge to assure consistent selec
tion of lowest cost operations. Since this determi
nation is limited to a single operation, the resulting 
values should not be confused with market prices 
which reflect the influence of many operations. 

PUYE analysis 

Inherent to the solution depicted in Fig. I is that 
the value of the plutonium is assumed to be constant 
with successive irradiations. Generally, the produc
tivities of plutonium of feed composition and of the 
resulting ash composition in the same thermal reactor 
are different. The simple indifference technique can 
make this correction by use of a method described as 
PUVE [1], which employs the premise that the value 
of a discharged plutonium batch is determined by use 
of that batch as feed for the next cycle (see Fig. 2). 
PUVE recycle analysis uses an equation for each 
cycle involving the unknown value of the plutonium 
feed, the unknown value of the plutonium ashes and 
the fuel cost. The fuel costs for successive plutonium 
recycle can be written as a set of equations: 

F1 = A1 - C1X1 

F; = A; + B 1X 1_1 - C;X1 

Fn =An + BnXn-1- CnXn (l) 

For PUVE Analysis, F1 = F1 = Fn; no plutonium 
feed to step I, B1 = 0 with the terms defined as follows: 

n-1 : number of times plutonium produced in the 
reactor is recycled to the reactor. 

Fn: total fuel cost in millfkWh(e) on the nth step. 
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An: coefficient (a function of exposure, jacketing 
costs, and net uranium costs). 

Bn: coefficient (a function of the amount of pluto
nium supplied to the reactor and fuel exposure). 

Cn: coefficient (a function of the amount of pluto
nium discharged from the reactor and fuel 
exposure). 

Xn-1: value in $/gram of plutonium supplied to the 
reactor in the nth step. 

Xn: value in $/gram of plutonium discharged from 
the reactor in the nth step. 

The value of a batch leaving the reactor in a 
cycle X;_1 is conditionally determined by use of that 
batch as feed for the next cycle j as shown in Fig. 2. 
The recycle process is repeated until some logical 
constraint can be applied to obviate the necessity of 
further cycles. In some cases, final plutonium batch 
values can be set to an arbitrary figure representing 
another use. If an equilibrium plutonium composition 
has been reached, the last two batch values can be set 
equal. If neither of the foregoing conditions can be 
applied, it is often possible to use an extrapolation 
technique based upon the assumption that the ratio 
of the ultimate pair of batch values Xn-1/ Xn is insen
sibly different from the ratio of the penultimate 
pair Xn- 2/Xn-1. There are other methods that some 
investigators have applied to solve these equations, 
such as setting the fuel cost of the first cycle to that 
of the second, and the fuel cost of the first cycle equal 
to that of the third; but the fuel cost of the first, 
second, and third cycles are not set equal to each 
other as is done for PUVE. Inherent to this system 
is that the productivity of plutonium from the first 
batch is erroneously set equal to the productivity of 
plutonium from the third, fourth, and nth batches. 
The computer code solving PUVE is programmed to 
provide solutions using essentially all methods and, 
so far, the corresponding plutonium value variations 
can be explained. 

Requirement of equitable comparison 
Neither PUVE, nor any other plutonium value 

analysis scheme can yield interpretable results without 
a careful selection of fuel operating points to assure 
comparison of equitable alternatives. Fuel cycle 
analysis is primarily concerned with operation of the 
same reactor under different economic conditions 
(such-as wit~ various jacketing costs) and with different 
fueling ~aterials (such as 235U versus plutonium 
enrichment). The analysis can be done for various 
fixed conditions, such as enrichment, exposure, initial 
reactivity, fuel cost or other fixed factors. For specific 
circumstances, comparisons based on one of the 
foregoing constraints may be quite appropriate and, 
accordingly, results will be specific. Consideration of 
an equitable operating point for generalized com
parisons has led Hanford Laboratories to select 
operating points based upon minimized fuel costs 
because this should be the ultimate objective of each 
reactor operation. 
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Selection of operating point from minimum costs 

The fact that thermal reactors have a reasonably 
definable minimum fuel cost stems from interplay of 
reducing direct costs by increasing fuel exposure and 
correspondingly increa~ing capitalized cost compo
nents, because of increased enrichment to increase fuel 
exposures. Under some circumstances the total fuel 
cost curve is almost flat near the mathematical point 
which the computer would select as the minimum. The 
computer can be instructed to select operating 
points 0.1 mill/kWh(e) above the minimum total cost 
which results in selection of significantly lowered fuel 
exposure, typically 20 000 MWdfton rather than 
30 000 MWdfton. Unless otherwise noted, this proce
dure is used in Hanford Laboratories studies to select 
comparable operating points. Selecting operating 
points from minimum fuel cost data complicates 
determination of coefficients An, Bn, and Cn for each 
successive recycle, as required for the PUVE analysis 
(Eq. 1). These coefficients are a function of the values 
of plutonium in and out for each step, which are the 
unknowns to be determined. After investigating several 
methods of solution, a direct successive iteration 
technique was adopted. 
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factors could be represented in integral fashion with 
"lumped" terms. While this tends to lose detail of 
specific designs, lumped constants can be chosen to 
constitute a reasonable experiment relating plutonium 
values and reactor characteristics. As a consequence, 
while the Table shows values for various reactor types 
rather than groups of reactor constants, it should be 
fully understood that these are reactor simulations 
based upon lumped constants and are not accurate 
representations of specific designs. 

Plutonium values and reactor characteristics 

By using lumped reactor constants, it has been 
possible to develop a single formula from which 
plutonium values computed for successive recycle 
with graded fuel movement can be represented (Eq. 2). 

Plutonium Value; $/gram total= 

A + B ~ - ( C + ! ) X (% 242Pu) (2) 

where: 

P: Flux-weighted macroscopic cross section of non
fuel materials (i.e., lumped parasitic absorption 
cross section). 

Table 2. Computed plutonium values for graded irradiation in four simulated reactors 
-successive plutonium recycle* 

Step•• 
number 

2 

3 

lstopic compositions 
of the plutonium, wt ~~ 

239 240 241 242 

53.4 27.2 12.5 6.9 
52.3 26.3 13.1 8.3 
51.2 29.1 11.1 8.6 
38.6 40.8 9.4 11.2 

44.8 27.1 13.3 14.8 
44.4 25.3 13.5 16.8 
42.2 28.6 11.2 18.0 
30.4 37.9 8.9 22.8 

41.2 25.6 12.9 20.3 
41.2 23.8 12.8 22.2 
38.8 26.8 10.6 23.8 
27.1 34.4 8.1 30.4 

Cumulative 
exposure of 

recycled 
fuel 

Mwd/ton 

24 290. 
22 300. 
21 470. 
23 710. 

49 300. 
45 710. 
44 640. 
48 370. 

73 590. 
69 400. 
67 110. 
73 180. 

Plutonium value. in each simulated reactor, 
$/gram (fissile) 

Water Water Heavy water Graphite 
Stainless Zr Zr Magnesium 

steel 

11.50 
10.30 

10.30 
11.80 

11.30 
9.50 

9.20 
11.20 

11.00 
8.90 

9.10 
10.70 

* Successive recycle of self-produced plutonium with uranium enrichments optimized for minimum 
fuel cost. Uranium price schedule established July I, 1962; 4.75% use charge rate. 

** The first three out of six successive recycle steps reported. 

COMPUTED VALUES 

PUYE resu Its 

The PUVE value analysis system has been applied 
to a large number of circumstances of which a limited 
sample of successive recycle data is shown in Table 2 
for the continuous (graded) fuel cycle. Computed plu
tonium values do not grossly vary for approximately 
the same plutonium compositions, although for a given 
fuel exposure the plutonium compositions are different 
from one reactor to the next. The reactor physics 
description was arranged so that degree of moderation, 
parasitic absorption, moderator temperature and other 

M: Moderator slowing-down power* 
(moderator volume/ 

fuel volume) 
(i. e., lumped moderating capacity). 

The values of constants A, B, C, and D, arrived at by 
fitting to the data excerpted for Table 2, are shown 
in Eq. (3) which represents the fitted data within 
plus or minus 5 per cent. 

* Moderating power = t.EIJ' 0 d where t is the logarithmic 
energy decrement or the gain in lethargy of a neutron on the 
average in colliding with a moderator atom; and .Es equals 
the macroscopic scattering cross section of the moderator. 
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Plutonium Value, $/gram total= (3) 

6.65 + 48.6 ( ~) - ( 0.06 + 0
}} ) X (% 242Pu) 

Equations (2) and (3) are expressed in terms of 
$/gram total plutonium rather than in $/gram fissile 
as shown in Table 2 because this results in a simpler 
mathematical formula. It is imperative that these units 
are not confused. As P increases (more structural 
material), plutonium values increase. This is probably 
due to the larger cross sections of plutonium relative 
to 235U. As M becomes smaller ·(less moderation, 
hence a harder neutron spectrum) the influence of the 
constant increases. This indicates that the value of 
239Pu, 240Pu and 241Pu as a unit increases as the 
spectrum hardens, which is likely due to increases 
in 241Pu production. (This has been observed in other 
studies wherein lattice spacing reductions often appear 
to increase plutonium value.) Terms C and D in 
Eq. (2) reduce plutonium values with increasing 242Pu 
concentrations because 242Pu acts essentially as a. 
parasitic diluent in thermal reactor fuel. As M 
decreases, the associated neutron-spectrum hardening 
increases the 242Pu cross section further reducing plu-

D 
tonium value, which is reflected by the term M 

The specific values of P and M are unique combina
tions for each reactor type although the value of P will 
vary with the fuel enrichment level and the influence 
of P changes and is adjusted with burn-up. For the 
data represented by Eq. (3), typical values of P 
are 0.07 to 0.09 for reactors with stainless steel 
jacketed fuel, 0.02 and 0.03 respectively, for D20 
and water-moderated reactors with zirconium jacketed 
fuel, and 0.04 for graphite-moderator reactors with 
zirconium jacketed fuel. The corresponding values 
of M are approximately I for pressurized water 
reactors, 2 for boiling water reactors, and 3 to 5 for 
well-moderated 0 20 and graphite types. 

Batch and graded cycles 

The specific formula depicted as Eq. (3) is limited to 
the graded cycle as computed plutonium values for 
the batch cycle in the same reactor are $1 to $2/gram 
greater than for the graded cycle. The increase is due, 
in part, to 240Pu which, because of its high cross 
section, reduces control losses otherwise encountered 
with the batch cycle. The fully-graded cycle theoret
ically does not lose neutrons to control; but rather, 
invests them in subcritical fuel. Therefore, 240Pu as 
a control device is not measured by this theoretical 
analysis of the graded cycle. In practice, reactivity 
flattening tendencies of 240Pu are beneficial to graded 
cycles, but are specific to each reactor design. For 
a given enrichment level, graded cycles achieve roughly 
twice the fuel exposure as batch cycles; consequently, 
fuel costs are usually lower for graded than batch 
cycles even though plutonium values may appear 
greater for batch cycles. In one form or another, 
the graded cycles are used in most current power 
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reactors. With a sufficient 240Pu effective cross section, 
differences in exposure for a given enrichment would 
be reduced between the graded and batch cycle. How
ever, plutonium values for this situation should be 
measured by comparing the plutonium batch cycle 
(including possible fuel handling savings) with opti
mized graded cycles. 

Plutonium values and uranium prices 

When analyzing plutonium values, one often 
attempts to compare the aggregate of the neutronic 
performance of 239Pu and 235U in thermal reactors. 
While these comparisons are unsatisfactory because 
of gross differences in cross sections and progeny of 
subsequent chains, one can reason that fissile plu
tonium values must be no greater than the correspond
ing 235U burn-out costs of enriched uranium alterna
tives. Analysis of basic data excerpted for Table 2 
indicates that this is not true, as computed plutonium 
values in $/gram fissile often equal or exceed the 
corresponding price of fully-enriched uranium. Ana
lyses show that computed fissile plutonium values are 
proportional to the corresponding price of fully
enriched uranium. Analyses show that computed fissile 
plutonium values are proportional to the correspond
ing price of fully-enriched uranium even when uranium 
price schedules are changed by altering either uranium 
feed or separative duty costs, or both. A somewhat 
abstract value analysis shows that this is due to the 
chemical separability of plutonium from uranium 
coupled with the structure of the USAEC uranium 
price schedule. In fact, regardless of the enrichment 
level or the degree of fissile burn-up, the alternative 
value of plutonium as 238U enrichment is proportional 
to the cost of fully-enriched 235U and not to the cost 
of 235U burn-up. The analysis shows it is only neces
sary that plutonium be mixed with uranium whose 235U 
content is at least equal to cascade tails and that 
plutonium be recovered from the spent fuel. 

Handling costs and plutonium values 

Common to all plutonium fueling systems are the 
possible complications of toxicity. Consequently, plu
tonium requires special handling and higher costs may 
result for plutonium fuel element fabrication and 
jacketing than for enriched uranium. Based upon 
Hanford Laboratories plutonium fuel activities for 
the PRTR, the calculated incremental cost is no more 
than 10% for a commercial operation making 20 tons 
of fuel per month. Thus, the increment should be no 
greater than $3 to $8 per pound of 238U for current fuel 
elements, which is insignificant to plutonium values, 
provided plutonium enrichment of the fuel is greater 
than about 0.5%. This can be accomplished for a com
plete reactor load if sufficient plutonium is available, 
otherwise, zone loading can be employed wherein the 
available plutonium is used to enrich depleted uranium 
to a level appropriate to the overall reactor loading. 
On this basis, zone loading could be used for succes
sive plutonium recycle wherein the available pluto-
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nium is limited to that from the previous cycle. Zoning 
of a reactor with variously enriched plutonium
uranium fuels has virtues in its own right in that 
build-up of 242Pu in the freshly recycled plutonium 
can be minimized by sale or even discard of the 
highly-burned material. The flexibility of zoned plu
tonium loads with and without 235U-enriched zones 
allows maximization of many other important facets, 
among which are reactor power flattening and adjust
ment of flux peaking. 

Uncertainties in current computations 

Computer analyses provide a seemingly endless 
array of data as time passes and results are recal
culated with coefficients from latest experiments. It is 
useful to look ahead, if possible, and to determine 
ultimate boundary values if coefficients can be esti
mated. This approach has been used to compute the 
uncertainty in plutonium values and to assist in guid
ing development work. These studies typically show 
that there is only 2% to 5% change in plutonium values 
for reasonable variations in reactor physics numbers. 
(The corresponding fuel costs change far more because 
the value determination compares plutonium cycles 
to uranium cycles and uranium cycles burn large 
amounts of plutonium in situ; thus, many factors 
are compensative as regards plutonium value, but not 
fuel cost.) The self-shielding of the plutonium reso
nances tends to stabilize the effective plutonium cross 
sections. For successive plutonium recycle, the com
posite neutron reproduction coefficient 'Y) of the fissile 
plutonium isotopes tends to be stabilized at 1.9 
to 1.95 by 241Pu because the 'Y) of 241Pu is approxi
mately 2.3 and increases in the neutron capture-to
fission ratio of 239Pu, while reducing the 'Y) of 239Pu 
increases the 241Pu concentration; hence, 241Pu fissions. 
The stabilization of the 'Y) of fissile plutonium by 241Pu 
is dependent upon a large nuclear cross section of 240Pu 
to provide an adequate formation rate of 241Pu. The 
expected variation of the effective 240Pu cross section 
is not sufficient to remove this effect. Uncertainties in 
the effective 240Pu cross section are more important to 
constant reactivity plutonium fuels because the self
shielding of 240Pu covers a range sufficiently broad to 
include less than optimum performance. Therefore, 
effort is now under way to analyze in detail constant 
reactivity performance of fuels high in 240Pu and to 
develop designs obviating any shortcomings that may 
be identified. 

OTHER ASPECTS OF PLUTONIUM VALUE 

Off-standard operation 

Plutonium values for off-standard operation have 
been analyzed by somewhat abstract systems, rather 
than by investing in large amounts of computer time 
to complete PUYE analysis for the innumerable cases 
involved. Among the special systems studies is the 
premature discharge price defined as the market price 
of bred plutonium that is sufficient to justify the 
interruption of planned irradiation and the premature 
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sale of the plutonium and spent uranium, rather than 
to await planned discharge dates. A similar price 
could also be allocated to the premature salvage of 
uranium or special fission products contained in the 
fuel. If the premature plutonium price were to become 
the market price, subsequent fuel loads would be 
enriched to be reactivity limited at the optimum 
lifetime. Hence, the pre-reactor discharge value is 
likely, at best, to be a temporary term. 

In situ "values" 

While the term in situ value has sometimes been 
applied to premature discharge plutonium price, 
a somewhat more informative in situ formulation can 
be derived for the hypothetical situation of extending 
a reactivity limited fuel exposure by adding a minute 
amount of plutonium corresponding to the plutonium 
in the otherwise spent fuel. This definition approxi
mately describes spent fuel rejuvenation as being 
demonstrated in a Hanford Laboratories experiment 
wherein fissile plutonium is injected into otherwise 
spent fuel to allow further irradiation. Expressions 
have been derived for the premature discharge price 
and for the value for fuel lifetime extension. These 
expressions are identical, except that the signs are 
reversed for the denominator term involving the rate 
of change of plutonium concentration as shown in the 
following equations: 

Premature·discharge plutonium price= 

Direct costs* 

( 
d Pu content ) 

(Pu content) minus (Exposure) d 
exposure 

1 

Extended fuel life plutonium value = 

Direct costs* 

( 
d Pu content ) 

(Pu content) plus (Exposure) d exposure 

The premature discharge prices are large ($40-
50/gram) which demonstrates that only inflated market 
prices for plutonium could induce the reactor operator 
to discharge the fuel prematurely. For jacketing costs 
of $50--60/lb uranium, computed fuel lifetime exten
sion values are 10-20% more than the correspond
ing PUYE values, but approach the corresponding 
PUYE values for lower jacketing costs. The foregoing 
expression cannot be used to evaluate fuel rejuvenation 
fully, because the expression does not reflect the worth 
of reduced fuel inventories possible with fuel rejuvena
tion, the costs of fuel rejuvenation or alternative 
approaches. For these and other reasons, it is believed 
that detailed costs and value computations, such 
as PUYE, although costly in terms of computer time, 
should be employed for detailed study of fuel rejuvena
tion. Nevertheless, for initial screening of proposals, 
value analyses such as the foregoing expressions can 
save large amounts of computer time and should 
complement rather than replace computer methods. 

* Direct costs = Sum of jacketing, burn-out, etc. 
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Plutonium-242 as precursor of decay heat isotopes 

The use of plutonium fuels in thermal reactors 
would be grossly altered if a firm market existed for 
special isotope production such as 244Cm, 242Cm, 
241Am and 238Pu. Reactions forming these isotopes are 
considered parasitic in the analyses of plutonium 
values to date. As a consequence, reactors and reactor 
fuel systems are usually arranged so as to minimize 
decay of 241Pu and reduce neutron capture-to-fission 
ratios of 235U and 239Pu. On the other hand, if these 
higher isotopes have economically significant values, 
then-there is incentive to arrange reactor fueling so as 
to increase the decay of 241Pu and to increase the neu
tron capture-to-fission ratios of 235U as well as 239Pu. 
An indifference value analysis technique similar 
to PUYE has been applied to ascertain the relative 
values of 244Cm's precursors (back to 239Pu) as a fWlc
tion of assigned 244Cm sales prices [2]. Similar data 
have been computed for 238Pu-237Np-236U-235U and 
238Pu-242Cm-241Am-241 Pu-2.wPu-239Pu. Significant prices 
for 244Cm of 238Pu would surely be reflected in estab
lishing markets for decay heat fission products which 
would provide additional revenues for spent fuel 
reprocessing. Any or all of these developments will 
tend to provide incentives for recovery and use of 
spent fuels beyond the basic values of plutonium 
recycle as an enriching device. 

Plutonium and other fuels 

The analysis of a single plutonium value for a group 
of different reactor types including consideration of 
thorium resources is more properly supplanted by 
estimation of a likely plutonium exchange price. Such 
price estimation is complicated by the many available 
fueling possibilities for both fast and thermal reactors, 
such as plutonium enriched thorium, 233U enriched 
238U and combinations of thorium and 238U enriched 
with various fissile combinations. Briefly, most of 
these schemes exploit the relatively large thermal 
neutron cross sections of the plutonium isotopes to 
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reduce fissile enrichment levels in thorium and to 
reduce flux levels which, in turn, reduces 233Pa burn-out 
in high specific power reactors. Plutonium enrichment 
of thorium may also be preferable to 235U enrichment 
because contamination of the recovered 233U with 
235U remaining from the initial enrichment is avoided. 
While these plutonium systems appear attractive, 
analyses comparable to PUYE in rigor have not been 
vigorously pursued as a reactor combine of the size 
and variety to utilize such versatile fueling strategies 
may not exist for some time. 

Plutonium and fast reactors 

The entry of fast reactors into the market may raise 
the price of plutonium which would, in turn, lower 
the fuel cost of thermal reactors. Interaction of fast 
and thermal reactors is discussed in a paper titled 
Uranium Utilization of the 20th Century, presented 
by Zebroski and Cohen of GE-APED, at the Novem
ber 1962 meeting of the Atomic Industrial Forum in 
Washington DC. Once the fast reactors are supplied 
with plutonium inventories there are several attractive 
systems of interchanging fuel between fast and thermal 
reactors. Some of these are described by Okrent and 
Link of ANL, as well as by others, in Proceedings of 
the Symposium on Plutonium Utilization at Hanford; 
September, 1962. As the sale of thermal reactors 
increases and as the development work on fast reactors 
proceeds, a time-scale can be estimated which will 
allow planning for such dual reactor economies. In any 
event, it appears that increased demonstration and use 
of plutonium fuels in thermal reactors are basic to a 
nuclear economy generally, as well as to specific 
thermal and fast reactors. 
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Analy~e de Ia valeur du plutonium 
par E. A. Eschbach 

Differentes definitions utilisees pour estimer la 
valeur du plutonium en tant que combustible de 
reacteur thermique sont examinees, et on les distingue 
avec soin de la fixation du prix, un sujet complexe 
dans lequel interviennent des considerations qui 
depassent le cadre de ce travail. La plupart des 
analyses fixent comme «valeur» le prix du plutonium 

pour lequelle coiit du combustible de reacteti.r est le 
meme pour les deux combustibles possibles. De telles 
valeurs ne contribuent pas beaucoup a la comprehen
sion du sujet parce que, en pratique, on dispose 
souvent d'un grand nombre d'alternatives. Des 
formules encore plus simplifiees de coiits et de strategic 
cemmerciale ont ete utilisees pour mettre en evidence 
!'influence d'une seule variable. Les 'resultats d'ana
lyses aussi simplifies ne sont souvent pas coherents 
avec les resultats d'autres analyses. La plupart de ces 
divergences disparaissent, ou tout au moins leurs 
causes deviennent moins obscures, si l'on compare 
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toujours le:s cofits a des points bien definis de fonc
tionnement en considerant Ia vente et l'achat de 
materiaux qui peuvent faire l'objet de transactions. 
Cette attitude methodique semble fastidieuse et 
irritante au physicien, mais permet de preserver une 
solide logique commerciale. 

Les differentes methodes d'evaluation de Ia valeur 
du plutonium comme combustible pour reacteurs de 
puissance sont classees en methodes pratiques et en 
methodes abstraites, et 1' on compare certains resultats. 
Parmi les methodes pratiques, on a des valeurs du 
plutonium calculees pour des types de reacteurs et des 
conditions economiques donnees; tandis que les 
methodes abstraites utilisent des modeles destines a 
decrire et a classer des effets particuliers observes a 
partir de calculs « pratiques ». A l'heure actuelle, 
meme les calculs (( pratiques » necessitent des hypo
theses et des idealisations pour obtenir des solutions; 
en consequence, !'interpretation des resultats est tout 
particulierement liee a Ia connaissance des limites des 
definitions de valeur. 

On presente les resultats d'analyses « pratiques » du 
plutonium comme combustible recycle plusieurs fois 
pour differents systemes de reacteurs thermiques 
simules, et l'on decrit les correlations entre les varia
tions resultantes des valeurs du plutonium et Ia com
position isotopique du plutonium. Comme il est 
peut-etre chimerique d'envisager des recyclages succes
sifs sans echange de combustible entre differents 
reacteurs, on discute les methodes de traitement de ce 
probleme elargi. 

Sur Ie plan general, le calcul de Ia valeur du plu
tonium est quelque peu premature, car un grand 
nombre de faits sont insuffisamment connus pour le 
moment. Beaucoup d'incertitudes se compensent si 
on determine la valeur du plutonium par comparaison 
avec des cycles a uranium lt~gerement enrichi, parce 
que ces cycles brfilent le plutonium in situ. Cependant, 
dans d'autres calculs importants, les erreurs portant 
sur des facteurs essentiels sont cumulatives. On donne 
des exemples de calcul. . 

On indique les incertitudes dues a Ia nature propre 
de chaque isotope du plutonium tel le degre d'auto
protection de !'absorption de resonance du pluto
.nium 240. Bien que moins connu, le degre d'auto
protection pour les resonances du plutonium 239 est 
important, et a une forte influence sur Ia valeur de 
alpha pour le plutonium 239. 

L'analyse simplifiee de la valeur du plutonium a 
des limites qui augmentent en importance avec la 
complexite du systeme nucleaire considere. Des 
exemples en sont !'utilisation de plutonium pour 
enrichir le thorium et celle d'uranium 233 pour 
enrichir !'uranium 238, de meme que l'echange de 
combustible au plutonium entre des reacteurs rapides 
et thermiques. L'influence d'un marche important 
pour des sources de chaleur par decroissance radio
active, telles que le curium 244 et le plutonium 238 
(bien que le marche soit incertain), sur le schema de 
cycle de combustible de reacteurs, thermiques est 
discutee. 

E. A. ESCHBACH 
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AHanHa 4eHHOCTH nnyroHHfl 
tO. A. 3w6ax 

06cyml(aiOTCH IICCKOJihKO HCXO,!I,HhiX llOJIOiKe-

HHH, npnMeH.rleMhiX npu pacqeTax ~eHHOCTH ITJIY

TOHHH KaK TOllJIHBa ,!I,JIH peaKTOpOB Ha TellJIOBhlX 

HCHTpoHaX, npuqeM OCHOBHOe BHHMaHue y,!l,eJIHeT

CH onpe,!l,eJieHUIO CTOHMOCTH, TaK KaK llOCJiel(Hee 

HBJIHeTCH CJIOiKHbiM BOllpOCOM, CBJJ3aHHbiM C CO

o6paiKCHHJJMH, BbJXO,!I,JJ~HMH 3a npC,!I,CJlhl :noif pa-

6oThl. B 6oJibUIHHCTBe anaJIH30B «~eHHOCTh>> nJiy

TOHHH Ollpel(eJIJJCTCH I\aK ero CTOHMOCTb B Kaqe

CTBC peaKTopuoro ropJOqero. TaKoe noHnMaauc 

Bonpoca MomeT .naTb JIHUib orpaauqeuuoe npe.n

CTaBJieaue 0 ~CHHOCTU ITJIYTOHUJJ, Tal\ Kai\ npaK

TUKa qaCTO ll03BOJIHCT Bhl6op MCiK,!I,Y MHOrHMH 

B03MOiKHhiMU peUieHUHMH. ,ll;JIH ycTaHOBJICHHH 

UJIHHHHH TOJibKO O,!I,HOii nepeMeHHOH 6hiJIO npnMe

HCHO .name ynpo~eauoe rroHuMaHne aorrpoca CTo-

1!MOCTH u xoaniicTBeHHoii IIOJIHTHKH. PeayJILTaThl 

TaKHX COKpa~CHHbiX aHaJIH30B qaCTO He COOTBCT

CTBYIOT peayJihTaTaM .npyrux auaJiuaoa. Muorue 

H3 :lTHX IICCOOTBCTCTBHH MOryT 6h1Tb ycTpaHCHhl 

lfJIU ITO Kpaifuefi: Mepe UX nplfqUHhl CTaHOBHTCH 

6oJiee noHHTHbiMH, ecJiu rrpu.nepmuaaThCH cpaRHe

uun ual(epmeK ua onpe.neJieHHhlX CTa.nunx :mc

JmyaTaiiHH, HCXO,!I,H H3 C6biTOBhlX U HOKYIIOqHblX 

11en ua TOIIJIHBHhie MaTepnaJI~>I. YqeHhlM-«PnanKaM 

1"at\OH MOTOJ.(H'IeCKHH HO,!I,XO,!I, MOiKeT Ka3aThCH HC 

HO BKycy, HO TeM He MeHee OH OCIIOBaH Ha ,!l,eJIO

BOii JioruKe. 

PaaJiuqnbre MeTO,!I,hi onpe.neJieaun lleHHOCTn 

HJIYTOHifH KaK TOIIJIHBa ,!I,JIH anepreTUqeCKHX pe

<IKTOpon HOJ.(pU3)l.eJIHIOTCH Ha npaKTJiqeCKHC H OT

IIJie'lOHHhiO, HpUBO,!I,HTCH cpaBHeHUe IIOJiyqeHHhlX 

JlC3YJihTUTOB. IlpaKTUqCCKHe MCTO)l.bl BKJIJOqaJOT 

onpel(CJICHUC paC'lOTHOH ~eHHOCTH IIJIYTOHUH ;rt;JIH 

OT,!I,eJibHhiX TUIIOB peaKTOpOB U :lKOHOMU'leCKHX 

YCJIOBHH; TOr,!l,a I\aK OTBJieqeHHhle MeTO;rt;hl pac

CMaTpUBaiOT Mo;rt;em1, upe.nnaaaaqennhre ,ii,JIH o6-

JHICOBKH H KJiaCCUcPUKa~HU OIIpe,D;eJIOHHblX BJIUH

llnH, oonapymeHHbiX nyTeM <mpaKTH'lOCKUX>> pac

'WTOR. B HacTon~ee apeMn ;o;ame <mpaKTH'lecKne>> 

paC'li:'TLI 3aCTaBJIHIOT IIpC,D;IIOJiaraTb H U)l.eaJIU3U

))()BUTh, C TeM 'IT06hi IIOJIY'lHTh peUICIIHe; IIO:lTO

MY UHTepupeTaiiHH peayJihTaTOB CTaHOBHTCH OCO

OCHHO aanucnMoii oT aHanun orpaHn'lenuii oc

HOBHhiX liOJIOiKeHJfii OIIpe,!l,eJieHHH IICHHOCTH. 

IIpe,D;cTaBJienhr peayJihTaThi «rrpanTn'lecKoro>> 

HHaJiuaa HJIYTOHHH KaK IIOCJIC,D;OBa~eJihHO pereHe

pupyeMoro TOIIJIHBa ;rt;JIH HeCKOJibKHX MO;rt;CJIHpo

BUHllhlX CHCTCM peai\TOpOB Ha TCIIJIOBhiX HCHTpO

nax, a TaKme CBH3b Mem;rt;y IIpOHCXQAH~HMH Jf3-

JifeHCHJfHMH B ~eHHOCTU IIJIYTOHHH If ero H30TOIJ

HhlM cocTanoM. Bnn;o;y Toro 'ITO norrpoc o rronTop

nol'tf JfCIIOJlb30BUHJfJf IIJIYTOIIHH 6ea o6Meua TOIIJIU

Ha Mem;rt;y pa3HbiMJf peaKTOpUli-IJf HBJIHeTCH HOa

MO»\HO HepeaJibHhiM, o6cym,D;aiOTCH MCTO,D;hi paa

paoOTKlt :lTOH 6oJiee mnpoKoii rrpo6JieMhi. 

B oo~eM, pacqeT 3Ha'1eHui{ ~eHHOCTH TIJIYTO

HHH HBJIJJCTCH HCCKOJlhKO npem,D;eBpeMeHHblM, TaK 
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IiaK MHOrHe AaHHble HeAOCTaTO'IHO H3Y'ICHLI B Ha
CTOHI~ee npeMH. Muorue ua arnx ueorrpeAeJieH
nocTeii OYAYT KoMneucuponaTLCH, ecJIH auaqeuun 
1\CHHOCTH IIJIYTOHHH 6YAYT orrpeAeJIHTbCH cpanHe
HHeM c UHKJillMn cJia6oo6ora~euuoro ypaua, TaK 
I<aK B TaKHX ~Himax npOHCXOAHT cropauue IIJIYTO
HHH ua MecTe. 0AHaKo n Apyrux namnhiX pactJe
Tax, OIIIH6KH B OllpCAeJIHIO~HX cfJaKTOpax HBJIH
IOTCH KYMYJIHTHBHhiMH. llpuneAeHLI npuMepbl pac
'leTon. 

HarJIHAHO uoKaaaHbi ueonpeAeJieuuocTu, BLITe
I\aiO~He H3 npucy~HX xapaKTepHCTHI{ Ka:IKAOI'O 
113 H30TOIIOB IIJIYTOHHH, HaiipHMep CTCIIeHb CaMO
aKpauupoBaHHH a6cop6uuouuoro peaouauca 
Pu240• Meuee o6~euanecTHoii, no namuoii, HB
JIHeTCH cTeneub caMoaKpauuponaHHH peaouau
con Pu239, KOTopaH o'IeHb CHJibHO nnuHeT na 
::x- neJiutJuuy Pu239• 

OrpaHHlJCHHH yrrpo~eHHOI'O aHaJIH3a ueHHOCTK 
IIJIYTOHHH yneJIHlJHDaiOTCH C D03paCTaHHCM CJIO:IK
HOCTH pacCMl!TpHBaeMOH HAepuoii CHCTeMW. llpu
MeHCHHC IIJIYTOHHH AJIH o6ora~eHHH TOpHH H 
U233 AJIH o6ora~eHHH U238 IIOATBepm~(aeT cKaaau
uoe nbnue, TaK me KaK H o6MeH IIJIYTOIH1enoro TO
IIJIHna Me:IKAY peaKTopaMn ua 6wcTpbiX ueiiTpo:
uax H peaKTOpaMH Ha TCIIJIOBbiX HeiiTpOHaX. 06-
rymAaCTCH BJIHHHne TnepAoro pLIHKa ncTotJmmon 
~eJIH~HXCH MaTepuanon, Taimx, I\aK Cm244 

" 

Pu23B (xoTH n ue rapaHTHponauuoro c6biTa), ua 
upoeKTIIpOBaHHe TOIIJIHBHbiX: UllKJIOU peaJ\Topon 
ua Tennonhrx ueiiTpouax. 

A/24~ Estados Unidos de America 

Amilisis del valor del plutonio 
por E. A. Eschbach 

Se discuten varias definiciones utilizadas para el 
enjuiciamiento del valor del plutonio como com
bustible para los reactores termicos haciendo una 
cuidadosa distinci6n con el precio, cuesti6n esta 
complicada que implica especulaciones importantes 
que se salen del objeto de este trabajo. La mayoria 
de los am'ilisis determinan como « valor » el precio 
del plutonio para el que se verifica que los costos 
de combustible del reactor son los mismos en el 
caso de emplear dos combustibles diferentes. Es 
limitada la idea que puede adquirirse mediante tales 
valores, ya que en la pnictica puede recurrirse frecuen
temente a muchas posibilidades. Se han empleado 
incluso formulaciones mas simplificadas de costos 
y estrategias financieras, con objeto de averiguar el 
efecto de una sola variable. Los resultados de tales 
analisis concisos son muchas veces incompatibles 
con los resultados de otros analisis. Muchas de estas 
discordancias pueden ser eliminadas, o al menos 
resulta posible aclarar las razones determinantes de 
las mismas, procediendo a una evaluacion de costos 
referida a determinadas etapas operatorias, consi-
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derando Ia venta y la compra de materiales vendibles. 
Esta aproximaci6n metodica resulta tediosa y exaspe
rante para el cientifico, pero mantiene integra la 
esencia de Ia Iogica de negocios. 

Los distintos metodos para determinar el valor 
del plutonio como combustible nuclear se clasifican 
como practicos y abstractos y se comparan algunos 
resultados. En los metodos practicos se incluyen 
valores de plutonio calculados para tipos de reac
tores especificos y ambientes economicos, mientras 
que los metodos abstractos implican modelos pre
vistas para Ia descripcion y clasificacion de efectos 
particulares observados en los calculos « practicos ». 
A Ia bora presente, incluso los calculos « practicos » 
precisan de hipotesis e idealizaciones para su resolu
cion, asi pues, Ia interpretacion de resultados depende 
en gran manera del conocimiento de las limitaciones 
de las definiciones del valor. 

Se presentan resultados de un analisis « practico » 
de plutonio como un combustible progresivamente 
reciclado en varios sistemas de reactores termicos 
simulados y se describe una comparacion de las 
variaciones obtenidas en los valores de plutonio, en 
funcion de la composicion isotopica del mismo. Poi: 
considerar que el reciclado sucesivo sin intercambio 
de combustible entre diversos reactores no constituye 
posiblemente un caso real, se discuten los metodos 
de abordar este problema de mayor envergadura. 

Hablando en terminos generales, puede decirse 
que el calculo de los valores de plutonio resulta 
algo prematuro debido al insuficiente conocimiento 
de que se dispone en relacion con muchos hechos. 
M uchas de las inseguridades son compensatorias 
si los valores de plutonio se determinan por compa
racion con ciclos de uranio poco enriquecido, ya que 
tales ciclos queman el plutonio in situ. Sin embargo, 
en otros calculos importantes, los errores en factores 
clave son acumulativos. Se incluyen ejemplos cal
culados. 

Se ilustran las inseguridades derivadas de Ia natu
raleza intrinseca de cada uno de los is6topos del 
plutonio, tales como el grado de autoabsorci6n o Ia 
resonancia de absorcion del plutonio-240. Menos 
generalmente conocido, aunque importante, es el 
grado de autoabsorcion debido a las resonancias 
del plutonio-239, que se traduce grandemente en el 
valor de Ia emision alfa del plutonio-239. 

Las Iimitaciones impuestas a! analisis simplificado 
del valor del plutonio aumentan a medida que Ia 
complejidad del sistema nuclear considerado tam
bien aumenta. El empleo de plutonio para enrique
cer torio y de uranio-233 para enriquecer uranio-238, 
constituyen ejemplos de intercambio del combus
tible de plutonio entre reactores rapidos y termicos. 
Se discute la influencia de un mercado consolidado 
para fuentes termicas de desintegracion, tales como 
el curio-244 y el plutonio-238 (de todas formas un 
mercado problematico), sobre el proyecto de ciclos 
de combustible de un reactor termico. 
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Fuel cycle economics of uranium-fueled thermal reactors 

By j. M. Vallance* 

This paper deals with fuel costs of US nuclear 
electric plants. In particular, fuel costs for reactors 
which use the slightly-enriched uranium cycle and 
which are undergoing intensive development as part 
of the US program. The classes of reactors discussed 
are: Boiling water, Heavy water, Pressurized water 
and Sodium graphite. 

Fuel cost results are not very meaningful unless 
there is a clear understanding of the bases used in 
arriving at the costs. Therefore, this paper begins 
with a qualitative discussion of the approach used 
and the bases for fuel costing in the US. This is fol
lowed by a presentation of actual fuel costs now being 
experienced in two operating reactors and estimated 
fuel costs for "next-generation" power reactors. These 
estimates a.re for the present and the immediate future. 
The fuel cost of the initial fuel loading of each reactor 
is based on present conditions. The fuel cost of the 
equilibrium replacement batch of fuel is based on 
economic conditions expected to prevail later in this 
decade. This paper does not speculate on fuel costs 
beyond the "near-term" (late 1960s) future. 

Much emphasis is placed on identifying the detailed 
technical and economic assumptions upon which the 
stated fuel costs are based. As is known, a number 
of the components making up the fuel cost vary from 
one specific case to another, depending on actual 
circumstances. Examples of these variations are: 
carrying charges on working capital, spent fuel ship
ping costs, and plant capacity factor. Even fuel 
fabrication prices can vary significantly for a given 
class of reactor. 

Because of these variations, most of the fuel costs 
presented pertain to a generalized set of economic and 
operational assumptions. These "arbitrary" assump
tions have been chosen to represent what might be 
considered a reasonable set of criteria for engineering 
evaluation types of cost estimates. 

A final qualification worth noting is the fact that the 
scope of this paper is limited to fuel costs. Plant 
capital costs are equally important and in a complete 
system economic analysis, tradeoff between fuel cost 
and capital cost play an important part in optimizing 
a system. This paper should be considered in this 
perspective. 

• US. Atomic Energy Commission, Washington, D.C. 
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THE FUEL COST 

General 

Presently, US reactors employing the enriched ura
nium cycle lease their fuel from the USAEC. The 
Commission has submitted to Congress amendments 
to the Atomic Energy Act which will permit private 
ownership of nuclear fuels. The fuel costs presented in 
this paper pertain to either situation, that is, lease or 
private ownership, as noted. As used in this paper, 
the total fuel cost is made up of two types of items. 
These are: the direct fuel costs, and the cost of 
financing the fuel cycle. 

A varying amount of working capital is required for 
the fuel cycle since the fuel cycle expenses lead the 
fuel cycle revenue (from sale of electricity) in time. 
Strictly speaking, the cost of providing working capital 
is not considered to be a part of the fuel cost per se 
but is included in plant fixed charges. The investment 
in the fuel cycle is, however, a major portion of the 
plant working capital requirement, and for this reason 
my paper includes consideration of the amount of fuel 
cycle working capital and the charges for this working 
capital, as though it were part of fuel cost. 

Most previous estimates of working capital for the 
fuel cycle were based on the average amount being 
approximately 60% of the fuel fabrication price. The 
method described below is intended to be a somewhat 
more accurate estimate which takes account of ad
ditional variables which determine working capital 
requirements of the overall fuel cycle. 

An accurate assessment of fuel cycle working capital 
become very important when nuclear fuels are pri
vately owned rather than leased. Under private owner
ship of fuel, the investment in the uranium is part 
of working capital whereas under a lease arrangement 
there is no investment in the uranium and the lease 
charge is carried as a direct fuel cost. 

By including a charge for fuel cycle working capital, 
the resulting fuel cost is consistent with the cost one 
would compute using a detailed present worth 
analysis. 

Format 

In the fuel costing approach used in this paper, costs 
associated with each discharge batch of fuel are 
summed-up and amortized over the net electric energy 
produced by the discharge batch. These batch fuel 
costs can be easily· converted to annual fuel costs or 
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PRIVATELY OWNED FUEL - WORKING CAPITAL VS. TIME 
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Figure 1. Cumulative expense and revenue 
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Figure 2. Net expense 

LEASED FUEL- WORKING CAPITAL VS. TIME 
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Figure 3. Cumulative expense and revenue 

operating interval fuel costs by taking suitable energy
weighted averages. 

The total fuel cost is described as the sum of the 
following components: 

Total Fuel Cost 
Direct charges 

Fabrication 0 • o 0 • 0 xx 
Uranium consumption 0 xx 
Spent fuel recovery . xx 
Plutonium credit 0 0 (xx) 
Uranium use charge 0 xx 

Sub-total, direct. xxx 
Fixed charges 

Working capital. 0 • xx 

Total fuel cost, including 
working capital charges xxx 

Allocation of individual charges 

A general description of the individual components 
of fuel cost follows. Specific costs and prices used for 
each component of fuel cost are given later in Table 3. 

Fabrication: Includes charges for all processing and 
shipping operations, beginning with UF 6 at the AEC 

4 

rtirrad 1 ~ 300 
C7> 

-" 
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Figure 4. Net expense 

withdrawal point through delivery of completed fuel 
assemblies to the nuclear electric plant. In this paper, 
carrying charges on the uranium inventory are excluded 
from the fabrication costs. It is to be noted, however, 
that fuel manufacturers usually include use charges 
during fabrication as part of their selling price. The 
fuel fabrication prices used herein are based upon 
information from fuel manufacturers, except that use 
charges on the uranium have been removed from the 
prices. 

Uranium consumption: This is the charge for ura
nium consumed during irradiation, computed accord
ing to schedules published by the AEC for enriched 
and depleted uranium. For the "next-generation" reac
tors, the current AEC schedule of charges is used for 
the initial fuel loading of each reactor. For replacement 
batches of fuel, the uranium charges are based on a 
particular assumed mode of toll enriching (USAEC 
enriching service). This mode assumes that the charge 
for separative work is $30/kg U, the cost of natural 
uranium feed is $6/lb U30 8, the cost of converting 
U30 8 to UF6 is $2.7/kg U and the cascade tails assay 
is 0.2531% 235U. 
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Spent fuel recovery: This term includes charges for 
post-irradiation shipping, chemical processing, con
version, and uranium losses, as follows: 

(a) Shipment of spent fuel to the chemical plant 
including shipping cask rental or fixed charges, cask 
handling at both ends of the trip, transportation 
charges, and property insurance on the cask and its 
contents. There is also a cost for shipment of the 
decontaminated uranium and plutonium to the AEC 
return point. 

(b) Chemical processing of the spent fuel to remove 
fission products and separate the uranium and pluto
nium. This charge also allows for perpetual storage of 
fission products. 

(c) Conversion of product material from the chem
ical plant to the chemical composition suitable for 
delivery to the AEC (i.e., uranyl nitrate hexahydrate 
to UF6). No conversion is required for the plutonium. 

(d) Uranium losses during chemical processing and 
conversion. 

Plutonium credit: This is dollar credit for the net 
amount of plutonium delivered to AEC as plutonium 
nitrate solution. 

Uranium use charge: This is the inventory charge 
payable to the AEC for uranium leased from the AEC, 
from the time it is withdrawn until it is returned. This 
entry is not used when fuel is privately owned. 

Working capital charges: Fixed charges on the 
investment in the fuel cycle, computed on the basis 
of analyzing the cash flow required by the fuel cycle. 
Under private ownership of uranium, the carrying 
charges on the fuel inventory are included in this 
term. 

Working capital 

A simple yet reasonably accurate computation has 
been used in this paper for approximating the amount 
of working capital required for the fuel cycle. It 
consists of making a cash flow summation of the debits 
and credits associated with the throughput of a unit 
of fuel. The debits in this case are for the direct fuel 
costs and the credits are revenue for electric energy 
produced. It is a characteristic of nuclear electric plants 
that the fuel cost expenditures occur heavily at the 
beginning ol the fuel cycle, hence the expenditures 
substantially lead the revenue for electricity. This 
concept is best explained through the use of diagrams. 

Privately owned fuel: Figure I is a generalized plot 
of the expenditures and credits as they occur with time 
for a kilogram of fuel throughput. Here, the uranium 
is assumed to be purchased almost a year before the 
fuel is to be inserted into the reactor. The purchase 
price is represented by Ui. The fabrication of the 
replacement batch of fuel is taken to occur over a six 
month period with regular progress payments being 
made. The price for fabrication is indicated by Fab. 
The fuel is inserted into the reactor at point A and 
discharged at point B. The next expense occurs when 
the fuel undergoes the recovery operations (ship, 
chemical process and conversion). This expense is 
indicated by Recov. At this point, credits are assigned 
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for the plutonium and uranium discharged. These are 
indicated by Pu and Uc. Point C is the net amount 
of direct expense on the unit of fuel put through the 
reactor. In this example, the revenue shown for the 
direct fuel cost is assumed to occur linearly with the 
fuel irradiation. Strictly speaking, the revenue line 
should lag the irradiation interval by a month or two 
because of the lag in billing and collection activities, 
but this is neglected here. The effective time interval, 
tpre (such that tpre X (Ui + Fab) represents the actual 
$-time area for a real case) for fuel preparation is 
estimated as 0.75 years. The residence time of the 
fuel in the reactor is represented by tirrad and the 
time for post-irradiation cooling and processing, 
tpost• is estimated at 0.75 years. 

Figure 2 is a replot of Fig. I to show the net amount 
of expenditure (expense less revenue) with time. The 
shaded area of Fig. 2 represents the working capital 
requirement in $-years/kg U throughput. This area 
is converted to working capital charges in $/kg U 
throughput by multiplying by the annual carrying 
charges on working capital. 10%/year is used here. 
This yields the additional revenue requirement of the 
fuel cost in order to account for interest charges on 
the cash flow of the fuel cycle. 

Leased fuel: Figures 3 and 4 represent the case 
where fuel is leased from the AEC. The sawtooth 
effect is the result of the semi-annual depletion and use 
charge payment. The explanation of these figures is 
analagous to that of Figs. 1 and 2. In this case, however, 
the effective time for fuel preparation is estimated 
as 0.50 years, since the uranium is already enriched 
at the time it is leased. 

The resulting analytical expression for the working 
capital charges is therefore as follows: 

Privately owned fuel 
(a) Average net amount of working capital, in 

$-years/kg U throughput: 
Amount= 0.75 A+ tirrad/2 (A+ B)+ 0.75 B 

where: 
A= Ui + Fab, in$/kg U 
B = Uc + Pu - Recov, in $/kg U 

(b) Charges for working capital, in $/kg U through
put: 

Charges = i/year X Amount 
where: 
i/year = annual carrying charges on working capital. 

Leased fuel 
(a) Average net amount of working capital, in 

$-years/kg U throughput: 
Amount= 0.50C + tirraJ2 (C +D)+ 0.75 D 

where: 
C = Fab + Pre-irrad, use charge, in $/kg U 
D = Pu - Recov + Post-irrad, use charge, in $/kg U 

(b) Charges for working capital, in $/kg U through
put: 

Charges = i/year X Amount 

This method of computing working capital amounts 
and charges can be made more accurate for specific 
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cases by a more rigorous estimate of the times that 
the pre- and post-irradiation expenses occur. 

FUEL COSTS OF OPERATING REACTORS 

General 

Of the classes of reactors under discussion, the 
Dresden (Commonwealth Edison Company) and 
Yankee (Yankee Atomic Electric Company) nuclear 
electric plants have undergone refuelings. 

Reactor Date of Refueling 

Initial 
Weight of 

Fuel 
Discharged, 

t(u) 

Yankee 18 May 1962-21 Sept. 1962 20.3 
2 Sept. 1963 - 13 Nov. I 963 11.0 
Summer 1964 9.9 

Dresden 7 Nov. 1962- 8 March 1963 20.5 
12 Apr. 1964-1 June 1964 10.5 

Average 
Exposure 
of Fuel, 

MWd/kgU 

8.3 
10.6 

ca. 12.0 

6.3. 
8.6 

The technical and economic data of these fuel 
discharge batches and the resulting fuel costs are 
given in Tables 1 and 2. 

Some special aspects of these fuel costs that differ 
from today's assumptions and should be noted are 
that the plutonium credit of the first discharge batch 

of each of the reactors is based on $30/g Pu and the 
uranium consumption charges are based on AEC 
schedules of charges of enriched uranium that were in 
effect duri"ng previous years (see also Table 6). The 
Dresden fuel cost includes uranium use charges 
whereas these charges are waived for Yankee. Use 
charges listed in the Tables appropriately reflect the 
several AEC schedules of charges that have been 
in effect recently. Extraordinary fuel expenses asso
ciated with initial plant shakedown prior to the 
beginning of commercial operations are excluded from 
the Tables. 

Continued reduction of the fuel cost of both of 
these reactors will be experienced, largely on the 
basis of gradually increasing unit energy output of 
the fuel. 

ESTIMATED NEAR-TERM FUEL COSTS 
NEXT-GENERATION PLANTS 

General 

Current experience leads to considerable optimism 
about future downward trends in nuclear electric plant 
fuel costs. This portion of my paper presents the 
bases for and estimates of fuel cost for the early years 

Table 1. Yankee Atomic Electric Power Plant - Fuel cost - Basic technical and 
economic data 

(600 MW(th), 175 MW(e) net, U02 clad in SS) 

Original First Second Third 

Refueling shutdown 
Date Nov. 1960 May-Sept. 1962 Sept.-Nov. 1963 ca. Aug. 1964 

Fuel charged 
Tonnes U 20.9 20.3 9.9 1.1 9.9 
X;, %235U (initial enrich-

ment) ' 3.4 3.4 4.1 3.4 4.1 
Fuel discharged 

Inserted during refueling . orig. orig. 1st 1st 
Original wt. uranium (tonnes) 20.3 0.6 10.4 9.9 
X; <%•••u) . 3.4 3.4 3.4 3.4 
Xr, %235U (discharge enrichment) 2.6 1.6 2.4 2.3 
Pu, g total/kg U . 4.7 10 5.6 6.3 

g239Pu + 241 Pu/kg U 8.5 5.1 5.6 
Energy 

MWdfkg (U) . 8.3 20 10 12 
MWh(e)/kg (U) . 58 73 84 

Economic data 
Fabrication cost ($/kg U) 107. 107 Ill Ill 
Spent fuel recovery cost ($/kg U) 41.7 41.4 41.4 
Plutonium credit: $/g total Pu, as 

metal 30 
$fg 239Pu + 241 Pu, as nitrate 10 10 

Fuel cost, direct (mill/kWh) . (mill/kWh) 
Fabrication 1.84 1.51 1.32 
Uranium consumption . 1.98 1.63 1.42 
Spent fuel recovery 0.72 0.56 0.49 
Net plutonium credit (2.26) (0.71) (0.66) 

Total direct 2.28 2.99 2.57 

NoTE: The above fuel costs do not include waived uranium use charges, fuel cycle working capital and 
control rods. The waived use charges "for the above discharges amount to about 0.7- 0.5 mill/kWh. 

Quantities per kg U are expressed on the basis of the weight of uranium charged to the reactor (e.g .• 
MWh(e)/kg U = megawatt hours electric per kg U charged to reactor). 
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Table 2. Dresden Power Reactor-Fuel cost-Technical and economic data 
700 MW(th), nominal 200 MW(e) net capability, U02 clad in Zr, except part of first replacement batch 

Original First Second 

Refueling shutdown 
Date Apr. 1960 Nov. 1962 Apr. 1964 

Fuel charged 
Tonnes X;. 50.8@ 1.47%" 8.9@ 1.47% 9.8@ 1.83% 

10.5@ 2.44%0 

Fuel discharged 
Inserted during refueling Original Original 
Original wt. uranium, tonnes . 20.5 10.5 
X;,% ... U 1.47 1.47 
xh% •••u 0.92 0.80 
Pu, g total/kg U . 3.34 4.06 

g 239Pu + 241Pu/kg U . 2.57 3.13 

Energy 
MWd/kg U. 6.3 8.6 
MWh(e)/kg U . 44.7 60.9 
Economic data, fabrication 

price, $/kg U 166 166 

Fuel Cost (mill/kWh) 
Fabrication . 3.73 2.74 
Uranium consumption 1.34 1.14 
Spent fuel recovery . 0.83 0.62 
Plutonium credit . (2.08) (0.51) 
Uranium use charge 0.21 0.23 

Sub-totai, direct fuel cost . 4.03 4.22 
Working capital . 0.32 0.40 

Total fuel cost . 4.35 4.62 

General note: Uranium consumption and use charges reflect 
several recent AEC schedules of charges of uranium. Pu credit 
based on $30/g Pu as metal for first discharge batch; $10/g '"Pu + 
mpu as nitrate for all other discharges. Discharge batches I, 2 
and 3 assume AEC chemical processing charges, batches 4 and 
5 based on commercial processing. In general, about 20 tonnes U 

of operation of next generation power reactors. 
A description is provided for each of the four classes 
of reactors under discussion. These descriptions are 
intended to be representative of plants which can start 
construction today and come on the line around I 968. 
The first replacement batch of fuel would then be 
inserted in 1969 or 1970. The reference designs are 
as follows: 

BWR - 500 MW(e) net, direct cycle 
HWR- 300 MW(e) net, 0 20 moderated and 

cooled 
PWR - 500 MW(e) net, closed cycle 
SGR -200 MW(e) net, UC fuel 

The different ratings were chosen on the basis of 
the minimum size range of the next plant likely to 
enter service for each class of reactor. 

Various US reactor operators and manufacturers 
contributed the detailed technical description of the 
fuel cycle of each of the reference designs presented 
below. They also provided an estimate of the fuel 
fabrication prices. The technical and economic data 
and assumptions were then handled in a uniform 
manner in arriving at the stated fuel costs. Table 3 
provides the economic assumptions that were com
monly applied to each of the reactors. 

Third Fourth Fifth 

ca. Feb. 1965 ca. July 1966 ca. Aug. 1967 

9.8@ 1.83% 9.8@ 2:00% 9.8@ 2.08% 
9.8@ 1.85% 

Orig. First• Orig. First Orig. First Second 
9.1 10.5 6.2 4.5 4.5 4.5 1.6 
1.47 2.44 1.41 1.47 1.47 1.47 1.83 
0.71 1.78 0.69 0.73 0.56 0.68 0.89 
4.38 2.32 4.61 4.38 5.08 4.66 4.12 
3.20 2.02 3.32 3.24 3.51 3.35 3.09 

10.1 6.7 10.5 9.7 12.8 10.7 10.7 
71.3 47.1 74.4 68.3 90.4 15.5 15.9 

166 151 166 166 166 166 131 

2.71 2.32 1.96 
1.42 1.02 0.99 
0.69 0.61 0.54 

(0.44) (0.45) (0.41) 
0.43 0.31 0.27 

4.81 3.81 3.35 
0.59 0.53 0.52 

5.40 4.34 3.87 

are accumulated per processing. Working capital charges are based 
on I 0%/year carrying charges. 

a Includes 48.9 tonnes U@ 1.5% and 1.9 tonnes U@ 0.71%. 
b This quantity includes some thorium: 8.73 tonnes U @ 2.5% 

mu plus 1.773 tonnes Th containing 41.5 kg U @ 93% mu. 
c Discharge quantities expressed per initial kg U and Th. 

The fuel costs listed are intended to apply only to 
the immediate future. Fuel costs are given for the 
initial fuel loading and for early replacement batches 
of fuel. The technical data listed for the replacement 
batches of fuel is that of the "equilibrium cycle", 
that is, the fuel replacement batch after steady state 
conditions are reached in the fuel cycle and replace
ment batches of fuel become repetitious in physical 
properties and energy output. In the tables, the equili
brium fuel replacement batch is called batch n. Eco
nomic assumptions expeted to prevail around 1970 are 
used in arriving at the fuel cost of batch n. Each of 
the reactors will reach the "equilibrium cycle" at 
different times after plant start-up. 

No estimates are given in this paper for fuel costs 
beyond 1970, although it is noted that there should be 
substantial reduction in fuel costs after 1970. This will 
be due both to the increasing scale of the fuel cycle 
unit operations (fabrication, recovery, etc.) and to 
technologic improvement in these operations, thereby 
leading to reduced unit costs. 

Attention is called to the difference in economic 
assumptions for the initial fuel loading and the subse
quent replacement batches. The fuel cost of the initial 
fuel loading is based on leasing fuel from the AEC 
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Table 3. Economic data used in fuel cost computations 

Plant capacity factor 
Uranium prices: 

$/lb u.o •. 
$/kg U separative work . 
Cascade tails assay, %235U . 
Conv. U30 8 to UF0, $/kg U . 

Plutonium credit., $/g 23'Pu + 241Pu. 
Post irradiation shipping ($/kg U) 
Chemical processing charges . 

$/processing day . . . . . 
Processing rate (kg U /day): 

X1 = 3% or less 
XI =4% 

Turnaround time: 
Batch size 8-24 tonnes U 
Batch size greater than 24 tonnes . 
Conversion of UNH to UF6 ($/kg U) 
Uranium losses, % of feed . 
Plutonium losses, % of feed 

Annual carrying charges on working 
capital(%) 

Annual carrying charges on uranium 
inventory (%) . . . . . . . . . . . 

Ex-reactor inventory time, years (effective 
time for interest charges): 

Pre-irradiation . 
Post-irradiation 

Cost of heavy water ($/lb) 
Fabrication price ($/kg U): 

BWR. 
HWR. 
PWR. 
SGR. 

Initial fuel 
loading 

Present AEC 
8 

30 
0.2531 
2.7 

10 

4% 

0.50 
0.75 

112 
60 

145 
130 

80% 

6 
commercial 

24000 

1 000 
880 

8 processing days 
1/ 3 x processing days 

5.6 
1.3 
1 

10 

24.5 

Replacement 
fuel 

Toll-enrich. 
6 

30 
0.2531 
2.7 
9.1 

10 

0.75 
0.75 

96 
50 

135 
115 

Table 4. Technical bases for fuel costs, next-generation reactors 

Reactor Discharge Initial Discharge Plutonium Fuel Fuel 
batch enrichment enrichment discharged exposure residence 

(gfkg U) time 

61 

Unit. energy 
yield (net) 

(%'"U) (% '"U) Total Fissile 
@80%C.F. 

(MWd/kg U) (Years) lMWh(e)kgU] 

Boiling Water Reactor [500 MW(e) net, 

l 
1 2.05 1.14 4.98 3.81 10.9 2.2 82 

I 600 MW(th), U02, 35 x 10·• in Zr First 2 2.05 1.02 5.56 4.08 13.1 2.8 98 
clad, 102.9 tonnes U inventory, refuel- core 3 2.05 0.87 6.20 4.34 15.9 3.4 119 
ing 1/5 replacement batch, scatter 4 2.05 0.71 6.88 4.55 19.3 4.2 145 
pattern] 5 2.05 0.56 7.56 4.74 23.5 5.3 176 

n 2.42 0.84 7.33 4.89 22.0 4.8 165 

Heavy Water Reactor [300 MW(e) net, n 1.20 0.20 5.2 3.3 15.0 1.0 98 
1 100 MW(th), U02, 25 X 10·• in. Zr 
clad, 20.9 tonnes U inventory, refueling 
1/3 replacement batch, scatter pattern, 
232 tonnes D 20 inventory] 

Pressurized Water Reactor [500 MW(e) net, { 1 2.50 0.90 7.4 6.3 15.8 1.6 119 
1 600 MW(th), U02, 24 x 10·• in. Zr First 2 2.80 0.85 8.9 7.4 22.8 2.7 171 
clad, 62.1 tonnes U inventory, refueling core 3 3.10 1.05 9.3 7.5 25.4 3.7 191 
1/3 replacement batch, out in] n 3.00 1.20 9.1 7.5 24.0 3.2 180 

Sodium Graphite Reactor [200 MW(e) net, 

{ 
1 2.20 1.72 2.33 1.86 4.6 0.7 46 

480 MW(th), UC, 10 x 10·3 in. SS clad, First 2 2.20 1.38 3.71 2.71 8.8 1.3 88 
20.8 tonnes u inventory, refueling core 3 3.00 1.81 4.66 3.26 12.5 1.9 125 
1/6 replacement batch, scatter pattern] 4 3.00 1.51 5.51 3.67 16.7 2.5 167 

5 3.80 1.92 6.26 4.07 20.4 3.2 204 
6 3.80 1.63 6.75 4.30 24.5 3.8 245 
n 3.80 1.60 6.86 4.37 25.0 3.7 250 

NoTE: Fuel geometry is rods for all except HWR which uses concentric tubes. 
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Table 5. Fuel costs, next-generation reference designs 
(mills/kWh net) 

Discharge Fabrica- Uranium 
Batch tion consmpt. 

Boiling Water Reactor 1 1.37 1.13 
500 MW(e) 2 1.14 1.05 

3 0.94 0.98 
4 0.77 0.89 
5 0.64 0.79 

Ave.1stcore 0.90 0.94 
n 0.58 0.85 

Heavy Water Reactor Ave. 1st core 0.61 0'>7 
300 MW(e) n 0.51 0.56 

Pressurized Water Reactor 1 1.22 1.36 
500 MW(e) 2 0.85 1.16 

3 0.76 1.13 
Ave. 1st core 0.90 1.20 

n 0.75 0.94 

Sodium Graphite Reactor 1 2.83 1.23 
200 MW(e) 2 1.48 0.65 

3 1.04 1.16 
4 0.78 0.87 
5 0.64 1.15 
6 0.53 0.96 

Ave. 1st core 0.89 1.00 
n 0.46 0.86 

• For the stated technical and economic data, it is not economic 
to process the fuel. Therefore, a "throw away cycle" (e. g., deferred 
processing) is assumed with a net cost of $3/kg U assigned against 
the discharge fuel. 

b Stated fuel cost excludes D.O inventory charges and losses. 
Inclusion of D 20 carrying charges of 10%/year and 2%/year D 20 
losses adds 0.60 and 0.12 mill/kWh respectively (D20@ $24.5/lb), 

and the uranium prices are based on the present 
published schedule of charges. The fuel cost given for 
batch n assumes that the fuel is privately owned and 
toll-enriching is in effect. In the toll-enriching case, 
the credit for plutonium has been reduced in propor
tion to the reduction in the price of highly enriched 
235U. This is based on the use of the plutonium as 
a fuel in thermal reactors. 

Table 3 lists the economic assumptions, Table 4 
the technical data and assumptions and Table 5 the 
resulting fuel costs. 

SOME IMPORTANT VARIABLES TO THE FUEL COST 

Changes in fuel cost for several variations in the 
bases for enriched uranium pricing are given below. 
Data are also presented to indicate how fuel cost 
varies with plant capacity factor. 

Table 6. Recent USAEC schedules of charges of ern-iched 
uranium: bases 

Period 

Pre-F.Y. 1962 .... . 
F.Y. 1962 ..... . 
Post-F.Y. 1962 (current) 

Charge for 
Natural uranium Separative work 
$/kg U as UF' $/kg U 

39.27 
23.50 
23.50 

37.29 
37.29 
30.00 

Direct Fixed Total 

Spent fuel Plutonium Uranium Sub-total Working Fuel 
recovery credit use charge direct capital cost 

0.55 (0.46) 0.21 2.80 0.20 3.00 
0.46 (0.41) 0.19 2.43 0.21 2.64 
0.38 (0.36) 0.17 2.11 0.20 2.31 
0.31 (0.31) 0.15 1.81 0.20 2.01 
0.25 (0.27) 0.14 1.55 0.21 1.76 
0.36 (0.34) 0.17 2.03 0.20 2.23 
0.27 (0.27) 1.43 0.56 1.99 

0 0.03• 0 0,03 1.34 0.06 1.40b 
. 0.03• . 1.10 0.13 1.23b 

0.37 (0.52) 0.13 2.56 0.18 2.74 
0.26 (0.43) 0.14 1.98 0.19 2.17 
0.23 (0.38) 0.19 1.93 0.22 2.15 
0.27 (043) 0.13 2.10 0.20 2.30 
0.25 (0.38) 1.56 0.57 2.13 

1.37 (0.40) 0.62 5.65 (0.17) 5.48 
0.71 (0.31) 0.33 2.86 0.01 2.87 
0.50 (0.26) 0.29 2.73 0.07 2.80 
0.38 (0.22) 0.23 2.04 0.09 2.13 
0.31 (0.20) 0.24 2.14 0.10 2.24 
0.26 (0.17) 0.21 1.79 Q.ll 1.90 
0.43 (0.23) 0.27 2.36 0,07 2.44• 
0.30 (0.16) 1.46 0.51 1.97 

bringing the fuel plus working capital cost to 2.12 and 1.95 mill/kWh 
for the initial fuel and replacement fuel costs. 

• Subsequent to preparation of these data, the reactor manu
facturer increased his estimate of the exposure (and enrichment) 
of the initial core loading, such that the first core fuel cost is about 
0.3 mill/kWh less than indicated above. 

Enriched uranium prices 

The largest single component of fuel cost of the 
classes of reactors under discussion is the uranium 
consumption charge. The price structure of enriched 
and depleted uranium is subject to change. Table 6 
indicates how enriched uranium pricing bases have 
varied in recent years. 

Table 7. Variation of fuel cost of the reference design 
equilibrium fuel cycle for selected changes in uranium 

prices 

Case Reactor 
Uranium Charge for Charge for 
inventory natural separative PWR BWR SGR HWR 
carrying uranium work 
charges ($/lb U30 8) ($/kg U) Reduction in fuel cost 
(%/yr) mill/kWh 

4% (lease) 8 30 0.24 0.24 0.26 0.05 
10 (own) 8 30 0.00 0.00 0.00 0.00 

(base case) 
25 0.09 0.08 0.11 0.04 
20 0.19 0.17 0.22 0.07 

, 6 30 0.15 0.15 0.15 0.13 
25 0.23 0.23 0.26 0.16 

" 
20 0.32 0.32 0.36 0.19 

4 30 0.30 0.31 0.31 0.26 
25 0.38 0.39 0.41 0.28 
20 0.46 0.47 0.51 0.32 
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Results of selected variations of uranium pricing 
structure on reactor fuel costs are given in Table 7. 
The fuel cycles used as a basis for the calculations are 
those of the equilibrium fuel replacement batches 
described earlier. In this analysis, the following 
uniform economic assumptions prevail: 

(a) Conversion cost, U30 8 to UF6, $/kg U: 2.7. 
(b) Plutonium credit for the base case, $/g 239Pu + 241Pu: 10.0. 
(c) Total cycle losses,% of reactor feed: 2. 
(d) Cascade tails assay optimized for minimum product cost. 
(e) For alternative uranium price schedules, the plutonium 

credit is assumed to be proportional to the price of fully
enriched uranium. 

(f) Working capital charges associated with plutonium credit 
are at 10%/year. 

(g) 80% plant capacity factor. 

Cost differentials from the base case of each of the 
individual reactors are given in mill/kWh. In addition 
to the above, the base case is described as: 

(i) Charge for natural uranium, $/lb U 30 8 : 8. 
(ii) Charge for separative work, $/kg U: 30. 

(iii) Plutonium credit, $/9239Pu + 241Pu: 10. 
(iv) Carrying charges on uranium inventory, %/year: 10. 

The analysis considers variations in: 
(a) Charges for uranium consumption and losses. 
(b) Annual carrying charges on total uranium inventory 

(in-core + ex-core). 
(c) Plutonium credit and working capital charges associated 

with plutonium credit. 

Fuel working capital charges and plant capacity factor 

The amounts of working capital required for each 
of the "next-generation" reactors, based on the condi-

Table 8. Working capital average amount 
and charges: fuel discharge batch N 

Reactor Average working Charge for working 
capital required capital 

Plant capacity factor, % 60 80 100 -60--80 ---wo 
($/kW) (mill/kWh) 

Pressurized water 36 40 43 0.69 0.57 0.49 
Boiling water 37 39 41 0.70 0.56 0.47 
Sodium graphite 33 35 38 0.62 0.51 0.44 
Heavy water, excl. D 20 8 9 10 0.15 0.13 0.12 
Heavy water, incl. D 20 50 51 52 0.95. 0.73 0.60 

NoTEs: The amount of working capital in $/kW has been con
verted to charges for working capital in mill/kWh based on an 
assumed carrying charge of 10%. Private ownership of uranium 
is assumed. For the SGR, the post-irradiation time is taken as 
1.6 ye<~;rs to allow for multiple hatching of fuel for cqemical 
processmg. 
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tions stated for batch n described earlier, are set 
forth below. These amounts are calculated in accord
ance with the method of the previous section on 
working capital. The average amount of working 
capital (in $/kW) required for the fuel cycle varies 
slightly with plant capacity factor, whereas the charges 
for the working capital (in mill/kWh) are almost 
inversely proportional to capacity factor. These results 
are based on privately owned uranium and include 
the working capital required for the entire fuel cycle. 

CONCLUSIONS 

For the economic environment assumed in this 
paper, fuel costs including fuel cycle (and D20) 
working capital charges of reactors presently under 
construction or which can be constructed in the 
immediate future, fall in the neighborhood of 
2.1-2.4 mill/kWh for the first fuel loading. The early 
replacement batches of fuel have indicated costs 
around 2.0 mill/kWh. 

While there are differences of a few tenths of a mill 
amongst the reactors listed, these differences are not 
considered significant at this time and probably fall 
within the general range of uncertainty associated 
with predicting fuel performance and economic 
assumptions. 

Beyond the time period covered in this paper, there 
will be continued reduction of nuclear electric plant 
fuel costs. It is quite easy to visualize fuel costs 
under 1.5 mill/kWh as the nuclear industry grows and 
matures. 
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A/247 ~tats-Unis d'Amerique 

Considerations economiques sur le cycle de 
combustible des reacteurs a uranium 

par j. M. Vallance 

Le memoire contient une discussion des aspects 
techniques et economiques presents et a court terme 
des cycles du combustible de quatre categories de 
reacteurs thermiques a uranium: a eau bouillante 

(BWR), a eau lourde (HWR), a eau sous pression 
(PWR) et au graphite-sodium (SGR). 

Les reacteurs thermiques utilisant le cycle de com
bustible du thorium et le recyclage du plutonium 
sont etudies dans d'autres memoires des Etats-Unis. 

On a encore assez peu de donnees sur des cycles 
d'irradiation complets pour les reacteurs consideres 
dans le memoire, mais les resultats que l'on a sont 
tres encourageants. Des la fin de 1963, trois gros 
reacteurs de puissance prototypes ont ete recharges 
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aux Etats-Unis. L'un de ces reacteurs est le PWR de 
Shippingport, qui n'est pas etudie en detail dans le 
memoire, bien qu'il ait fourni de nombreux renseigne
ments sur le fonctionnement des reacteurs a uranium. 
Les deux autres reacteurs sont le BWR de Dresden et 
le PWR de Yankee. Dans chacun de ces cas, le fonc
tionnement du combustible fut generalement celui qui 
avait ete prevu. Les frais de combustible enregistres 
jusqu'a present sont naturellement considerablement 
plus eleves que les coilts prevus pour les lots de com
bustible futurs. 

Le SGR de Hallam et le HWR Carolinas-Virginia 
sont de petites installations prototypes, toutes deux 
fonctionnant encore sur leur premiere charge. 

Un certain nombre de methodes analytiques peu
vent etre employees pour le calcul des frais de com
bustible d'un reacteur, une fois que les caracteristiques 
de fonctionnement du combustible ont ete specifiees. 
Afin de mieux faire comprendre les problemes de 
coilt du comoustible traites dans ]e memoire, un calcul 
du cout d'un combustible particulier est effectue en 
detail. Une methode de calcul des depenses de« fonds 
de roulement » comme facteur du coil.t du combustible 
est egalement presentee. Suivant les depenses courantes 
totales en fonction de Ia duree du cycle de combus
tible, des differences importantes peuvent apparaitre 
dans les fonds de roulement necessaires pour assurer 
le recyclage du combustible de reacteurs qui pour
raient par ailleurs avoir des coil.ts de combustible 
semblables. Si le stock de combustible nucleaire est 
propriete privee, on a un cas particulierement impor
tant, qui necessite une evaluation precise des besoins 
en fonds de roulement. 

Les coil.ts de combustible estimatifs pour les reac
teurs en construction (du type PWR et BWR) et ceux 
qui pourraient etre construits dans le proche avenir 
(HWR et SGR) sont sensiblement plus bas que pour 
les installations en fonctionnement. Des previsions 
concernant les facteurs economiques a court terme 
du cycle du combustible pour chacun des reacteurs 
thermiques consideres dans le memoire sont presen
tees et examinees. 

Outre les progres techniques touchant les carac
teristiques de fonctionnement des combustibles de 
reacteurs, on ameliore le bareme des prix des diverses 
operations auxiliaires du cycle de combustible. A Ia 
derniere Conference de Geneve, les baremes des 
Etats-Unis pour !'uranium enrichi correspondaient a 
un prix de 39,3 dollars le kilogramme d'uranium 
nature! sous Ia forme de UF6 et un prix du travail de 
separation de 37,3 dollars par kilogramme d'uranium. 
Actuellement, les baremes americains concernant les 
prix de !'uranium enrichi correspondent a 23,5 dollars 
le kilogramme d'uranium nature! sous Ia forme de 
UF6, et pour le travail de separation a 30 dollars par 
kilogramme d'uranium. Ce seul changement a reduit 
le coil.t du combustible pour reacteur thermique de 
quelque 0,5 mill/kWh. 

Les changements dans le coil.t du combustible 
resultant de changements de certains parametres, de 
nature technique et economique, sont etudies et des 
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donnees quantitatives correspondant a des cas 
selectionnes sont presentees. 

A/247 CWA 

3KaHaMHKa TanllHBHara 4HKJ1a peaK
Tapas Ha Tennas~x He~TpaHax c 
ypaHaB~M TanllHBaM 

,ll,H<. M. BannaHc 

B HaCTO~eM )l;OIWa)l;e o6cym;z:J;aiOTCH eRaR co

BpeMeHHhie, TaR n omn)l;aeMhie B 6JinmaiimeM 6y

;z:J;Y~eM TeXHHR0-3ROHOMHlJeCRHe IIORa3aTeJIH TOII

JIHBHOrO ~HRJia )l;JIH lJeThlpex RJiaCCOB peaRTOpOB 

Ha TeiiJIOBhlX HeiiTpOHaX Ha ypaHOBOM ropiOlJeM: 

RHIIH~Hif peaRTOp, THffieJIOBO)l;HhlH peaRTOp, pe

aRTop C BO)l;OH IIO)l; )l;aBJieHHeM H HaTpHii-rpa«fln

TOBhiH peaRTOp. 

PeaRTOphl ua TeiiJIOBhlX ueiiTpouAx c Topne

BhlM ropiOlJHM H pe~HpRyJIH~Heii IIJIYTOHHH o6cy

ffiiJ:aiOTCH B ~J:pyrnx IJ:ORJiaiJ:aX CiliA. 
$aRTHlJeCRHX IJ:aHHhlX 0 IIORaaaTeJIHX pa6o

Thl, OTHOCH~HXCH R IIOJIHhiM ~HRJiaM o6JiylJeHHfl 

peaRTOpOB, paccMaTpHBaeMhiX B 3TOM IJ:ORJiap,e, 

BCe e~e HeP,OCTaTOlJHO, XOTH IIX II HaKOIIHJIOCh 

;z:J;OBOJihHo Mnoro. B CiliA B ROH~e 1963 ro11:a aa

Mena roproqero 61>ma nponaBc)l;eua B Tpex Rpyrr

HbiX IIpOTOTHIIHhiX ::mepreTHlJeCKHX peaRTOpaX HU 

TeiiJIOBLIX ueiiTponax. 0~J:HH na unx (Iliurrrrnur

nopTcHnii peaHTOp C BO)l;OH IIOIJ: ~J:aBJieHJieM) He 

paCCMaTpiiBaeTCH B HaCTOH~eM P,OHJiap,e, XOTH OU 

H )l;aJI B03MOffiHOCTh IIOJIYlJHTh o6mllpHhie CBep,e

HHH OTHOCIITeJILHO 3HCIIJiyaTa~JIOHHbiX KalJeCTB 

peaKTOpOB Ha TCIIJIOB'LIX HeihpoHaX C ypaHOBhiJ\f 

roproqnM. R p,ByM p,pyrnM oTHOCHTCH ):(pea~J:eH
cKnii RHIIH~HH peaHTOp H peaKTOp C BOIJ:OH IIO)l; 

p,aBJieHHeM aTOMHOH aJieHTpOCTaH~HH «fJHpMbi <<.f.IH

RH>>. B Ram~J:OM na aTHX CJiyqaeB pa6oqne xapaR

TepncTHKH roproqero OKa3aJIHCh B o6~eM TaKHMH, 

I<aR n npeiJ:IIOJiaraJIOCh. ):(o uacToH~ero BpeMeun 

~eHCTBUTeJibHaH CTOHMOCTh roproqero, ROHelJHO, 

3HalJHTeJibHO Bblille O~eHOH CTOHMOCTH 6y;z:J;y~HX: 
napTHH TOIIJIHBHbiX aarpyaoK. 

XoJIJI3MCHnii naTpnii-rpa«flnTOBMii peaKTOp n pe

aKTop «flnpMhl «J\apOJIHHaC-BHp)l;ffiHHHa>> HBJIHIOT

CH He6oJihillHMH IIpOTOTHIIHhlMH ycTaHOBHaMH, 

Ram,!l;aH na KOTophlx pa6oTaeT Ha nepBoii aarpya

Re aRTHBHOH 30Hhl. 

llpn paclJeTax CTOHMOCTH roproqero ,!I;JIH peaH

Topa MOffiHO HCIIOJih30BaTb HeCROJihRO aHaJIHTH

qeCHHX MeTO,!I;OB, JIHillh 6hl 6hlJIH OIIpe,!J;eJieHhl 3RC

IIJiyaTa~HOHHhle xapaKTepHCTHRH ropiOlJero. ):(JIH 

Toro 'IT06hl ~J:aTh 6oJiee noJIHoe npe,!I;CTaBJieune o 

CTOHMOCTH roproqero, B 3TOM ,!I;OKJial!;e IIpHBelJ;CH 

rrpnMep ,!l;eTaJihHoro paclJeTa CTOHMOCTH roproqero. 

1\poMe Toro, npe~J;cTaBJieH crroco6 paclJeTa Toii qa

cTn CTOHMOCTH roproqero, ROTopaH OTHOCHTCH H 

o6opoTHOMY HarrnTaJiy. BBH,!I;Y Toro 'ITO HeRoTo

p~>re H3,!1;epmKH OIIpe,!J;eJIHIOTCH CpOROM CJiym6LI 

TOIIJIHBHOrO ~HH.!Ia, MoryT B03HHRHYTh 3Ha'IHTeJih-
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Hble pa3JIHqJfH B ROJIHqecTBe o6opoTHOfO RaiTHTa

Jia ~JIH ITO~~epiRaHHH TOITJIHBHOfO :QHRJia B peaR

TOpax, ROTOpbie HHaqe 61.1 CTOHJIH O~HHaROBO. ::JTo 

oco6enno Bamno B cJiyqae, Ror~a roproqee HBJIHeT

CH qacTiwii co6cTBeHHOCTLIO, r~e nymna Toqnaa 

o:QeHRa ROJinqecTBa o6opoTnoro RarrnTaJia. 

PaclleTHaH CTOHMOCTh roproqero ~JIH cTpoH~nx
CH B HaCTOHI:Qee BpeMH peaRTOpOB C BO~OH ITO;:( 

~aBJieHHeM H RHITH~HX peaRTOpOB, a TaKme ~JIH 

THiReJIOBO~HbiX H HaTpHii-rpaiJIHTOBbiX peaKTOpOB, 

CTpOHTeJILCTB(} KOTOpbiX naqneTCH B 6JIHiRaiirueM 

6y~y~eM, 3HaquTeJILHO HHiRe CTOUMOCTH roproqe

fO Ha pa6oTaiO~HX YCT3HOBRaX. flpe~CTaBJieHLI II 

o6oym~eHbl O:QeHKH ::lKOHOMHlleCKHX l10Ka3aTeJieii 

pa60Tbl TOITJIHBHbiX :QHKJIOB 6JIHiRaiiruero 6y~yi:Qe
fO ITO RaiR~OMY II3 paCCMaTpHBaeMLIX B ::!TOM ~0-

RJia~e peaKTOpOB Ha TeiTJIOBLIX HeiiTpoHaX. 

RpoMe yJiyllrneniiH pa6oliHX xapa«TepncTnR pe

a«Topnoro roproqero, yMeHLIIIaiOTCH TaRme y~eJIL

HLie paCXO~bl Ha pa3JIHqHLie BCITOMOraTeJILHble 

rrpo:QeccLI TOITJIHBHoro :QUKJia. Ha BTOpoii Memp,y

napop;noii ROHIJiepeH:QHH ITO MltpHOMY HCl10JIL30Ba

HUIO aToMHoii anepruu B 1958 ro~y 6LIJIO y«aaano, 

qTo CTOHMOCTh o6ora~ennoro ypana B CiliA co

OTBeTCTByeT CTOIIMOCTH 3arpy3RH ecTeCTBeHHOfO 

ypana, T. e. 39,3 ao.tt.tt/l'i,Z ypana B BH~e UF6, }[ 
CTOHMOCTH orrepa:QHH ITO paa~eJieHHIO II30TOITOB, 

T. e. 37,3 ao.tt.tt/K,Z ypana. B HaCTOHI:Qee BpeMH 

CTOHMOCTh o6ora~eHHOfO ypana B CiliA COOTBeT

CTByeT CTbHMOCTII 3arpy3KH ecTeCTBeHHOfO ypaHa, 

T. e. 23,5 ao.tt.tt/l'i,Z ypana B BH~e UF6, II CTOUMO

CTH orrepa:QHH ITO paa~eJieHHIO H30TOITOB, T. e. 

30 ao.tt.fl!ll'i,e ypaHa. ToJILRO OAHO ::!TO H3Menenue rro

HU3HJIO CTOHMOCTL ropiOllero ~JIH peaKTOpOB Ha Teii

JIOBbiX HeiiTpo"Hax rrpnMepno Ha 0,05 tfe·nr/.,.er • 'l. 
06cym~aiOTCH H3MeHeHHH CTOHMOCTH ropiOllero 

BCJie~CTBHe li3MeHeHHH OT~eJILHbiX rrapaMeTpOB, 

RaR TeXHHlJ:eCKHX, TaR H ::lKOHOMHlleCKHX, H rrpH

BO~HTCH ROJIHlJ:eCTBeHHLie ~aHHLie ~JIH l10~06HLIX 
CJiyqaeB. 

A/247 Estados Unidos de America 

Economia del ciclo de combustible en 
reactores termicos que utilizan uranio como 
combustible 

por J. M. Vallance 

Esta memoria examina los aspectos economicos y 
tecnicos actuates y futuros de los ciclos de combustible 
de cuatro clases de reactores termicos que usan 
uranio como combustible. Estos reactores son: el 
reactor de agua hirviente (BWR), el reactor de agua 
pesada (HWR), el reactor con agua a presion (PWR), 
y el reactor de sodio grafito (SGR). 

Los reactores termicos que usan el ciclo de com
bustible de torio, y plutonio como combustible 
reciclado, son estudiados en otros documentos pre
sentados por los Estados Unidos. 

Los datos sobre el funcionamiento de los reactores 
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aqui estudiados durante ciclos completos de irra
diacion son todavia limitados, aunque el funciona
miento que se ha obtenido es prometedor. Hasta 
fines de 1963, tres grandes reactores prototipos han 
sido repostados de combustible en los Estados 
Unidos. Uno de estos reactores es el reactor con 
agua a presion de Shippingport, que aunque no ha 
sido estudiado detalladamente en esta memoria, ha 
suministrado una gran cantidad de informacion 
acerca del funcionamiento de los reactores termicos 
que utilizan uranio como combustible. Los otros dos 
reactores son el reactor de agua hirviente de Dresden 
y el reactor con agua a presion de Yankee. General
mente en todos estos casos, el funcionamiento del 
combustible se ajusto a las predicciones previamente 
hechas. Los presentes costos de combustible son 
naturalmente mucho mayores que los costos esti
mados para futuras tandas de descarga del com
bustible. 

El reactor de sodio grafito de Hallam y el reactor 
de agua pesada de las Carolinas y Virginia son 
pequeiias instalaciones- prototipos, que funcionan 
con su primera carga. 

Varios procedimientos analiticos pueden ser usados 
para calcular el costo del combustible de un reactor 
una vez que las caracteristicas de funcionamiento 
del combustible hail sido especificadas. Para poder 
comprender mejor los costos del combustible estu
diados en esta memoria, se expone detalladament~ 
un ejemplo de los calculos necesarios para la evalua
cion del costo del combustible. Tambien se ha 
presentado un metodo para calcular los aumentos 
en el costo del combustible debidos al capital de 
explotacion. De acuerdo con la relacion entre el 
ingreso total y Ia duracion del ciclo de combustible, 
es posible que surjan diferencias en las demandas 
de capital de explotacion necesario para mantener 
las operaciones del ciclo de combustible de varios 
reactores. De no ser asi, los costos de combustible 
para estos reactores serian muy similares. La posesion 
de las reservas de combustible nuclear por empresas 
privadas es un caso especialmente importante que 
requiere una evaluacion minuciosa del capital de 
explotacion necesario. 

Los costos estimados para los reactores actualmente 
en construccion (reactores con agua a presion y 
reactores de agua hirviente) y para los reactores 
que pueden ser construidos en un futuro proximo 
(reactores de agua pesada y reactores de sodio 
grafito) son mucho mas bajos que los de las instala
ciones que operan actualmente. Se presentan y 
examinan los costos estimados para el funciona
miento economico futuro del ciclo de combustible 
de cada uno de los reactores termicos estudiados 
en Ia memoria. 

Ademas del progreso tecnico alcanzando en lo que 
respecta a las caracteristicas de funcionamiento del 
combustible de reactores, tambien se han mejorado 
las unidades de carga para las operaciones de mante
nimiento del ciclo de combustible. En la ultima 
Conferencia de Ginebra, Ia lista de precios del 
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uranio enriquecido de los Estados Unidos ofrecfa el 
suministro de uranio natural como UF6 a 39,3 do
lares por kilogramo y el precio por el trabajo de 
separaci6n era de 37,3 d6lares por kilogramo de 
uranio. Actualmente Ia lista de precios del uranio 
enriquecido de los Estados Unidos ofrece el sumi
nistro de uranio natural como UF 6 a raz6n de 
23,5 d6lares el kilogramo, y el trabajo de separaci6n 

, .. , .. _____________ ...,..... 
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a 30 d6lares por kilogramo de uranio. Solamente 
este cambio ha reducido los costos de combustible 
de los reactores termicos en unas 0,5 milesimas de 
d6lar/kWh. 

Se ha estudiado el cambio en el costo de com
bustibles producido por cambios en factores tecnicos 
y econ6micos y se han presentado datos cuanti
tativos correspondientes a algunos casos. 
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Fuel cycle economics of fast reactors 

By L. E. Link,* G. J. Fischer* and E. L. Zebroski** 

Current fast reactor designs for practical large-scale 
power reactors promise breeding ratios in the range 
of 1.2 to 1.6. The potential of near-zero or even 
negative fuel cycle costs has long been recognized if 
two economic assumptions are made, namely, fabrica
tion and processing costs typical of very large scale of 
operation, and low interest charges on fuel investment. 
However, the combination of these conditions is not 
likely to prevail during the 1970s, when first and 
second generation large fast reactors are expected to 
begin operation. This paper analyzes the projected fuel 
cycle economics for a scale of operation of 
l 500 MW(¢) generated by fast reactors. 

A basic question affecting fast reactor nuclear per
formance is the selection of core fuel and structural 
ma.terials. An unequivocal choice of carbide, metal, 
or oxide fuel is as yet impossible. This paper presents 
analyses of somewhat arbitrary reference designs for 
each type of fuel, and also the results of perturbations 
of some of the parameters subject to further optimiza
tion by design, as well as variations in the economic 
factors.· The reference cases are treated by the same 
calculational procedures, but are idealized in that 
practical constraints such as control, power flattening, 
and optimization of fuel design were not considered. 
Such factors have been studied in greater detail in 
four design studies of I 000-MW(e) cores (two using 
oxide, two using carbide fuels and all using various 
analytical methods) which are summarized at the end 
of this paper. None of the reference cases presented 
is optimized, since the magnitude and relative impor
tance of several controlling factors are still uncertain. 
For example, the permissible fuel bum-ups versus fuel 
dimensions, specific power, the design constraints 
required to obtain acceptable safety characteristics 
such as Doppler and sodium void coefficients, and 
limitations on fuel movement have not been fully 
developed. 

[n view of the foregoing, the economic comparisons 
are useful at present more as a guide to trends and to 
the ranking of factors to be emphasized in future 
development, rather than as a basis for absolute 
rankings of alternate materials of designs. 

* Argonne National Laboratory, Argonne, Illinois. 
**General Electric Company, San Jose, California. 
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METHODS OF REACTOR ANALYSIS 

The fuel cycles discussed in this paper were calcu
lated by use of the CYCLE code [1]. It operates in 
one space dimension, treating the reactor either as 
a cylinder or as a sphere. In the cases reported 
here, either a cyclic mode of moving the core ma
terials inward from zone to zone or a "uniform linear" 
mode was used. In the latter, fuel remains at any 
radial position as long as necessary to achieve the 
specified fuel bum-up. Steady-state addition and 
removal of fuel are assumed so that the power 
shape remains fixed. The radial blanket was handled 
in an out-to-in cyclic mode. Blanket zone residence 
time was limited to a specified build-up of fission 
products. A 6 in (I 5 em) stainless steel reflector was 
used. 

The CYCLE code alternately solves the long-term, 
multi-region, one-group isotopic change equations 
for the core and blanket, and the one-dimensional 
multi-group, multi-region neutron diffusion theory 
equations to determine the properties of the equilib
rium fuel cycle. The equilibrium cycle is defined as the 
asymptotic repeating cycle for the selected mode of 
fuel management, such that neutronic criticality is 
maintained for the system having a composition 
corresponding to the average composition of an 
equilibrium cycle. Since cylindrical reactor calcula
tions made with a one-dimensional code give little 
information about axial blanket behavior, the axial 
blanket properties were approximated by use of sphe
rical model CYCLE calculations with appropriate 
blankets. 

The diffusion theory calculations were made using 
a slightly revised 16-group Yiftah, Okrent, and 
Moldauer [2] cross-section set, corrected by use of the 
ELMOE code (3]. Present cross-section uncertainties 
are ·believed to have a relatively small direct effect on 
the breeding ratios and less effect on calculated fuel 
cycle costs. They can, however, have large indirect 
effects. Changes in the calculated magnitude of the 
sodium void and Doppler coefficients can strongly 
influence fast reactor design and thus influence both 
fuel cycle and other costs. . 

One calculation was done to test the effect. of 
a 50% increase in 240Pu cross section. The equilibrium 
isotopic compositions changed considerably but there 
was a negligible effect on the fuel cycle cost. 
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EFFECT OF CORE START-UP CYCLES 

The fuel cycle costs for the reference cases and their 
variations are based on equilibrium core and blanket 
cycles. The composition of the start-up fuel and the 
form of recycle will have an economic influence on the 
first several fuel cycles. The start-up fuel of a fast 
reactor may come from any of the typical starting 
compositions given in Table 1. 

Table 1. Plutonium compositions used for fast 
reactor start-u~s 

Type 2aepu uop0 2npu 2UPu 

Thermal reactor• . 55.5 29.4 11.3 3.8 
Fast blanket• 92.1 7.5 0.4 < 0.1 
Fast core•. 64.1 29.5 5.0 1.4 
Mixed core and blanket• 71.5 23.5 3.8 1.2 

a Water-cooled reactor fuel discharged at 19 MWd/kg. 
• Equilibrium discharge from large core, oxide fuel fast 

reactor [17]. 

The operation of the fast reactor using such com
positions for start-up is affected in several ways, most 
notably by the different 240Pu concentrations. A low 
concentration of 240Pu lowers the core conversion 
ratio for the first few cycles, requires a higher 239Pu 
fuel concentration and reduces the sodium void 
coefficient. 

The start-up on plutonium low in 240Pu, as shown 
in Table 2, gives two significant economic disadvan
tages for the fast reactor; namely, the first cycle has 
about I 5% lower core conversion ratio relative to the 

Table 2. Start-up and equilibrium with various 
sources of plutonium 

Source of first Breeding ratio Number of 
cycle plutonium ------- cycles to 

First cycle Equilibrium equilibrium8 

Thermal 1.25 1.26• 3 
1.20' 4 
1.22" 5 

Fast blanket 1.15 1.26° 9 
Fast core. 1.27 1.20• 4 
Mixed core and blanket. 1.22 1.22" I 

Isotopic compositions of Pu in Table 1. 
a Number of cycles to reach within 2% of asymptotic value of all 

plutonium isotopes. All cases assume a blanket conversion ratio 
of 0.54. 

• Exce.ss blanket only is sold. 
c Excess core only is sold. 
d Core and blanket mixed, and excess mixture sold. 

equilibrium cycle, requiring either a shorter, reactivity
limited, fuel lifetime or a larger initial loading and 
larger control strength commitment to compensate for 
core burn:..up; and further, the plutonium credit is 
diminished in the first cycle by about 9% reduction 
in total breeding ratio [4). The former disadvantage 
becomes less important as core size increases. In addi
tion to these two points, there is an operating incon
venience and safeguards complication involved in 
starting up with fast reactor blanket produced pluto
nium, since the reactor kinetics may change signifi-

L. E. LINK et at. 

candy as the .240Pu content changes. In the initial fuel 
about 1.5% of the uranium-plutonium mix is 240Pu 
compared with the 6-8% range in the equilibrium 
discharge from oxide systems. Because of the different 
spectral characteristics of the three reactor fuels, 
carbide, metal and oxide, the equilibrium 240Pu content 
will be lowest with metal and highest with oxide. 

REFERENCE CASES 
The reference cases are relatively large volume 

cylindrical cores (I 250 liters for carbide, I 000 liters 
for each of two cores for metal and 3 000 liters for 
oxide). The design provision to limit the sodium void 
effect led to a low height-to-diameter ratio for the 
carbide and oxide fuel cases and to the use of two 
smaller cores for the metal fuel cases. The fuel, sodium 
and structural material volume ratios are 26:6 I: I 3 for 
carbide, 22:62: I 6 for metal and 32:52:16 for oxide. 
Radial blankets are all 65:20:15. While the cases are 
not optimum, they are consistent with heat transfer 
and structural design considerations. 

Table 3 lists the range of unit costs and charges 
applied to reference cases. The fixed-charge figures 

Table 3. Unit costs* and charges 

Oxide Carbide 
1. Fabrication - ceramic fuels 

-core and ax. bl.. . . . . $140/kg $188/kg 
- rad. bl. . . . . . . . . $ .61/kg $ 63/kg 

2. Processing - ceramic fuels- $55 to 90/kg (core and blanket 
fuel mixed). 

3. Fabrication and pyro-processing - metal fuel 
- core . . . . . . . . . . . . . . ""' $230/kg** 
- rad. bl. . . . . . . . . . . . . . . . ""' $180/kg 

4. Shipping charges - total for spent and fabricated fuel, 
$24/kg. 

5. Annual charge on value of equilibrium core fissile material, 
10%. 

6. Annual charge on average fabrication value of core and 
blankets, 10%. 

7. Losses in fabrication and processing, 1.5%. 
8. Fissile material price- $10/g based on 233 U, 239Pu, and 241Pu 

only. 
9. Cycle thermodynamic efficiency- with ceramic fuel, 40%. 

- with metallic fuel, 35%. 

* Costs listed for I, 2, 3 valid for I 500 MW(e) scale assumed, 
58 t/yr for metal and 38 t/yr for carbide and oxide. 

** Valid for core: blanket ratio in reference cases. 

are a compromise between the figures used for United 
States public utilities arid the investor-owned utilities, 
with a close approach to the latter. 

The fabrication costs for ceramic fuels were derived 
by methods similar to those of Collins [5, 6]. The 
processing costs were calculated by the AEC for
mula [7]. The metallic fuels fabrication and processing 
costs for both core and blankets were estimated by 
the authors foF the pyrometallurgical refining and 
remote fabrication techniques developed at Argonne 
National Laboratory [8]. This technique would include 
both the melt refining process to be used for the 
EBR-11, and the skull reclamation and blanket pro
cesses. Although the unit fabrication costs of core 
materials for both the ceramic fuels appear about 
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equal to reprocessing plus fabrication costs of metallic 
fuels, the latter are effectively higher because core and 
blanket are reprocessed together, and this reflects in 
the higher blanket costs for metal. The fabrication 
costs were based on a plant sized to take the output 
from 1 500 MW(e) of reactors for each of the 
reference cases. 

Perhaps the greatest uncertainty in the cost numbers 
reported here is not in whether they can be attained 
but in the time required to reach such capacity
dependent costs. The size of fabrication plants used 
for this study are perhaps.l0-15 years into the future, 
yet they are representative of a moderate capacity in 
relation to the fast power reactor potential. There are 
additional unit cost gains of appreciable magnitude 
which can be achieved when higher installed capacities 
are reached. 

RESULTS OF EQUILIBRIUM FUEL CYCLE ANALYSIS 
Table 4 identifies fourteen of the reactor cases 

which were studied, Table 5 gives their physical 
characteristics while Table 6 shows the power distri
bution and irradiation levels assigned. The calcula
tions were based on core and axial blanket fuel 
rods 0.25 in (6.3 mm) diameter, and radial blanket 
rods 0.5 in (12.7 mm) diameter. The ceramic-fueled 
systems used stainless steel cladding, the metallic
fueled systems used 80% vanadium - 20% tita
nium [9, 10] cladding. The average core discharge 
burn-up for the ceramic fuels [II] was 10% and for 
metal [12] 4%. 

Table 7 lists some of the equilibrium fuel character
istics found for the reactors listed in Table 4 while 
Table 8 gives the consequences of applying the cost 
assumptions of Table 3 to the fuel cycle properties of 
these reactors as found by use of the CYCLE code [1]. 

Table 4. Reactor case identification 

Case Fuel 
No. type 

1-C UC-PuC Reference carbide fuel study. 
2-M U-Pu Reference metal fuel study. 
3-0 uo.-PuO, Reference oxide fuel study. 

4-C UC-PuC Case I with average core burn-up 
increased 50%. 

5-M U-Pu Case 2 with average core burn-up 
increased 50%. 

6-0 U02-Pu02 Case 3 with average core burn-up 
increased 50%. 

7-C UC-PuC Case l with outer 25% of radial and 
axial blankets removed. 

8-C UC-PuC Case l with outer 50% of radial and 
axial blankets removed. 

9-M U-Pu Case 2 with outer 25% of radial and 
axial blankets removed. 

10-M U-Pu Case 2 with outer 50% of radial and 
axial blankets removed. 

11-0 uo.Pu02 Case 3 with outer 25% of radial and 
axial blankets removed. 

12-0 uo.-Pu02 Case 3 with outer 50% of radial and 
axial blankets removed. 

13-C ThC-UC Thorium-•••u carbide fuel study. 
14-C uc 233U-23"U carbide fuel study. 
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Table 5. Reactor dimensions 

Case 
No. 

Reference cases 
1-C 
2-Ma. 
3-0. 

-=~--~Core~--~--
Shape Dia. Ht. 

(em) (em) 

Cylinder 145 75 
Cylinder 113 100 
Cylinder 252 60 

Reference cases; core burn-up increased 50%. 
4-C. Cylinder 145 75 
5-M•. Cylinder 113 100 
6-0 Cylinder 252 60 

Blanket thickness variation 
7-C. Cylinder 145 75 
8-C. Cylinder 145 75 
9-M•. Cylinder 113 100 

10-M•. Cylinder 113 100 
11-0. Cylinder 252 60 
12-0. Cylinder 252 60 

233U fuel 
13-C. Cylinder 106 100 
14-C. Cylinder 106 100 

Blanket thickness 
Axiat---Riidiiil" 
(em) (em) 

60 30 
60 30 
70 35 

60 30 
60 30 
70 35 

45 23 
30 16 
45 24 
30 17 
53 27 
35 19 

60 30 
60 30 

a Two core system-diameter listed for each core. 

Table 6. Reactor operating conditions 

Case 
No. 

Irradiation level 
---=•P_ower- MW(th) MWd/kg U and Pu 

Total Core-Ax. bl. Rad. bl. Core-AX.tit:--Rad. hl. 

Reference cases 
1-C 1 240 1 0.60 65 115 100 6.5 12.5 
2-M 1 290 1 000 90 200 40 5.5 10 
3-0 1 255 1 060 150 45 100 10.8 12.5 

Reference Cases; core burn-up increased 50%. 
4-C 1 240 1 035 95 110 150 9.7 12.5 
5-M 1 290 965 130 195 60 12.0 10.0 
6-0 1 255 1 000 210 45 150 25.6 12.5 

Blanket thickness vaciation 
7-C 1 235 1 060 65 110 100 10.2 12.5 
8-C 1 225 1 060 60 105 100 14.1 12.5 
9-M 1 285 1 000 90 195 40 7.4 10 

10-M 1 270 1 000 85 185 40 10.4 10 
11-0 1 250 1 060 145 45 100 5.7 12.5 
12-0 1 235 1 060 135 40 100 7.9 12.5 

233U Fuel 
13-C 1 030 875 30 125 100 6.9 12.5 
14-C 1 025 875 25 125 100 5.7 12.5 

DISCUSSION OF REFERENCE DESIGN REACTORS 

The first three reactors are representative of carbide, 
metal and oxide fueled reactors, each having an output 
of about 500 MW(e). The carbide fuel reactor is 
slightly, but probably not significantly, superior under 
the conditions used, largely because of its assumed 
higher specific power and consequent lower penalty 
for plutonium inventory. The metal fuel system has 
the disadvantage of lower operating temperature and 
lower burn-up but has some prospect for improve
ment [12]. The eventual standing of these three fuel 
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Table 7. Equilibrium fuel loadings and feed conditions 

Case 
No. 

Fuel loadings, t 
Case 
No. -U+Pu•· % %a u 

core Pu AllPu Ax. bl. 

Reference cases 
1-C . 3.70 13.1 18.1 2.96 
2-M . 7.92 10.8 13.9 4.76 
3-0 8.54 13.3 19.2 9.95 

Reference cases; core burn-up increased 50% 
4-C 3.70 
5-M. 7.92 
6-0 8.54 

Blanket thickness variation 
7-C 
8-C 
9-M. 

10-M. 
11-0 
12-0 

•••u fuel 
13-C 
14-C . 

3.70 
3.70 
7.92 
7.92 
8.54 
8.54 

2.16' 
2.59; 

13.2 
10.9 
13.4 

13.1 
13.1 
10.8 
10.8 
13.3 
13.3 

18.2• 
13.0• 

18.3 
13.7 
19.3 

18.1 
18.1 
13.9 
13.9 
19.2 
19.2 

24.1 1 

11.o• 

2.96 
4.76 
9.95 

2.22 
1.48 
3.57 
2.38 
7.46 
4.98 

Plutonium listing is 23'Pu and 241Pu only unless 
noted otherwise. 

• All plutonium isotopes included. 
b Percentages based on original material feed 

to core. 
• 1.5% cycle loss. 
"Thorium. 

Table 8. Costs, mill/kWh 

Fabri- Process. Ship. Pu Fa b. Pu Total 
cation inv. inv. Credit 

Reference cases 
1-C 0.35 0.18 0.06 0.24 0.03 0.46 0.40 
2-M +-1.22-->- 0.13 0.34 0.14 0.78 1.05 
3-0 0.26 0.17 0.05 0.48 0.04 0.39 0.61 

Reference cases; core burn-up increased 50% 
4-C 0.24 0.13 0.04 0.21 0.03 0.38 0.27 
5-M +-0.81---+ 0.10 0.35 0.14 0.68 0.72 
6-0 0.18 0.12 0.04 0.42 0.04 0.32 0.48 

Blanket thickness variation 
7-C 0.33 0.16 0.05 0.24 0.03 0.38 0.43 
8-C 0.30 0.14 0.04 0.24 0.02 0.25 0.49 
9-M +-1.11---+ 0.12 0.35 0.11 0.69 1.00 

10-M +---0.98---+ O.ll 0.35 0.09 0.53 1.00 
11-0 0.25 0.16 0.05 0.48 0.04 0.30 0.68 
12-0 0.23 0.16 0.04 0.49 0.03 0.19 0.76 

•••u fuel 
13-C 0.34 0.19 0.06 0.26 0.02 0.09* 0.78 
14-C 0.33 0.16 0.06 0.20 0.02 0.27 0.50 

Losses included in fabrication and processing. * 233U credit. 

types, however, will be dependent on irradiation 
experience and ability to manufacture to desired 
standards of performance at about the projected cost 
and scale relations. 

Burn-up variations 

Cases 4, 5, and 6 are calculations comparable to I, 
2, and 3, carbide, metallic and oxide fuels respectively, 
except that the allowable core and axial blanket 
burn-ups were increased 50%. The percentage cycle 

u 
Rad. bl. 

9.2 
31.4 
10.6 

9.2 
31.4 
10.6 

6.9 
4.6 

23.5 
15.7 
7.9 
5.3 

• 2asu. 

Core 

% 
Puin 

14.6 
11.1 
14.6 

15.7 
11.6 
15.8 

14.6 
14.6 
II. I 
11.1 
14.6 
14.6 

21.8• 
15.4• 

% Pu outb 

11.9 
10.5 
12.2 

11.3 
10.4 
11.6 

11.9 
I 1.9 
10.5 
10.5 
12.2 
12.2 

15.3• 

{
3.5 
7.6• 

I 233U through 238U. 
v 2ssu, 2ssu, 2a9Pu, uopu. 

Ax. bl. 

% 
Pu out 

5.6 
2.5 
4.7 

7.8 
3.7 
6.5 

6.5 
7.5 
3.0 
3.6 
5.4 
6.2 

Rad. bl. 

% 
Puout 

4.0 
3.2 
4.3 

4.0 
3.2 
4.3 

4.0 
4.0 
3.2 
3.2 
4.3 
4.3 

4.0• 
4.0• 

• 233U through 23'U, •••Pu through ,.,Pu. 
'Th, ' 33U. 
J 2sau, 2asu. 

Netc 

Pukg/yr. 

160 
245 
135 

140 
225 
115 

130 
85 

218 
166 
105 
65 

cost improvement for all fuel types is about the same, 
except that the smaller burn-up allowance of the 
metal case emphasizes the bum-up-dependent costs. 
At the 6% burn-up level for the metallic core, the fuel 
cycle cost is similar to that of the oxide at 10% burn-up 
since the higher breeding ratio and lower fissile inven
tory offset the higher fabrication and processing 
costs. The residual difference between the metallic core 
at 6% burn-up and the oxide at 10% burn-up is largely 
a result of the difference in thermodynamic efficiency. 

Specific power variation 

Figure I presents the reference reactor data with the 
assumption that the specific power (or core power 
level), varied by ±50% from that of the reference 
with no other change. The actual spread in fuel cycle 
costs would be somewhat less than shown since, 
as specific power is increased, greater fuel sub-division 
is required, resulting in increased unit fuel fabricating 
costs. The reverse situation occurs if specific power is 
reduced. In reactor design studies, specific power will 
be increased until a balance is reached between 
lowering costs resulting from inventory decrease and 
increasing costs due to rising unit fuel fabrication costs 
and greater reactor downtime required for refueling. 

Fixed charges 

The fixed charges on both the value of fissile pluto
nium and the fabrication cost of the fuel in inventory 
can vary from 5% to at least 13% with differing 
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Figure 1. Fuel cycle cost vs. core specific power 

economic circumstances. Figure 2 shows the effect of 
the range on the fuel cycle costs. The magnitude of 
the fixed charges is certain to influence the core design, 
with greater emphasis on specific power and fabrica
tion costs as charges increase. The costs are still quite 
acceptable over the range of fuel charges shown. 

Fissile material prices 

A price of $10 per gram was assumed for all fissile 
materials, 239Pu, 241Pu and 233U, relative to 235U at a 
current price of $12 per gram. The current relative 
position of plutonium price, which is lower than the 
236U price, reflects its worth in a thermal reactor 
economy. As plutonium demand increases to supply 
fast reactors, its price is expected to equal or rise 
above the 235U price. The 20-30% increase in breeding 
ratio and a 30% decrease in inventory requirements 
possible with plutonium should more than offset the 
higher fabrication cost relative to 235U. The limiting 
ratio of the fissile values Pu: 235U is less than 1.5, since 
with higher value ratios fast reactors could be more 
economically started with 235U [13]. 

Figure 3 shows the effect of varying plutonium price 
on the fuel.cycle costs of the reference cases. Probably 
the most significant point illustrated is the case 3 situa
tion in which the income from the surplus plutonium 
about equals the fixed charges on the value of the 
plutonium in the system. This yields a system in which 

Figure 2. Fuel cycle cost vs. 
fixed charge rate 

Figure 3. Fuel cycle cost vs. 
plutonium price 

the fuel cycle costs are nearly independent of pluto
nium price. 

For 233U the $10 per gram price approaches its 
value in a fast reactor economy relative to the 
235U price. The low price assumed for 233U is favorable 
for the fast reactor since, with relatively low breeding 
ratio in a thorium-233U system, the fuel cycle costs 
increase with increasing 233U price. 

Core size 

For idealized models of fast reactors, an improve
ment can be observed in fuel cycle costs with increas
ing core size .. This is true up to volumes of I 000 
or 2 000 liters. The plutonium enrichment decreases 
significantly into that range. An analysis of three 
idealized uranium-plutonium carbide spherical reac
tors indicated a 0.2 mill/kWh improvement in the core 
size range from 440 to I 750 liters. However, practical 
considerations of safety tend toward reactor designs 
in which one core dimension is small, so that enrich
ment will vary significantly in core volume well 
above 2 000 liters. The enrichment is a function more 
of geometry and composition than of size. The four 
1 000 MW(e) studies discussed later are good examples 
of this point. Cohen et a!. [14] report in a study of 
the effect of decreasing core height (pancaking) with 
constant core volume that enrichment in the oxide 
core used for illustration increased 50% with a height 
reduction of 62%. It is likely that, in practical terms, 



72 SESSION 2.5 Pf248 

reactor core size per se will give only small economic 
benefit or penalty as it is changed in a commercially 
expected core size range of I 000 liters or higher. 

Blanket size 

Table 9 lists the radial blanket power and plutonium 
production by zones for the reference carbide, metal 
and oxide cases. The studies represented by cases 7, 9 

Table 9. Power and plutonium production fractions 
in radial blanket zones 

Power and Pu 
production Case 1-C• Case 2-M• Case 3-0' 

Zone t• Power 0.62 0.70 
Pu 0.40 0.44 

Zone 2. Power 0.29 0.22 
Pu 0.29 0.29 

Zone 3. Power O.o7 0.06 
Pu 0.19 0.17 

Zone 4. Power 0.02 0.02 
Pu 0.12 0.10 

a Zone I nearest core - all zones are of equal volume. 
b Cases I and 2 - total blanket thickness - 30 em. 
c Case 3 - total blanket thickness - 35 em. 

0.69 
0.41 

0.23 
0.30 

0.06 
0.18 

0.02 
0.11 

and I I correspond to each of the reference cases with 
the outer 25% of the blankets removed. Cases 8, I 0 
and 12 are similar with the outer 50% of the blankets 
removed. In the first set this represents the removal 
of radial zone 4 shown in Table 9, and its equivalent 
in axial blanket; in the second set the removal of 
zones 3 and 4. The fuel cycle costs of Table 8 show 
that for both reference ceramic reactors the original 
blanket thickness is a best economic choice. There is 
a slight economic improvement in thinner metal 
blankets because of the significantly higher blanket 
fabrication costs. 

Structural materials 

The use of many structural materials other than iron 
are considered for reasons such as improved burn
up characteristics or higher temperature operation. 
Okrent lists data [15] for 3 000 liter PuC-UC fueled 
systems in which all core structure material is any 
of nine materials. An examination was made of those 
having either iron, :vanadium or niobium. The breeding 
ratios varied from 1.44 to 1.14 and the critical mass 
from 950 kg to 1 190 kg. Taking fabrication cost, 
plutonium inventory change and surplus plutonium as 
the critical cost factors, and assuming all operating 
conditions equal, the vanadium-containing core has 
a penalty of about 0.15 mill/kWh over the iron and the 
niobium about 0.35 mill/kWh. If total nuclear power 
costs are eventually in 3-5 mill/kWh range, then 
a I to 2% increase over a 40% thermodynamic effi
ciency will offset a 0. I 5 mill/kWh penalty. A 2 to 5% 
increase is needed to offset the 0.35 mill/kWh penalty. 
Relatively small burn-up increases will give the same 
effect. When consideration is given to the use of 
refractory metals for clad only and not total core 
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structure, lesser thermodynamic efficiency or burn-up 
gains are required to offset their added cost and poorer 
neutronic characteristics. For fuels which have severe 
burn-up or temperature limitations when using iron or 
nickel alloy cladding, the development of satisfactory 
refractory clads is important. However, the Doppler 
and sodium void effects are less desirable using 
structural materials of high capture cross section, 
which is a significant deterrent to the use of refractory 
metals. 

THORIUM UTILIZATION 

Since there is a long range interest in the utilization 
of thorium as well as uranium, two cases are presented 
for the former. Case 13 is an 875 liter core having 
thorium-233U carbide fuel. It is quite comparable to 
the 238U-plutonium carbide reference case except for 
the gain in fissile material. The thorium-2330 reactor 
can be improved by using metallic fuel. The appre
ciably higher melting point of thorium-uranium alloy 
over uranium-plutonium and the better irradiation 
characteristics of the former [12] will give better 
performance characteristics than shown for case 13. 

Case 14 is a 233U-238U carbide core with thorium 
carbide blankets. This is an illustration of the hybrid 
fuel systems suggested by Okrent [15] as a means of 
improving economics by raising the breeding ratios in 
thorium-containing systems and retaining much of the 
negative sodium void effect while offsetting part of the 
control problems resulting from 233Pa. This particular 
cycle withdraws all core-formed plutonium at the end 
of a cycle and makes up fissile material with 2330. Case 
14 has surplus fissile material but requires some 
make-up of 233U from other reactors. 

FOUR 1 000 MW(e) STUDIES 

Four reports on I 000 MW(e) fast power reactor 
studies were completed for the United States Atomic 
Energy Commission in January 1964. Some data 
on these are presented in Table 10. Each study pre
sented a reference case. Two of these were cylinders 
having small height-to-diameter ratio [16, 17]; one 
had multiple cores (or modules) having large height
to-diameter ratios [18] and one had an annular 
core [19]. Most of the working groups did parametric 
studies not only on the particular core geometry 
selected as their reference, but also on other 
geometries. Some of the design and physics aspects 
are discussed in other papers in these Proceed
ings [20, 21]. 

The four studies had the following characteristics, 
most of which were assigned by the United States 
Atomic Energy Commission: 

(a) Ceramic fuels were used in core and blanket; 
(b) The reactor fuel cycle was calculated with equi

librium compositions; 
(c) The minimum breeding ratio was 1.2; 
(d) Core structural material, including fuel cladding, 

was one of the stainless steels; 
(e) The primary cpolant outlet temperatures were 

at a level suitable for generating steam at I 000 op; 
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Table 10. Characteristics of four 1 000 MW(e) fast reactor studies 

Core Geometry 
Volume (liters) . 

A.Bl.. Volume (liters) 

R.Bl.. Volume (liters) 

Fuel form. Coreb 
R. Bl.. 

Power Total (MW) 
Core (MW) 
A. Bl. (MW). 
R. Bl. (MW). 

Irradiation level Core (MWd/kg). 
A. BI. (MWd/kg) . 
R. Bl. (MWd/kg) . 

Fuel loadings Core t U + Pu. 
%P' 
%Pu'· • 

A. Bl. t U. 
R. BI. t U . 

Feed rate . Core (kg/yr) 
% Puin 
% Pu out 

A. Bl. (kg/yr) . 
% Pu out 

R. Bl. (kg/yr) . 
% Pu out 

Surplus Pu (kgjyr). 

Doubling time . Years . 

Fuel cycle cost 
(mill/kWh) Fabrication. 

Processing . 
Shipping. 
Pu rent 
Fab. charge 
Pu credit. 
Total 

a For 7 cores. 
b Also axial blanket. 

(f) The reactor systems had the capability of 
I 000 MW(e) net; 

(g) Plutonium price used was $10/g of 239Pu and 
241 Pu as nitrate; 

(h) Fuel processing was based on the release 
through the United States Federal Register [7]; 

(i) Rental charge on plutonium in inventory, 
4.75%; 

(j) Charge on half the initial core fabrication 
cost, 6%. 

The lower rental charge on plutonium and the 
charge on the fuel fabrication cost are the main 
differences from the cost analysis applied to the 
reference cases identified in Table 4. 

In order to make a more consistent comparison of 
these four reactors, their fuel cycle costs were nor
malized to the extent that common procedures were 
applied to fuel fabrication, processing and shipping. 
For example, the fuel fabrication costs were re-esti-

C. E. [16] G. E. [17] W.E.[18] A.C.[19] 

Flat cyl. Flat cyl. 7 cores Annulus 
2 900 6 030 7 050 7 720 

3 500 9 050 2400" 960 

4 800 , <10 19 850" 17 700 

Carbide Oxide Carbide Oxide 
Carbide Oxide Oxide Oxide 

2 500 2 500 2 500 2 500 
1 950 2 125 2 170 2 125 

200 300 35 
350 75 295 375 

100 100 100 100 
8.9 7.9 4.9 

19.8 2.0 7.6 4.8 

10.5 12.8 23.7 17.6 
10.9 16.2: 14.1 17.5 
14.8 24.2 20.7 26.5 
10.7 19.2 8.0 2.2 
27.9 29.5 57.5 86.8 

6 855 6 180 6 310 6 200 
10.3 17.7 15.6 20.8 
9.2 14.1 12.7 15.1 

6 550 9 280 2100 770 
2.7 3.7 2.0 3.6 

5 160 7 380 11400 22 700 
3.5 2.0 4.8 3.2 

275 240 400 245 

6.3 12.2 11.2 17.3 

0.47 0.42 0.40 0.43 
0.13 0.11 0.14 0.14 
0.06 0.08 0,07 0.10 
0.12 0.20 0.31 0.20 
0.04 O.o7 0.08 0.09 
0.39 0.34 0.57 0.35 
0.43 0.54 0.43 0.70 

c At equilibrium. 
d All Pu isotopes at equilibrium. 

mated, taking into account factors such as fuel dia
meter, clad thickness and rod length. The fuel pro
cessing assumed core and blanket fuel mixed and 
processed according to the AEC's formula [7] at 
a $19 000/day charge rate. All core fuels were assumed 
to burn to an average of 100 MWd/kg. An 80% load 
factor was uniformly applied. 

There are interesting contrasting features in all 
designs. Assuming that all four designs have equivalent 
analytical approaches, the greatest differences from 
the standpoint of fuel cycle costs are the specific 
power and the thickness of the blanket materials. 
If the 10% charge rates on plutonium values and fuel 
fabrication cost used on the reference case calculated 
for this paper were applied to the four 1 000 MW(e) 
studies, the fuel cycle costs are in the range 0.6-
l.l mill/kWh and some shift occurs in the differences 
between the studies. The doubling times presented are 
representative of a straight line accumulation of a 
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quantity of surplus plutonium equal to the quantity 
of fissile plutonium in each system at equilibrium. 
With annual reinvestment of excess plutonium in new 
reactors, the doubling time is less than 10 years for 
three of the studies. 

Total power costs 

One of the four studies [19] also included estimates 
of capital, operating and maintenance costs. The capi
tal cost was $125/kW(e) (2.5 mill/kWh) and the aruma! 
operating and maintenance cost was $2 200 000 
(0.3 mill/kWh). Using these figures, the total power 
production costs for all four studies is in the range 3.2-
3.5 mill/kWh for 80% load factor, 14% capital charges 
and low fixed charges in the fuel cycle. 

CONCLUSIONS 

Fast reactor fuel cycle costs for carbide, metal, and 
oxide fuels, and for a variety of unoptimized design 
configurations, in the range of 0.4- 0. 7 mill/kWh 
appear feasible [with 10% fixed charges, core burn-up 
of I 0% for ceramics, 6% for metal and a scale of opera
tion for fuel fabrication of at least I 500 MW(e)]. 
Total power costs below 4 mill/kWh are estimated 
for US conditions at I 000 MW(e) (with 14% capital 
costs). 

The range of uncertainty of the fuel cycle costs cal
culated is estimated to be 0.2- 0.3 mill/kWh. The 
uncertainties are due primarily to incomplete optimiza
tion of specific power, fuel lifetime, and scale of 
operation relationships. Core safety characteristics 
and requirements including Doppler, sodium void, 
and fuel motion effects have strong influences on core 
and system design and thus also affect fuel economics. 

Because of the outstanding near-term economic and 
strategic potential of fast breeder reactors, as well as 
the long-term economic advantage of breeding, 
increasingly vigorous activity in all phases of fast 
reactor research and development is expected. Par
ticular developments required to assure the economics 
of a first generation of large prototype reactors in 
the 1970s are: extended fuels and materials irradia
tion programs, large-scale sodium technology expe
rience, and fast-spectrum test reactor programs to 
obtain quantitative values of reactivity effects. 

L. E. LINK et at. 
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ABSTRACT -RESUME-AHHOTA(41!1.R-RESUMEN 

A/248 Etats-Unis d'Amerique 

Economie du cycle de combustible des reac
teurs rapides 

par L. E. Link et at. 

Le cycle de combustible de tous les reacteurs de 
puissance represente une phase distincte en ce qui 
concerne !'analyse economique. Les reacteurs rapides 
peuvent presenter un gain appreciable en surgenera
tion. De plus, ils sont moins sensibles au choix des 

materiaux de structure du creur et la composition 
isotopique des especes fissiles est moins importante 
que pour le spectre thermique. Ceci conduit done, 
pour !'analyse de !'economic du cycle de combustible 
pour les reacteurs rapides, a des parametres quelque 
peu differents de ceux des reacteurs thermiques. 

Le memoire presente plusieurs cycles de combus
tible de reacteurs rapides de fac;on a mettre en evi
dence les aspects plus critiques de leur economic et 
!'importance de certaines variables. Les proprietes du 
cycle de combustible ont ete determinees a l'aide d'un 
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code de calculation permettant de calculer le cycle 
de combustible en fonction de !'emplacement avec une 
structure a 16 groupes d'energies de neutrons. 

On a choisi trois cas de reference, representant 
chacun un type de reacteur de « proche avenir » 
d'environ 500 MW(e), avec des combustibles en 
carbure, metal ou oxyde. Ces reacteurs de reference 
sont des systemes heterogenes, refroidis au sodium 
utilisant Ie cycle uranium plutonium. Les trois 
reacteurs ont des volumes de creur comprenant environ 
25% pour le combustible, 61% pour le refrigerant et 
14% pour les materiaux de structure pour le com
bustible en carbure, 22% pour le combustible, 62% 
pour le refrigerant et 16% pour les materiaux de 
structure pour le combustible metallique, et 32% pour 
le combustible, 54% pour le refrigerant et 14% pour 
les materiaux de structure avec le combustible en 
oxyde. On donne les proprietes physiques a l'equi
libre, telles que la composition isotopique des creurs 
et des couvertures, les taux relatifs de surgeneration, 
les temps de sejour de Ia couche fertile et du creur, 
et le cout du cycle combustible. 

On presente une serie d'etudes comportant des 
changements par rapport aux systemes de reference. 
Par exemple, !'augmentation de la puissance par 
accroissement du volume du reacteur a puissance 
specifique constante fait diminuer le taux de sur
generation. Cependant l'apport des matieres fissiles 
necessaire par unite de puissance decroit quand la 
taille croit. Ceci conduit a de plus faibles couts du 
cycle de combustible, qui peuvent etre importants 
quand on tient compte des couts plus favorables de 
fabrication et de traitement que l'on obtient quand on 
opere sur un grand volume. 

La diminution de la puissance specifique conduit 
evidemment a un cout plus eleve du stock. Ceci peut 
etre compense par !'utilisation d'aiguilles combustibles 
de plus grand diametre ou de temperature de fonc
tionnement plus elevee. La premiere solution conduit 
a des couts de fabrication unitaire plus bas, la seconde 
a un meilleur rendement thermique du systeme. On 
donne des illustrations des variations de cofits de 
fabrication et de traitement chimique ainsi que de 
!'influence du type de traitement chimique. 

Les caracteristiques d'un cycle de comb1,1stible 
comparable uranium 233, thorium pour un sur
generateur rapide de puissance avec creur a l'equilibre 
et couverture, sont donnees. On indique le cout du 
cycle de combustible pour ce reacteur, ainsi que 
quelques-unes des donnees physiques qui conduisent 
a des differences, telles que le taux de surgeneration 
·plus faible. Un type ayant de bonnes caracteristiques 
de reactivite au vide de sodium utilisait 233U, 238U 
comme combustible du creur, avec une elimination 
pratiquement totale du plutonium au moment du 
recyclage du combustible. On indique pour ce type 
de reacteur les donnees de cycle de combustible a 
l'equilibre. 

On presente une normalisation des prix pour les 
quatre etudes de reacteurs rapides de I 000 MW(e) 
qui ont ete faites pour la Commission de l'energie 
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atomique des Etats-Unis a la fin de janvier 1964. 
Ces etudes comprenaient deux creurs au carbure et 
deux creurs a l'oxyde de conceptions entierement 
differentes. 

A/248 CWA 

SKOHOMHKa ronnHsHoro ~HKlla peaKTO
pos Ha 6~crp~x HeArpoHax 

n. 3. nHHK et al. 

TonJIHBHLiii ~HKJI scex a,n:epHLIX ::mepreTH'Iec

Knx peaKTopoB npe,n:cTaBJIHeT co6oii onpe,n:eneH

HYIO 6aay ,n:na aKoHoMH'IecKoro aHannaa. PeaKTO

pLI Ha 6LICTpLIX HeiiTpOHaX 06Jia,n:aiOT B03MO»<HO

CTI>IO 3Ha'IHTeJII>HOI'O BOCllpOH3BO,ll;CTBa TOllJIHBa. 

RpoMe Toro, oHn MeHee orpaHn'leHLI B oTHomeHHH 

BLI6opa KOHCTpyKn;noHHoro MaTepnana ,n:na aKTHB

Hoii 30HLI H H30TOIIHLIH COCTaB ,n:eJIHID;ei'OCJI MaTe

pnaJia HMeeT_ MeH~:>mee aHa'leHne, qeM B cneKTpe 

TenJioBLIX HeiiTpoHoB. Bee aTo onpe,n:enHeT HaJin

'IHe ,ll;OBOJII>HO pa3JIH'IHLIX napaMeTpOB ,ll;JIJI 3KOHQ

HH'IeCKOI'O aHaJIH3a TOIIJIHBHOI'O D;HKJia peaKTOpOB 

Ha 6LicTpLix HeiiTpoHax no cpaBHeHHIO c napa

HeTpaMH TOIIJIHBHOI'O D;HKJia peaKTOpOB Ha TeiiJIO

BiiiX HeiiTpoHax. 

B HacToam;eM ,n:oKna,n:e paccMaTpnBaeTcH He

CKOJII>Ko TOllJIHBHiiiX D;HKJIOB peaKTOpOB Ha 6LICT

pLIX HeiiTpoHax, c TeM 'IT06LI noKaaaTI> Han6onee 

KpHTH'IeCKHe CTOpOHiii HX 3KOHOMHKH H 3Ha'leHHe 

HeKoTopLix nepeMeHHiiiX. CBoiicTBa TOIIJIHBHoro 

D;HKJia 61iiJIH OIIpe,n:eJieHiii IIO KO,ll;Y :meKTpOHHO-BLI

'IHCJIHTeJII>HOH MamHHLI, CIIOC06HOH IIpOH3BO,ll;HTI> 

paC'IeTLI TOIIJIHBHOI'O D;HKJia B aaBHCHMOCTH OT 

IIpOCTpaHCTBa, aaHHMaeMOI'O TOIIJIHBOM, C HCllOJII>-

30BaHHeM 16-rpynnoBoii: Mo,n:eJin aHeprnn ue:ii

TpoHa. 

PaccMaTpnBaiOTCJI Tpn naJIOHHiiiX cJiyqaa, 

Ka»<,n:LI:ii H3 KOTOpi>IX npe,n:CTaBJIJieT peaKTOpftYIO 

CHCTeMy <<6JIH3KOI'O 6y,n:ym;ero>> aJieKTpH'IeCKOH 

HOiqHOCTbiO oKoJio 500 Mer aa Kap6np;HoM, Me

TaJIJIH'IeCKOM H Ol{HCHOM TOIIJJHBaX. 8TH 3TaJIOH

HLie peaKTOpLI JIBJIJIIOTCJI reTeporeHHLIMH CHCTe

HaMH C HaTpHeBLIM OXJia»<,n:euneM, npnMeHSIIOiqH

HH ypaH-llJIYTOHHeBLIH D;HKJI. 06'1>eM aKTHBHLIX 

SOH 3THX Tpex peaKTOpOB pacnpe,n:eJieH CJie,n:yiO

ID;HM o6paaoM: OKOJIO 25% TOIIJJHBa, 61% TeiiJIO

HOCHTeJIJI H 14% KOHCTpyKD;HH C Kap6H,ll;HLIM TOII

JIHBOM; 22% TOllJIHBa, 62% TeiiJIOHOCHTeJIJI H 

f6% KOHCTpyKD;HH C MeTaJIJIH'IeCKHM TOIIJIHBOM; 

32% TOllJIHBa, 54% TellJIOHOCHTeJIJI H 14% KOH

CTpyKD;HH C OKHCHLIM TOIIJIHBOM. IlpHBO,ll;JITCJI paB

HOBeCHiiie «f>nanqecKHe CBOHCTBa: H30TOIIHLIH CO

CTaB aKTHBHiiiX SOH H OTHOCHTeJII>HLie Koa«f>«f>nn;n

eHTLI BOCllpOH3BO,ll;CTBa, OTHOilleHHJI BpeMeHH npe-

6IiiBaHHJI B 30He BOCllpOH3BO,ll;CTBa H B aKTHBHOH 

30He, CTOHMOCTI> TOIIJIHBHOI'O D;HKJia. 

IJpep;CTaBJieHLI ,n:aHHLie HCCJie,n:oBaHHH, llOKaSLI

BaiOm;He oTKJIOHeHHJI OT aTaJioHoB. TaK., Hanpn

Hep, yBeJIH'IeHne MOID;HOCTH aa C'leT yBeJIH.'IeHHII 

06'1>eMa peaKTOpa IlpH IIOCTOJIHHOH IIJIOTHOCTH 
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aueproBLI,!l;eJieHH.R yMeuLmaeT Koa«<J«<Ju:QHeHT uoc
npouaoo,!l;CTBa. 0,!l;HaKO KanBTaJIOBJIOmeHB.R B ,!l;8-

JI.RII(HHC.R MaTepHaJI Ha e,!l;BHB:QY aueprBB yMeHL

maeTC.R npu yueJIH'IeHBH paaMepa. 3To npuoo,!l;BT 

K yMeHLIDeHHIO CTOBMOCTH TOIIJIHBHOrO I(HKJia, KO

TOpa.R MomeT 6LITL JHa'IHTeJILHOH, eCJIB npHHHTb 

DO BHBMaHBe CHH)KeHHe CTOHMOCTB H3rOTOBJieHB.R 

H nepepa60TKH 60JILIDHX KOJIB'IeCTB MaTepBaJia. 

YMeHLmeuue y,!l;eJILHoii MOII(HOCTH, paayMeeTc.R, 

Be,!l;eT K 6oJiee BLICOKOH CTOHMOCTH TOllJIHBHOH aa

rpy3KH. RoMneuca:QBH MomeT 6LITL ,!l;OCTBrHyTa 

nyTeM yoeJIH'IeHH.R ,!l;BaMeTpa cep,!l;e'IHBKa TenJio

BLI,!l;eJIHIOII(ero aJieMeHTa BJIB IIOBLIIDeHBH pa6o'leii 

TeMnepaTypLI. 11epooe oauaqaeT yMeHLmeuue npo

B3BO,!l;CTBeHHLIX paCXO,!l;OB, BTOpoe - 6oJiee BLICQ

KBH TellJIOBOH K. II. ,!l;. CHCTeMLL 110K838HLI KOJie-

6aHH.R CTOBMOCTB UpOH3BO,!l;CTBa B nepepa6oTKB 

TOllJIHBa, a TaKme BJIB.RHHe MeTO,!l;8 nepepa60TKB. 

110K838HLI XapaKTepHCTHKH paBHOBeCHH TOll

JIHBHOrO I(lfKJia B aKTHBHOH 30He H 30He BOCllpO

H3BO,!l;CTBa auepreTB'IeCKOrO peaKTOpa-pa3MHO)KH

TeJIH ua 6LICTpLix ueiiTpouax auaJiorH'IHoii MOII(

HOCTH Ha ypaHe-233 B TOpHH. 11 pHBe,!l;eHa CTOB

MOCTL TOllJIHBHOrO I(BKJia 3TOrO peaKTOpa, paBHO 

KaK H «<JH3H'IeCKHe npB'IHHLI OTKJIOHeHHH, HanpH

Mep llOHHmeHHLIH KOa«<J«<JH:QHeHT BOCIIpOH3BO,!l;CT

B8. B KOHCTPYK:QHH c ::opomuMu xapaKTepHCTHKa
M:H peaKTHBHOCTH H8TpHH B 8KTHBHOH 30He B Ka

'leCTBe TOllJIHBa ucrroJILayeTcH U233, U238 rrpu 

pereaepa:QHH TOIIJIHBa ,!l;OCTHraeTCH IIO'ITH llOJIHOe 

naoJieqeaue nJiyTOHHH. YKaaaHLI ,!l;aHHLie o «pao

uooecuu>> TOIIJIHBHoro :QHKJia aToii cxeMLI. 

11 pe,!l;JiaraiOTCH CIIOC06LI HOpM8JIH38I(HH CTOHMO

CTH ,!l;JIH 'leTLipex npoeKTOB peaKTOpOB Ha 6LICT

pLIX HeiiTpOHaX aJieKTpB'IeCKOH MOII(HOCTLIO' 
1000 Mer, uccJie,!l;oBaHHH KOTOpLix 6LIJIH BLIUOJIHe

HLI ,!l;JIH RA3 CiliA oo BTopoii IIOJIOBBHe .RHoapa 

1964 r. 3TH pa60TLI OTHOCHTCH K ,!l;BYM 8KTHBHLIM 
30H8M C Kap6H,!l;HLIM H ,!l;BYM 8KTHBHLIM 30H8M C 

OKHCHLIM TOIIJIHBQM, KOHCTpyK:QHH KOTOpLIX 3Ha
'IHTeJILHO OTJIH'I8IOTC.R. 

A/248 Estados Unidos de America 

Aspectos econ6micos de los ciclos de com
bustible en los reactores rapidos 

por L. E. Link et at. 

En todos los reactores nucleares el estudio econ6-
mico del ciclo de combustible constituye un capitulo 
aparte. Los reactores nl.pidos pueden llegar a tener 
una considerable ganancia de regeneraci6n. Ademas, 
Ia elecci6n del material estructural del nucleo y Ia 
composici6n isot6pica de las especies fisibles se 
traducen en condiciones menos restrictivas que en 
los reactores termicos. Todo esto representa cierta 
diferencia de los parametros para el analisis econ6-
mico del ciclo del combustible con relaci6n al caso 
de los reactores termicos. 

Esta memoria presenta varios ciclos de combustible 
de reactores rapidos para resaltar los aspectos mas 
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criticos de su economia y la importancia de algunas 
variables. Los calculos se hicieron con un programa 
capaz de estudiar los ciclos de combustible teniendo 
en cuenta la dependencia espacial y para 16 grupos 
energeticos. 

Se eligen tres casos de referenda que representan 
sistemas cuya construcci6n es mas probable en un 
proximo futuro, de unos 500 MW(e) y con carburo, 
6xido o metal. Estos sistemas son heterogeneos, 
refrigerados por sodio y pertenecientes al ciclo 
uranio-plutonio. Las fracciones de volumen son: 
para el primero, 25% de combustible, 61% de refri
gerante, 14% de estructura; para el segundo, 32% 
de combustible, 54% de refrigerante y 14% de estruc
tura; y para el tercero, 22% de combustible, 62% 
de refrigerante y 16% de estructura. Se dan pro
piedades fisicas de equilibrio, tales como la compo
sici6n isot6pica de los nucleos y las razones de 
regeneraci6n relativa en los mantos, los tiempos de 
permanencia manto-nucleo y los costes del ciclo de 
combustible. 

Tambien se estudia otra serie de casos distintos 
de los de referenda y se concluye, por ejemplo, 
que al aumentar la potencia mediante un aumento 
en el volumen del reactor, manteniendo constante 
la densidad de potencia, disminuye la raz6n de 
regeneraci6n. Sin embargo, las existencias de material 
fisible por unidad de potencia disminuyen segun 
aumenta el tamaiio. Esto significa menos costes del 
ciclo de combustible, lo que puede ser importante 
cuando se presta atenci6n a mas bajos costes de 
fabricaci6n y de tratamiento resultantes de un mayor 
volumen de producci6n. 

Evidentemente, una disminuci6n de potencia espe
cifica se traduce en mayor coste de existencias. Como 
compensaci6n pueden utilizarse agujas combustibles 
de mayor diametro o trabajar a temperaturas de 
operaci6n mas altas. En el primer caso, el coste de 
fabricaci6n unitario es mas bajo, y en el segundo Ia 
eficiencia termica mas alta. Se illustran las variaciones 
del coste de fabricaci6n y de tratamiento, asi como Ia 
influencia del tipo adoptado para este ultimo. 

Se presentan las caracteristicas del ciclo de com
bustible manto-nucleo de un reactor reproductor 
rapido de potencia de uranio-233, torio. Se da para 
este sistema el coste del ciclo de combustible, asi como 
algunas de las caracteristicas fisicas que varian, por 
ejemplo, la disminuci6n de las razones de regenera
ci6n. Se dan los datos del ciclo de combustible de 
equilibrio para un sistema de buenas caracteristicas 
de reactividad de los huecos en sodio y en el que el 
combustible en el nucleo es uranio-233 y uranio-238, 
en el supuesto de extracci6n practicamente total del 
plutonio en el reciclado. 

Se ofrece una normalizaci6n de costes para los 
cuatro reactores rapidos de I 000 MW(e) cuyo 
estudio realizado para Ia Comisi6n de Energia 
At6mica de los Estados Unidos se termin6 en.enero 
de 1964. Comprenden estos estudios dos nucleos de 
carburo y dos de 6xido, en nucleos de diseiio clara
mente diferente. 



P/417 Sweden 

Fuel cycle physics and economics for heavy-water reactors 

By L. Zettergren and B. Pershagen* 

Sweden has long benefited· from readily accessible 
waterfalls but is lacking in indigenous sources of 
fossil fuels. However, the remaining resources of water 
power, which can be economically utilized would be 
exhausted in about a decade at the present rate of 
exploitation. Imports of fossil fuel amount at present 
to 15% of all imports and its share will increase in 
the future. On the other hand, Sweden has large 
reserves of uranium-bearing oil shale, of the order 
of 1 Mt uranium, recoverable at costs in the range 
$10-15/lb U30 8• It was thus early recognized that 
nuclear power could play an important role as a com
plement to, and ultimately, a substitute for hydro
electric power to meet rapidly increasing power 
demands. In a study [1] of Sweden's prospective energy 
needs over the next two decades and the most eco
nomic way of developing the power system, it was 
concluded that nuclear power is likely to be introduced 
at a rate corresponding to an installed capacity 
of 200 MW(e) in 1970, I 000 MW(e) in 1975 and 
4 000 MW(e) in 1980. 

The development of power reactors in Sweden is 
based on heavy-water reactors of the pressure 
vessel type. This reactor type looks economically 
attractive compared to alternative nuclear systems for 
conditions prevailing in Sweden and shows good 
potential for technical development. From the aspect 
of fuel cycles, this reactor type has some particular 
merits that will become increasingsly important in the 
future. Burn-up can be extended by the use of a 
continuous reloading system. Operation on natural 
uranium offers an option if the cost or availability of 
enriched uranium develops unfavourably. The good 
neutron economy of this reactor type makes possible 
an efficient utilization of natural uranium resources. 
By means of a self-sustaining plutonium recycle with 
natural uranium feed, fuel utilization can be increased 
further. The use of thorium offers a possibility oflong 
burn-up and high conversion ratio. Breeding may in 
fact be within reach for homogenized, low parasitic 
absorption cores exemplified by the PHWR design. 

AGESTA, the first power reactor, achieved initial 
criticality in July 1963, and, following a six month 
research programme, reached full power [65 MW(th)] 
in March 1964. The reactor uses Zircaloy-clad natural 
uranium oxide fuel in the form of rod clusters and 
pressurized heavy water as coolant. The next step 

• AB Atomenergi, Stockholm. 
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towards competitive nuclear power is the Marviken 
station, a 140 MW(e) direct-cycle, natural-circulation 
boiling heavy-water reactor, which could be increased 
to 200 MW(e) with integral nuclear superheat. Opera
tion with saturated steam is expected in 1968, and 
superheating, if successful, will follow later. Design 
studies of commercial stations include a 350 MW(e) 
pressurized heavy-water reactor with uniform lattice 
(PHWR), a 300-500 MW(e) saturated boiling-water 
reactor (BHWR) and a 400-1 000 MW(e) boiling 
and superheating reactor of the Marviken type 
(BASHFUL). A feasibility study of a large 
[I 000 MW(e)] mixed spectrum boiling and super
heating reactor is also under way. 

FUEL COSTS FOR DIFFERENT REACTORS 
AND COST CONDITIONS 

The fuel cost forms a substantial proportion of the 
total cost of electricity, in fact, more than half for one 
of the large light-water reactors already ordered [2]. 
This proportion will undoubtedly increase in the 
future, when capital costs are brought down by 
increased scale of operation and larger station outputs. 
The corresponding potential decrease in fuel process
ing costs will partly be offset by increased fuel element 
performance, and partly because low cost ores will 
become exhausted. 

Typical fuel costs with present cost conditions are 
summarized in Table 1 for heavy-water reactor types 
under development in Sweden and a hypothetical 
light-water reactor. Major nuclear parameters assumed 
are given in Table 2. Although a direct comparison of 
precise fuel costs for different reactor types is difficult, 
and to some extent irrelevant since capital costs must 
be considered as well, some observations of a more 
general nature may be made. 

For all heavy-water reactors considered, the value 
of spent fuel is negligible and the net credit is marginal 
with the plutonium price assumed, $S/g. For the 
light-water reactor on the other hand, the value of 
spent fuel is considerable and if stainless steel is used 
as cladding material, reprocessing is a necessity. 
Slightly-enriched uranium gives a lower fuel cost than 
natural uranium. The net gain shown for the BHWR 
reactor may be increased with optimization, and this 
is dealt with below. The noticeably higher fuel cost 
for the PHWR reactor relative to the other heavy
water reactors results (rom the less favourable refuel
ling scheme assumed, multi-zone batch loading, and the 



78 SESSION 2.5 P/417 L. ZETTERGREN and B. PERSHAGEN 

Table 1. Present fuel costs for different reactor types 

BHWR BWR 
Cost item (mill/kWh) Marviken Nat. U Enr.U PHWR BASHFUL Zr ss 

1. Fuel consumption. 0.51 0.39 0.63 1.04 0.67 1.47 2.88 
2. Manufacturing . 0.88 1.23 0.89 1.10 0.79 0.93 0.95 
3. Fixed costs. 0.20 0.13 0.13 0.14 0.13 0.30 0.50 
4. Reprocessing . 0.29 0.44 0.26 0.30 0.23 0.32 0.32 
5. Credit on uranium 0 0 0 -n.04 -n.09 -n.34 -1.42 
6. Credit on plutonium -n.43 -n.s5 -n.46 -n.47 -n.38 -n.44 -n.5o 

Once-through 1-3 . 1.59 1.75 1.65 2.28 1.59 2.70 4.33 
Net credit 4-6. -n.14 -n.ll -n.20 -n.21 -n.24 -n.46 -1.60 

Total cost 1.43 1.64 1.45 2.07 1.35 2.24 2.73 

Basic assumptions: burn-up 15 MWd/kg U (except natural uranium, 9 MWd/kg U); feed cost, $8/lb; 
separative work, $30/kg U; interest rate, 7%; fixed costs at 6 000 h/year and 60% of initial core; repro
cessing, $30/kg U, BWR additional $5/kg U; plutonium credit $8/g total. 

Table 2. Nuclear parameters used in Table 1 

BHWR BWR 
Marviken Nat. U Enr.U PHWR BASHFUL Zr ss 

1. Thermal efficiency . 0:287 0.314 0.314 0.283 0.371 0.308 0.308 
2. Specific power, kW/kg U 18.0 18.0 27.0 35.6 24.0-41.2 18.0 18.0 
3. Enrichment, initial . 1.00 0.71 1.17 1.50 1.05-2.17 2.00 3.30 

final <0.25 <0.25 <0.25 0.40 0.2-0.92 0.88 2.10 
4. Rod diameter, mm 12.5 
5. Plutonium, g/kg U 5.6 

effort to keep capital costs low. The increased thermal 
efficiency obtainable with superheat (BASHFUL) 
compared with saturated boiling (BHWR) more than 
compensates for the increased enrichment due to 
stainless steel cladding. Finally, it is observed that the 
total fuel cost for a heavy-water reactor is of the 
order of 0.8 mill/kWh lower than that for the light
water reactor if the same basic reactor type, direct
cycle saturated boiling, fuel rod diameter and Zircaloy 
cladding, are assumed. Fixed fuel costs contribute 
approximately 0.2 mill/kWh to this difference. 

Possible changes relative to present cost assumptions 
are illustrated in Table 3 for light-water and heavy
water reactors of comparable design. The impact of 
achievable burn-up assumed to be limited by metal
lurgical reasons, is shown in Fig. I. An optimum 

Table 3. Possible changes in fuel costs 

Fuel cost, mill/kWh 

(a) Present cost estimates 
(b) Foreseeable reduction 
(c) Future increase due to 

feed cost: 
$10/lb. 
$30/lb. 

15 MWd/kg U 30 MWd/kg U 
BHW~BWR BHWR-BWR 

1.43 
0.91 

1.12 
2.12 

2.19 
1.58 

1.68 
2.82 

1.06 
0.71 

0.90 
1.79 

1.76 
1.24 

1.50 
2.64 

NoTE: Costs of cases a and b respectively ( = c): natural uranium 
feed $8 and $6/lb; separative work $30 and $25/lb; fabrication 
as at present and at 30% reduction; reprocessing $35 and $20/kg U. 
Slight differences occur compared with Table 1, because fixed 
costs are determined on 50% rather than 60% of the first core. 

14.0 11.5 10.4 11.5-8.5 11.5 Il.5 
4.7 6.6 6.0 6.3-6.9 6.1 7.0 

·burn-up is obtained in the range 30-35 MWd/kg U 
in the cases considered, but the fuel cost curve is 
relatively flat above 20-25 MWd/kg U. With present 
cost conditions the potential gains are approximately 
0.4 mill/kWh for both the light-water and heavy
water reactors. 

FUEL UTILIZATION AND LONG-RANGE ASPECTS 

If nuclear energy is to meet the constantly increasing 
per capita consumption of energy and the growth 

Fuel cost 
mdl/kWh 

10 20 30 

-- Present costs 

--- Potent• a! reduction 

Bum-up, MWd/kg U 

40 

Figure 1. Fuel cost versus burn-up for light- and heavy-water 
reactors 
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Figures 2a (left) and 2b (right). Consumption of natural uranium in different nuclear systems as 
a function of time 

of world population, there will inevitably arise a 
problem in fissile fuel resources. It is universally 
agreed that the only long-range solution to this prob
lem is the introduction of breeder reactors; the only 
questions being when? and how? The full appreciation 
of this problem requires an assessment of growth rates 
of installed capacity, available resources, reactor 
performance and cost data. 

As an illustration of many alternative solutions, 
a combined thermal and fast reactor system with fast 
reactors introduced around 1980 is considered. Com
parison is made with thermal reactors with a once
through scheme and with recycling. Figures 2a and 2b 
show the total consumption of natural uranium respec
tively for Sweden and the world for postulated growths 
of nuclear power that asymptotically approach 3% and 
6% annually [11]. Although no definite conclusions 
should be drawn from this specific example, it appears 
obvious that Sweden considered in isolation would 
not be short of uranium for a vast period of time, 
even with a once-through system. On the other hand, 
there arises a severe resource problem for the world as 
a whole, even if breeders are introduced relatively 
early. The breeding gain must exceed values usually 
assumed to meet the increase in nuclear power and 
thus resolve the resource problem. 

Since thermal reactors will be justified for economic 
reasons over probably a long period of time and also 

for the start-up of fast breeders, the utilization of 
fissile material in thermal reactors is of interest. 
A quantity "specific utilization" has been introduced, 
defined as thermal energy produced per fissile atom, 
made unavailable for the system [3]. When applied to 
once-through systems this quantity simply becomes 
MWd/g 235U fed to the system but is perhaps more 
conveniently expressed as MW(e)d/kg U in this 
case [4]. For reactors of the Marviken type the utiliza
tion efficiency thus defined varies with bum-up, 
i.e. enrichment, and shows a maximum at bum-ups 
in the range 25-30 MWd/kg for several different 
designs. Values varying from 2.5-3.5 MW(e)d/kg U 
are obtained. It is of interest to note that minimum 
fuel costs are obtained for burn-up values in this same 
range. Thus, the two-fold objective of high fuel 
utilization and low fuel costs is achieved. 

However, "specific utilization" becomes ambiguous 
when the more appropriate case of plutonium recovery 
is considered. The nuclear value of plutonium relative 
to·that of 235U has to be introduced, and this depends 
upon the reactor type and is different for the various 
isotopes, i.e. varies with burn-up. The precise use of 
plutonium must therefore be specified and the follow
ing two cases may be distinguished. 

(a) Start-up of fast reactors. Idealized studies [5] 
indicate a fissile plutonium value relative to 235U of 
approximately 1.45 and a non fissile value of0.35. For 
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non-recycled qualities, the approximation of equal 
values of 235U and plutonium on a total basis may 
also be assumed. 

(b) Re-use in thermal reactors as plutonium enrich
ment either for the reactor where it was formed or for 
a different one. As a first approximation, the assump
tion of equal values of Pu and 235U on a fissile basis 
may be used. This underestimates the plutonium value 
for the Marviken type of reactor. 

In the case of self-sustained recycling for many 
consecutive cycles, the plutonium value need not be 
assessed and the average bum-up value directly gives 
the utilization efficiency. For the Marviken type of 
reactor, values in the range 4.5-6.0 MW(e)d/kg U 
are obtained with natural uranium feed [4]. 

Figure 3 illustrates the variation of specific utiliza
tion with bum-up for heavy-water and light-water 
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Figure 3. Fuel utilization versus burn-up per cycle, for a heavy
water reactor (BHWR) and a light-water reactor (BWR). 

Simulation of different plutonium uses 

reactors BHWR and BWR, earlier considered. Com
parison is made with the cases C once-through scheme 
but with 235U re-enrichment and D once-through 
throw-away. Since in the BHWR case the final enrich
ment is less than the waste enrichment, 0.25%, from 
the enrichment plant, re-enriching is not performed 
and cases C and D are identical. Again optimum 
burn-up values are obtained and, as expected, the 
heavy-water reactors show a significant advantage over 
the light-water reactor. 

CHARACTERISTICS OF PRESENT FUEL CYCLES 

The present Swedish fuel cycle philosophy is based 
on two major principles: the use of slightly-enriched 
uranium for normal operation but with the possibility 
of optional operation with natural uranium; and, 
a once-through uranium cycle without reprocessing 
of spent fuel but with the possibility of future recycling 
of plutonium in a self-sustained cycle. 

The method of refuelling is adjusted to meet the 
requirements of the particular reactor design. Two 
different approaches have been made, in that continu
ous on-load refuelling is adopted for the Marviken 

design and intermittent refuelling at shut-down is 
being considered for the PHWR design. In both cases 
fuel relocation is used to obtain power flattening. 
Fresh fuel is inserted in peripheral regions, transferred 
to inner zones and then discharged in the centre. For 
the PHWR design a large fraction of the core is 
refuelled at a time. 

Heavy-water reactors have the advantage of being 
able to use both natural and enriched fuel economi
cally. In choosing between the two alternatives many 
factors have to be considered. First of all, slight 
enrichment may reduce fuel costs. For the Marviken 
reactor, if designed for saturated boiling and enriched 
uranium, the fuel cost increases from 1.4 mill/kWh for 
enriched uranium (Table 1) to 3.0 mill/kWh for natu
ral uranium with a burn-up of 6 MWd/kg U. If the 
bum-up is increased in the enriched case from 15 
to 30 MWd/kg U, a fuel cost of 1.1 mill/kWh may be 
obtained. Obviously, the use of natural uranium is 
unfavourable in this case. For the BHWR reactor 
a fuel cost difference between natural and enriched 
uranium of 0.2 mill/kWh is obtained, if the reactor is 
hypothetically modified for natural uranium to an 
increased fuel rod diameter and to give a bum-up of 
9 MWd/kg U (Table 1). An increase in burn-up from 
15 to 30 MWd/kg U for enriched uranium increases 
the cost difference to 0.6 mill/kWh . 

Due to the cost of conversion of UF6 to U02, slight 
enrichment would introduce a step increase in fuel 
cost of the order of$10/kg U. This can be eliminated, 
however, by the dilution of higher enrichment with 
natural uranium. There exists an optimum starting 
enrichment independent of the desired final enrich
ment and of the cost of natural uranium feed, only 
depending upon costs of refining, conversion and 
separative work. With values assumed at present the 
optimum is 1.7% but may vary from 1.0- 2.4%. 

In the more general case, not only fuel costs but 
also capital costs have to be considered. Such overall 
optimization has been studied with a computer pro
gramme developed for a heavy-water moderated and 
cooled pressure vessel reactor [6]. An automatic opti
mization procedure searches for the optimum com
bination of independent variables that gives the mini
mum unit cost of electricity. Some preliminary results 
are illustrated in Table 4. Enriched uranium was found 
to offer a reduction of 1.2mill/kWh in total costsorlO% 
for the 100 MW(e) reactor and 0.55 mill/kWh or 8% 
for the 400 MW(e) reactor. It should be pointed out 
that the costs as well as variable values are for illus
trative purpose only, and oflittle absolute significance. 
The costs are on a first generation level. Two particular 
modes of operation are of interest, viz., the use of 
enriched uranium in a reactor designed for natural 
uranium and vice versa. For the 100 MW(e) reactor the 
introduction of enriched uranium in the natural
uranium reactor gives a cost reduction of the order 
of 5%. On the other hand, the case of natural uranium 
in the enriched version turns out unfavourably. 
A significant reduction in electrical output would be 
required to ensure reasonable bum-up. 



SESSION 2.5 P/417 L. ZETTERGREN and B. PERSHAGEN 81 

Table 4. Optimization of natural and enriched 
uranium reactors 

100 MW(e) 400 MW(e) 
Variable -Nat. U Enr. U Nat. UEnr. U 

(a) Core volume, incl. reac-
tor (m3

). 102 62 257 119 
(b) Ratio, height: diameter of 

core 1.07 1.34 0.80 0.80 
(c) Relative reflector thick-

ness 0.29 0.20 0.23 0.21 
(d) Ratio, moderator: fuel 

volume . 17.2 13.5 16.3 14.0 
(e) Ratio, coolant: fuel vo-

lume . 1.2 3.9 1.5 2.4 
(f) Fuel rod diameter (mm) 14.7 13.6 14.0 10.4 
(g) Enrichment (% 235U) 0.7 1.4 0.7 1.4 
(h) Moderator temperature 

(OC) 221 246 251 242 
(i) Coolant exit temperature 

(OC) 244 266 274 277 
(j) Coolant temperature rise 

(OC) 25 25 35 35 
(k) Burn-up (MWd/kg U) 8.2 19.1 10.1 25.0 
(/) Number of rods per clus-

ter . 27 27 37 37 

Cost of electricity, mill/kWh: 
Capital, 6 000 h/year 7.4 7.1 4.2 4.0 
o.o. 10% interest and 

leakage 1.5 1.0 0.8 0.5 
Operation. 1.2 1.2 0.9 0.9 
Fuel, once-through, incl. 

fixed. 1.8 1.4 1.1 1.1 

Total 11.9 10.7 7.0 6.5 

NoTE: Variables (j) and (/) have not been optimized. For the 
400 MW(e) reactors the cost of fuel element manufacture has been 
reduced by 30% and the cost of heavy water by 25% from present 
levels to indicate future developments. 

Trade balance· and emergency situations are addi
tional factors that have to be considered. With an 
installed capacity of 4 000 MW(e) and an increase 
of 800 MW(e) per year, as estimated for 1980, the net 
import requirement amounts to $8 x 106/yr for natu
ral uranium as compared to $13 x 106/yr for enriched 
uranium. The corresponding figures for light-water 
reactors are $40 x 106/yr and$63 x 106fyr for reactors 
with Zircaloy and stainles& steel as cladding material. 
Emergency situations may be covered by storage. 
With interest only on the uranium (7%), the costs per 
year storage amount to approximately 0.020 and 
0.024 mill/kWh for natural uranium and enriched 
uranium respectively. These values can be compared 
with 0.062 mill/kWh and 0.125 mill/kWh for the two 
light-water reactors. 

An additional benefit from the use of slightly
enriched fuel in heavy-water reactors comes from the 
fact that more advanced designs are possible, as exem
plified by the boiling and superheating reactor. At the 
present time, stainless steel is required in the super
heater elements, which is impossible in a natural
uranium reactor for reactivity reasons. 

Thus, slight enrichment shows promise of reducing 
both fuel and capital costs for a heavy-water reactor. 
However, due consideration must be given to natural 
uranium at some economic sacrifice for enriched
uranium operation. Import requirements or short
term emergency considerations are only of minor 
importance. 

The method of refuelling has great bearing on the 
fuel cycle as well as on the design of the entire 
nuclear plant. Many alternatives exist between the 
two extremes; continuous on-power refuelling, and 
batch refuelling at shut-down. The on-power scheme 
has several advantages. The first advantage is extended 
burn-ups for a given enrichment. The low reactivity 
of highly-irradiated fuel is compensated by the high 
reactivity of fresh fuel, and the attainable burn-up can 
be more than doubled as compared with batch loading. 
Although continuous loading can be approximated by 
intermittent refuelling at shut-down, a fractional 
loss inevitably arises, which is approximately propor
tional to the fractional amount discharged [7]. The 
second advantage is higher plant availability. The 
number of start-up and shut-down operations is 
reduced with a corresponding relaxation of their 
difficulties. Shut-downs due to damaged fuel elements 
can be avoided if the faulty element is located and 
removed. When statistics of fuel element performance 
are obtained, burn-up can be extended more than is the 
case if faulty elements cannot be removed on-power. 
The third advantage is minimum reactivity shim con
trol requirements and the avoidance of power pattern 
distortion. In the equilibrium state of a continuous 
cycle, reactivity and power distribution are stationary. 
On-load operation facilitates continuous adjustment 
of power patterns by fuel shuffling. 

Considering only the first advantage above, the gain 
with on-power refuelling amounts to 0.1 mill/kWh in 
the case ·of a 400 MW(e) slightly-enriched reactor if 
the frequency of refuelling is optimized [7]. The 
equivalent capitalized saving would be $2 x 106• For 
natural uranium the net saving increases by a factor 
of two. To this should be added the premium due to 
the second and third advantages cited, which is more 
difficult to estimate. In general, the refuelling machine 
has to perform essentially the same functions whether 
intended for on-power operation or not. The addi
tional cost of fuel handling equipment to allow opera
tion at high pressure and temperature is estimated 
to less than $0.3 x 106 in the reference case. Thus, 
although perhaps not an economic necessity, there is 
evidently an incentive to design for on-load refuelling. 
Accordingly, this method has been adopted for the 
Marviken reactor. 

In the assessment of a loading scheme, it is impor
tant to consider the maximum power peaking factor 
during the cycle as well as the attainable burn-up. For 
natural uranium fuel, reactivity sets a limit to the 
degree of flattening that can be profitably utilized. For 
enriched uranium the penalty in fuel cycle cost is 
less, since the loss of reactivity due to flattening can be 
compensated by increased enrichment. The possibility 
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of free optimization of power distribution and burn-up 
is a major advantage with the use of enriched fuel and 
continuous refuelling in a heavy-water reactor. 

In order to achieve power flattening, several refuel
ling schemes are possible. The scheme envisaged for 
the Marviken type stations is in principle as follows: 
the reactor is divided into two radial zones· fuel 
elements in the peripheral zone are removed' at a 
certain intermediate irradiation and transferred to the 
central zone where they are allowed to reach the 
desired discharge burn-up; the peripheral zone is fed 
with fresh fuel, whereas the central zone is fed partly 
with fuel elements transferred from the peripheral zone 
and partly with new fuel elements, which are also taken 
to the discharge burn-up. Detailed calculations on 
specific schemes for Marviken show that very low 
radial power peaking factors, about 1.35 for the 
boiling elements and 1.15 for the superheating ele
ments are possible [8]. 

Besides radial shuffling, relocation can be made 
axially if the fuel element is sub-divided into appro
priate segments. Although the Marviken reactor is 
designed for refuelling with complete fuel elements, 
axial relocation of fuel element halves could be per
formed by minor modifications of both the fuel 
element and the refuelling machine. However, calcula
tions show that no significant gain can be obtained 
from axial inversion. This is due to the fact that the 
increase in burn-up, which would lower fuel cycle 
costs, is counterbalanced by an increased axial power 
peaking factor, which would lower the output from 
a given size of vessel. The conclusion is that axial 
inversion or push-through systems are only justified 
in natural uranium reactors at relatively low burn-up. 

For the PHWR-reactor an opposite approach has 
been taken for refuelling as compared to the Marviken 
reactor. The general philosophy of a simple design, 
a high degree of operational reliability and reduced 
capital costs, together with the design of the fuel 
element, all tend to favour refuelling at shut-down. 
A method analogous to that used for light-water 
reactors has therefore been adopted. The excellent 
neutron economy of heavy-water systems can, how
ever, support longer reactivity lifetimes with near
natural fuel for batch or zone refuelling schemes. In 
addition, a higher degree of power flattening seems 
possible by shuffling fuel from the outside towards 
the center than in the case of the light-water reactor, 
due to the higher migration area and less severe 
distortion from irregularities in the lattice. Two
dimensional calculations show that total form factors 
of the order of 1.4 can be obtained. The excess 
reactivity is taken care of by chemical poisoning and 
the flux distortion due to control rods is thus elimi
nated during normal operation. 

Applying continuous refuelling to the PHWR 
reactor, instead of the zone-batch scheme assumed 
in Table 1, decreases the fuel cost from 2.1 to 
1.6 mill/kWh. If a hypothetical batch scheme with 
continuous reshuffling were used, an increase to 
2.5 mill/kWh would result. As a comparison with the 

Marviken reactor, replacement of continuous refuel
ling with the same hypothetical batch scheme increases 
the fuel costs from 1.4 to 2.1 mill/kWh. 

RECYCLING OF PLUTONIUM 

Heavy-water reactors have high conversion ratios 
and are therefore efficient plutonium producers. The 
good neutron economy makes possible extended fuel 
lifetimes for a given initial enrichment. This means 
that most of the plutonium formed is used in situ. 
Nevertheless, a large fraction remains in the spent fuel. 
At the postulated rate of growth of nuclear power 
in Sweden the cumulative amount of plutonium is of 
the order of 5 t in 1980, and increases by more than 
1 tfyear. The ultimate use of plutonium from thermal 
reactors will be as first core inventory in fast breeders. 
Before fast reactors become economically competitive, 
the recycling of plutonium in thermal reactors can 
give better fuel utilization and lower fuel costs. Later 
use in fast reactors can only have the effect that the 
plutonium price will increase· and hence, the power 
cost from thermal reactors will decrease. 

The assessment of a value for plutonium is indeed 
complex. Different reactor systems, types and designs, 
cost assumptions and methods of economic analysis 
can give significantly different results. Some results 
that illustrate this are given in Table 5 [10]. The value 
of plutonium is determined by equating fuel costs as 
illustrated in Fig. 4. The different values for plutonium 
that are obtained from various reactors cannot be 
explained by a single parameter, but are the result of 
many design differences. As an example, a decrease in 
the moderator temperature for the PHW.R to agree 
with that of the BHWR reactor (from 260 to 205 °C) 

Table 5. Plutonium values in different reactors 

Economic analysis 

(a) Burn-up 20 MWdfkg; in
cremental Pu manufact. 
cost 10%; value only for 
fissile isotopes; Pu qual
ity A (i.e., self-produced 
at burn-up 15 MWd/kg . 

(b) Pu quality B, i.e., Magnox 
after 3 MWd/kg .... 

(c) Burn-up varied from 15 
to 25 MWd/kg. . . . . 

(d) Incremental Pu manuf., 
varied from 0 to 20% . . 

(e) All Pu isotopes have same 
value, 

Pu quality A . . . . . 
quality B . .... 

(f) Reactivity arbitrarily cor
rected to change burn-up, 
-25%: 

U-cycle . . . 
Pu-cycle. . . . . . . 

Value, $/g fissile 
PHWR BHWR BASHFUL 

12.6 

9.6 

9.1-8.3 

13.5 

12.1 

13.2-14.0 

13.4-10.8 

9.6 
11.2 

18.5 
9.9 

14.7 

13.7 

14.4-13.0 

NoTE: Case a is the reference case, all others identical except 
as noted. 
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Figure 4. Determination of indifference value of plutonium 

decreases the value of the plutonium by $0.5/g; 
the corresponding change in moderator to fuel ratio 
(17 .0 to 13.0) increases the value by the same amount. 
The combined effect gives a net decrease of $0.7/g. 
The effect of different fuel cycles, refuelling schemes 
and additional results of plutonium qualities and cost 
parameters have earlier been reported for a 100 MW(e) 
natural uranium reactor [9]. It is evident from the 
studies performed that there exists no unique value 
for plutonium, not even for a specific reactor. For the 
types of reactors under consideration, however, it is 
reasonable to assume that long-range values for 
plutonium, when used in thermal reactors, are in the 
range $10-15/g fissile or $7-10/g total. 

The type of analysis just presented assumes that 
there exists a plutonium market to which the pluto
nium formed can be sold, or alternatively, recycled in 
tl}e reactor. The costs assumed correspond to a future 
situation where industry has developed to a large scale. 
If no market value of plutonium exists, the question is 
whether recovery of plutonium from spent fuel and 
re-use is worthwhile at the cost of reprocessing and 
increased manufacturing cost. The fuel costs obtain
able in a once-through cycle with plutonium from 
spent fuel irradiated to 15 MWd/kg, i.e. containing 
6.5 g Pu/kg, are illustrated in Fig. 5. As can be seen, 
it is necessary to achieve a low cost level for plutonium, 
in order to be competitive with enriched uranium. 
Increased burn-up in the uranium cycle as well as 
continued recycling would improve the plutonium 
economics. 

The possibility of self-sustained recycling with a feed 
of natural uranium is of particular importance. The 
performance of the different reactor types is illus
trated in Fig. 6. As can be seen, burn-up va)ues of 
10-15 MWd/kg are obtained even though the reactors 
are designed for enriched uranium. 

The reactors so far considered have all been 
designed for the uranium cycle. Considering the great 
differences that exist in nuclear and engineering pro
perties and economic conditions, significant changes 
would be expected when designing the reactors for 
plutonium. The following are some factors that should 

2 Fuel cost, mi 11/kWh 
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Figure 5. Fuel cost versus burn-up for plutonium and 235 U
enriched uranium in a once-through scheme without 

reprocessing 

Cost assumptions: Enriched uranium: Feed, $6/lb; separative 
work, $25/kg U; Natural uranium: $6/lb plus $5/kg U refining; 
Manufacture, uranium: Present -30%; Manufacture, pluto
nium: uranium + 25 ± 10 'I,, ; Recovery of plutonium: $45 ± 
10/kg U plus $1.50 ± 0.50/g Pu. 
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Figure 6. Self-sustained plutonium recycle. The horizontal 
lines refer to the equilibrium-cycle on uranium, natural for 

Marviken-T and enriched for remaining reactors 

be considered. Firstly, if only some of the fuel elements 
contain plutonium, the increased cost of manufacture 
of plutonium fuel elements is somewhat offset, and 
furthermore, fresh plutonium can be separated from 
that recycled. Secondly, the cost of fissile material does 
not increase with enrichment as in the case of enriched 
uranium. This makes non-uniform distribution com
paratively more attractive. Variation can be made 
radially in zones, axially in segments, and internally, 
e.g. in different fuel pins in a cluster. Thirdly, strong 
self-shielding effects and the nuclide chain itself offer 
certain design advantages, e.g. in the control of reac
tivity and power distribution. On the other hand, 
worse form factors are obtained within rod clusters 
and due to water gaps. Fourthly, if core design para
meters are re-optimized for plutonium, significant 
differences may be obtained. Preliminary studies per
formed with the optimization programme previously 
mentioned indicate that lower moderator temperatures 
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and lower moderator-to-fuel volume ratios are 
obtained, but further analysis is required. 

CONCLUDING REMARKS 

Sweden is engaged in the development of heavy 
water reactors because, firstly, these reactors look 
economically attractive compared with other reactor 
types and show good potential for technical develop
ment and, secondly, make efficient use of natural fuel 
resources. The factors favouring heavy-water reactors 
undoubtedly become increasingly important in the 
future. 

Current fuel cycles are based on the use of slightly
enriched uranium with the possibility of operation 
on natural uranium. No reprocessing of spent fuel 
is required. Refuelling can be performed on-power or 
at shut-down. Under present economic conditions 
fuel costs of the order of 1.4 mill/kWh are possible 
with a foreseeable reduction to 0.7 mill/kWh. 

Recycling of plutonium appears economically justi
fied in the future. Plutonium values in the range 
$10-15/g fissile are forecast. All reactors under con
sideration show reasonable burn-up values in a self
sustained cycle with natural uranium feed. 
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ABSTRACT -RESUM E-AHHOTA '-tilt JI-RESUMEN 

A/417 Suede 

Aspects physiques et economiques des cycles 
de combustible des reacteurs a eau lourde 

par L. Zettergren et B. Pershagen 

Les reacteurs a eau lourde du type a cuve sous 
pression qui sont en cours de mise au point en Suede 
paraissent economiquement plus interessants que les 
autres systemes. Ce fait est attribue en particulier aux 
avantages du cycle de combustible, qui deviendront 
de plus en plus importants a l'avenir. 

Si l'on compare les divers types de reacteurs du 
point de vue des cycles de combustible, il faut tenir 
compte principalement de deux facteurs, a savoir 
l'economie des cycles de combustible et !'utilisation 
a long terme du combustible. Dans le memoire, on 
donne les couts du combustible pour les differents 
types de reacteurs etudies a la fois dans les conditions 
actuelles de prix et compte tenu des changements 
previsibles. On a considere specialement.le credit net 
pour le combustible epuise et !'incidence des frais 
d'alimentation et du taux de combustion. On com
pare, comme exemple de !'utilisation des ressources 
en combustible, Ia consommation totale d'uranium 
naturel pour les reacteurs rapides et pour les reacteurs 
moderes a l'eau lourde ou a l'eau Iegere. On a 

considere la Suede separement et !'ensemble du 
monde. 

On discute les caracteristiques de Ia politique 
suedoise actuelle en matiere de cycles du combustible. 
Cette discussion traite de l'emploi de combustibles 
naturels ou enrichis, de Ia necessite du traitement 
chimique du combustible epuise et de Ia possibilite 
de recyclage du plutonium. Les cycles du combustible 
actuellement adoptes pour le reacteur de 200 MW(e) 
de Marviken qui est en cours de construction et pour 
Ia conception de principe du reacteur de puissance 
a eau lourde (PHWR) de 350 MW(e) sont discutes. 
Le reacteur de Marviken est prevu pour rechargement 
de combustible en regime de puissance, alors que pour 
le PWHR le rechargement s'effectuera pendant I' arret. 
Les deux reacteurs utilisent la disposition du combus
tible comme moyen de reglage de la reactivite et 
d'aplatissement du flux neutronique. 

On demontre qu'a l'heure actuelle, il y a una vantage 
economique a utiliser du combustible faiblement 
enrichi dans Ies reacteurs a eau Iourde consideres, 
etant donne qu'aucun traitement chimique du com
bustible use n'est necessaire. Le recyclage du pluto
nium parait economiquement justifie pour l'avenir. 
La valeur du plutonium et la possibilite d'auto
recyclage avec alimentation en uranium naturel font 
l'objet d'une discussion. 



SESSION 2.5 P/417 L. ZETTERGREN and B. PERSHAGEN 85 

A/417 Waea.tHR 
ltJH3HKa H 3KOHOMHKa TOnnHBHbiX 1,4HK
nOB AMI TRJKenOBOAHbiX peaKTOpOB 

Jl. L.J.eTTepreH, D. nepcxareH 

Paapa6aTbiBaeMLie B lllBe~HH TJURCJIOBOJJ;HLie 

peal\TOpLI C KOpRycaMH ROJJ; p;aBJICBHCM Rpep;CTaB

JUIIOTCH 6oJICC 3aMaB'IHBLIMH C 31\0BOMH'ICCKOii 

TO'II\H apeBHH, 'ICM p;pyrne CHCTCMLI. OTO 06CTOH

TOJibCTBO 06'hHCBHCTCH Rpemp;e BCero RpCHMy~e
CTBaMH TORJIHBHOrO ~HKJia, 'ITO HMCCT OC06oe 3Ba

'fCHHC JJ;JIH RCpCRCKTHBHOfO HCROJib30BaBHH. 

llpH cpaBBCHHH pa3JIH'IHbiX THROB peaKTOpOB C 

TO'IIHI apeHHJI TORJIHBHLIX ~HKJIOB Ba)I(BOC 3Ba'Ie

HJIC HMCIOT JJ;Ba «flaKTOpa, a HMCBBO 3KOBOMHKa 

TOIIJIJIBHOfO ~HKJia H JJ;JIHTCJibHOCTb HCROJib30Ba

HHJI TORJIHBa. llpHBOJJ;HTCH JJ;aHHLIC 0 TORJIHBBOii: 

COCTaB.ITJIIOII.\Cii: JJ;JIH pa3JIH'IHLIX THROB peaKTOpOB 

C yqeTOM KaK COBpCMCHHLIX ~eB, TaK H 6yp;y~HX 
HaMeueunii. Oco6oe BHHMaune yp;eJIHCTCJI Kpe~H
TY na OTpa6oTaBrnee TORJIHBO H BJIHHHHIO CTOH

MOCTH aarpyaKn n BLiropaunu. B Ka'IeCTBe RpH

Mepa HCROJib03BaHHJI TORJIHBHLIX pecypCOB RpHBO

:\HTCJI cpaBHCHHC 0611.\CfO ROTpe6JICHHH RpHpOJJ;

IlOfO ypana B peaKTopax na 6hiCTpMx neii:Tpouax 

ll peaKTopax C aaMCJJ;JIHHHCM o6LI'IHOH H TJiiKCJIOH 

nop;oii. 3TH npo6JICMLI paccMaTpnnaiOTCH KaK JJ;JIH 

llbe~HH, TaK H JJ;JIH BCCfO MHpa B ~CJIOM. 
PaccMoTpeubi xapaKTepuwe oco6euuocTH conpe

Meuuoii noJIHTHKH IIIne~un B OTHorneunn TORJIHB

uwx ~HI\JIOB. 3p;CCb npHHHMaeTCJI BO BHHMaHHC 

HCIIO::rib30BaHHC IIpHpdJJ;HOfO HJIH o6orall.\CHH0f0 

TOIIJIHBa, HC06XOJJ;HMOCTb B XHMHqCCI\OH RC

pepa60TKC OTpa6oTaBIJ1CfO TOHJIHBa H B03M0)1(

HOCTb llOBTOpHOfO HCITOJib30BaHHJI HJIYTOHHH. 06-

cymp;aiOTCJI IIpHHJITbiC TOITJIHBHLIC ~HKJILI JJ;JIH 

MapBHKCHCKoro peaKTopa MOII.\HOCTbiO 200 Mer 
( :m.), KOTOpLIH yme CTpOHTCH, H JJ;JIH RpOCKTHpy

l'MOrO peaKTOpa PHWR MOII.\HOCTbiO 350 Mer 
( aJI.). Ma pnn«eHcKnii peaKTop cKoHcTpynponau 

C paC'ICTOM aaMCHbl TOITJIHBa 6ea OCTaHOBKH peaK

TOpa, Torp;a I\aK JJ;JIH peaKTopa PHWR npep;noJia

raeTCH npOH3BOJJ;HTb aaMeHy TOllJIHBa B Hepa6o-

1fHH nepnop;. Ha o6onx peaKTopax JJ;JIH KOHTpOJIH 

peaKTHBHOCTH H peryJIHpOBaHHH ~011.\HOCTH HC-

110Jib3YCTCH npo«fJHJIHpOBaHHC TOllJIHBa. 

lloKaaauo, qTo B H3CTOHII.\CC BpCMH HMCIOTCH 

CTHMYJIHpyiO~He 3KOHOMH'ICCKHC «flaKTOpLI HC

IIOJibJOB3Tb CJia6oo6orall.\CHHOC TOITJIHBO B pac

CMaTpHB3CMLIX TJI)I(CJIOBOJJ;HLIX peaKTOpax, Korp;a 

HCT HC06X()JJ;HMOCTH B XHMH'ICCKOH nepepa6oTKC 

OTpa60T3BIJ1CfO TOllJIHBa. llOBTOpHOC HCJIOJib30Ba

JIHC ITJIYTOHHH npep;cTaBJIHCTCH 3KOHOMH'IBLIM 

TOJihKo B 6yp;y~eM. PaccMoTpeuLI npo6JieMLI ca

Monop;p;epmuBaiOII.\erocu nJiyTouueooro ~HKJia c 

aarpy:moii npupop;BLIM ypauoM. 

A/417 Suecia 

Fisica y economia del ciclo de combustible 
para reactores de agua pesada 

por L. Zettergren y B. Pershagen 

Los reactores moderados por agua pesada, del 
tipo de vasija de presion, que se estan construyendo 
en Suecia resultan interesantes desde el punto de 
vista econ6mico en comparaci6n con otros tipos de 
reactores. Este hecho se explica por las ventajas del 
ciclo de combustible y en lo futuro sera cada vez 
mas importante. 

AI comparar los diferentes tipos de reactores 
desde el punto de vista de los ciclos de combustible 
hay que considerar dos cuestiones importantes, a 
saber: Ia economia del ciclo de combustible y Ia 
utilizaci6n del combustible a largo plazo. Se dan 
los costos de combustible para diferentes tipos de 
reactores objeto de estudio, tanto teniendo en cuenta 
las condiciones actuates como los cambios previsibles. 
Se presta atenci6n especial al credito neto por el 
combustible gastado y al efecto del gasto de alimen
taci6n y del quemado. Como ejemplo de Ia utiliza
ci6n de los recursos en combustible, se compara 
el consumo total de urania natural para reactores 
rapidos y para reactores moderados con agua ligera 
y con agua pesada. Se examina tanto Ia situaci6n de 
Suecia, aisladamente considerada, como la del mundo 
en su totalidad. 

Se discuten las caracteristicas de la actual politica 
sueca de ciclos de combustible. Esto lleva consigo 
consideraciones sobre el uso de combustible natural 
o enriquecido, la necesidad de la recuperaci6n 
quimica del combustible gastado y Ia posibilidad 
del reciclado del plutonio. Se discuten los ciclos de 
combustible adoptados para el reactor de Marviken, 
de 200 MW(e), en fase de construcci6n, y para el 
anteproyecto del PHWR, de 350 MW(e). El reactor 
de Marviken se esta proyectando para recarga en 
funcionamiento, mientras que el PHWR se recar
gara a reactor parado. Ambos reactores emplean 
el programa de utilizaci6n del combustible para 
control de la reactividad y aplanamiebto de Ia 
potencia. 

Se pone de manifiesto que actualmente hay un 
incentivo econ6mico en utilizar combustible ligera
mente enriquecido en los reactores de agua pesada 
que se analizan, en que nose requiere la recuperaci6n 
quimica del combustible irradiado. Se considera 
como una posible etapa futura la utilizaci6n del 
reciclado del plutonio. Se discute el valor del plutonio 
y la posibilidad del reciclado automantenido con 
alimentaci6n de urania natural. 
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Fuel cycle costs in nuclear power stations 

By G. B. Scuricini,* D. Oliva,* F. Calori,* A. Cherubini,* R. Scalliet,** A. Baruffa** 
and M. Willems*'* 

Fuel cycle costs in existing power stations are 
generally computed according to the method ·appli
cable to the type of station in question. The different 
methods adopted usually provide an estimate of the 
fuel cycle costs for the entire life of the plant, or for 
determinate quantities of fuel. A number of assump
tions are usually made, furthermore, which differ 
widely from case to case and render comparison 
difficult. Thus, for example, what might be called the 
"American method" lumps together certain costs 
under the "working capital" heading, which has no 
identical counterpart in other methodologies. Under 
other methods, such as those followed in Canada and 
the United Kingdom, the capital outlay in respect of 
fuel within the reactor is computed separately and is 
entered as an asset to be amortized over the entire life 
of the station. As a general rule, such methods do not 
offer a sufficiently clear indication as to how the· fuel
cycle cost varies during the life of the plant, and refer
ence is accordingly made to the cost when the fuel 
cycle is at equilibrium. For all practical purposes this 
cost is an abstraction, since the "equilibrium" point 
is only reached after a considerable number of years, 
by which time changes are likely to have occurred in 
other parameters, both technical and economic, of 
the cycle. 

The difficulties described emerge from a study 
conducted on behalf of EURATOM [I] to determine 
the cost of the fuel cycle of a nuclear power station on 
the basis of operational data. In the case of a power 
station in operation it is necessary to apply a method 
offering a sufficiently close approximation in order 
to assess the economic consequences of decisions 
affecting the running of that station. Furthermore, it is 
necessary to determine the cost of the fuel cycle over 
a clearly defined period of the life of that station. 

[t is useful to illustrate the principles adopted in 
• making computations for a power station in operation, 
since such principles enable results, even in the case of 
a priori calculations, to be obtained which lend them
selves better to practical application. In particular, 
with the proposed method, account can be taken of 
transitional periods between two different types of 
fuel cycle. 

Figures 1-7 illustrate examples of a priori cal-

* CNEN, Italy. 
**EURATOM. 
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culations performed in accordance with the prin
ciples described here and coded for IBM 1620 and 
704 computers. 

GENERAL 
As explained, the study was intended as a means of 

determining the cost of the fuel cycle of a nuclear 
power station using operational data of that station. 

In so doing, problems emerge of a high~y special 
character which demand an equally special method
ology. Amongst other things, there is the question of 
harmonizing data obtained from the actual operation 
of the plant with estimated figures, so that a valid 
comparison can be made between operational findings 
and forecast figures and further, that a series of data 
can be obtained on which future operation may be 
more efficiently planned. 

Such a method may furthermore offer useful appli
cations in those cases where it is wished to determine 
variations in the cost of the fuel cycle arising from 
changes in fuel management policy. With the method 
described below it is also possible to determine a priori 
fuel cycle costs, which will be valid at any given time 
during the life of the station. 

An assumption will be made that there is a power 
station in normal operation and that there is a require
ment to determine the cost of the fuel cycl{; at a given 
moment during the life of that station. 

At this point there is the problem of determining 
a cost figure which is significant, both from the stand
point of evaluating past operation, and from that 
of making decisions on future operation. In the case 
of past operation, the average cost of the cycle defined 
as the fuel cycle cost averaged over the period from the 
moment the plant became operational to the date of 
evaluation is accepted as a satisfactory value. This cost 
value is that most suitable for comparison with fore
cast values, in which the fuel cycle cost is usually 
determined as an average over the entire life of the 
plant or over a certain period. 

Referring now to decisions on future operation, it is 
clear that the average cost of the cycle thus determined 
is of little help since it is influenced by the effects of 
unalterable events and decisions of the past. 

It is therefore necessary to arrive at a fuel cycle cost 
that is valid at the time of evaluation, and, as much as 
possible, immune from the influence of past events 
and hence more suited to the purpose of reflecting 
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Figure 1. Average fuel cycle cost for a light water reactor and 
cash payment; discount rate 7% 

Curve a: plutonium value, $9.50/g; 
curve b: nil plutonium value 
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0 5 TO T5 20 

Figure 2. Average fuel cycle cost for a deferred payment; discount 
rate 7%; deferred payment interest rate 4% 

Curve a: plutonium value, $9.50/g; 
curve b: nil plutonium value 

u 

Years 

0 5 TO T5 20 

Figure 3. Average fuel cycle cost for a deferred payment; per
missible deferred payment inventory = 80% of the value 
assumed in Figure 2; discount rate 7%; deferred payment 

interest rate 4% 
Curve a: plutonium value, $9.50/g; 

curve b: nil plutonium value 
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10 15 E' kWh X 109 

Figure 4. Total fuel cycle cost vs power produced and to be 
produced; cash payment; discount rate 7% 

Curve a: plutonium value, $9.50/g; 
curve b: nil plutonium value 

c· 

E' ~Whx 109 

Figure 5. Total fuel cycle cost vs power produced and to be 
produced; deferred payment; discount rate 7%; deferred 

payment interest rate 4% 
Curve a: plutonium value, $9.50/g; 

curve b: nil plutonium value 
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Figure 6. Fuel cycle cost at evaluation time; deferred payment; 
discount rate 7%; deferred payment interest rate 4% 

dC' 
dE' 

mill/kWh 

Curve a: plutonium value, $9.50/g; 
curve b: nil plutonium value 

10 IS E' kWhx 109 

Figure 7. Fuel cycle cost at evaluation time; cash payment: 
discount rate 7% 

Curve a: plutonium value, $9.50/g; 
curve b: nil plutonium value 
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plant operation decisions. The problem bears many 
similarities to that already solved for determining the 
marginal cost of conventional power stations. It is, 
however, also infinitely more complicated in that a 
number of aspects of past operation have to be taken 
into consideration, and it is such aspects that are of 
preponderant significance where the cost of power 
produced up to the time of evaluation is concerned. 

Accordingly, it is considered justifiable to take into 
account three average values for the cycle cost, 
referring respectively to: 

(a) Fuel already withdrawn from the reactor; such 
fuel is no longer subject to variations due to decisions 
concerning power production at the station in question 
and is a valid source of statistical information on past 
operation. 

(b) Fuel present in the reactor and under irradia
tion. This fuel reflects immediately any decision con
cerning plant operation and to that extent provides 
a criterion for making such· decisions and, from an 
accountancy standpoint, is a valid basis for evaluating 
true operating costs in respect of fuel. 

(c) Fuel not yet loaded in the reactor but already 
charged to the plant operator, and thus capable of 
yielding useful information to guide supply policy, 
as well as providing a means of computing medium
term fuel costs. 

In order to arrive at the above values, one funda
mental difficulty must be overcome, namely that of 
determining the residual value of the fuel still in the 
operator's possession. To do so on the basis of the 
value of the component materials of the fuel itself and 
of the added value due to various fabrication processes 
does not lead to an exact evaluation, since it is difficult 
to arrive at a correlation between irradiation and the 
fall in value of the material and added value. 

It is, therefore, preferable to calculate the value of 
the fuel on the basis of the power it can still produce 
under conditions valid at the time of evaluation. This 
is equivalent to attributing to every kWh produced by 
the fuel in question a proportion of the depreciation 
of the fuel loaded in the reactor. 

By accepted definition, the cost of the fuel cycle is 
expressed as the ratio between the net expenditure 
associated with the fuel and the power actually produced. 
However, since financial transactions for a given fuel 
are conducted at different times, perhaps over several 
years in some cases, the simple algebraic ratio does not 
provide sufficient accuracy. It is, therefore, necessary 
to introduce discounted values of the various quanti
ties involved (including the power) into the calcula
tions, so that account can be taken of charges on 
capital and of discounted values corrected to allow 
for the fall in money value. 

It is impossible to determine here the discount 
coefficient i applicable, since it depends on a number 
of contingent factors. For this reason it has to be 
established for each individual case. The value of i can 
be made to vary with time. 

The reference period for discounting values and the 
reference year for computing the fall in money value 
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have no influence on the results and may be arbitrarily 
chosen. Nevertheless, to avoid the necessity of repeat
ing all calculations for each eval11ation, the use of fixed 
dates is recommended for both. 

For future transactions it is assumed that estimated 
expenditures and returns are computed in terms of 
a fixed money value still valid at the time of evaluation 
and, therefore, corrected by using the same devalua
tion factors remaining valid for financial transactions 
carried out in that period. 

METHOD 

The fuel cycle in a nuclear power station embraces 
a series of operations varying in nature and involving 
costs which must be charged to the power produced. 
The same operations are distributed in time and are 
repeated periodically for each quantity of fuel initiating 
a cycle. In view of their typically recurrent nature, 
the operator should be able to make estimates for 
future operations on the basis of quantities of fuel 
already purchased, but which have not yet completed 
the cycle. 

The principle will be adopted, therefore, of using 
concrete data obtained from operational experience, 
i.e., from operations performed and recorded up to 
the moment of evaluation and, further, of using only 
those estimates which are strictly necessary for future 
operation. This is done in order to confine the area of 
uncertainty as narrowly as possible, basing 'Calcula
tions on the best estimates valid at the time of evalua
tion and also on experience acquired wilh cycles 
already completed. 

Since the fuel/cycle balance sheet will also contain 
accounts of transactions in respect of fuel which has 
not yet been loaded in the reactor (materials pur
chasing, fabrication and transport costs, etc.), ,it will 
be necessary to determine either the residual value 
of that fuel, or all the future operations required to 
complete the cycle and the power that such fuel will 
further produce. The second hypothesis, adopted in 
that which follows, is based on the principle of taking 
into account all financial transactions involved in com
puting the cycle of a given quantity of fuel and iden
tifying it with the total amount of energy that it 
should produce according to the irradiation pro
gramme in progress at the time of evaluation. 

This means, therefore, that account must be taken, 
not only of the power produced, but also of the 
power to be produced, which will be obtained when 
all previously unused fuel has completed its irradiation 
period. This fuel will have been covered at least by 
some financial outlay or subject to a contractual 
commitment, and, for this reason, the power evalua
tion is extended to the point where the expenditure is 
completed and the fuel fully spent. 

It is, therefore, necessary to take into account not 
only the expenditure actually incurred but also the 
cost of all other operations involved in completing the 
cycle for the entire quantity of fuel under considera
tion. Hence, in addition to expenditure already 
incurred, it is also necessary to introduce future costs 
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where foreseeable and capable of being estimated 
without difficulty and with the best possible approxi
mation. The approximation should improve .as opera
tional experience is accumulated. 

For convenience, therefore, we take an elementary 
unit of time, /).t, such that two operations performed 
in an interval of time equal to or less than /).t may, for 
the purpose of the present study, be taken as coinci
dent. The actual value of /).t will depend both on the 
rate at which information relating to the various 
technical and accounting data are obtained and on 
the degree of accuracy required. Except in special 
cases, /).t will be taken as one month. 

The reference time for discounting will be taken, for 
convenience, as the 1st January of the year in which 
the station sends out electric power for the first time. 
Any convenient fixed date may be chosen to establish 
correction factors for the fall in money value. 

If, therefore, we call S1, V1 and £ 1, respectively the 
values of a given outlay or of a credit in respect of 
a financial transaction performed at time t1 and the 
quantity of electric power sent out from the station 
in the jth month, hence: 

s E v 

to 

the values of Sand V, corrected to allow for the fall in 
the money value, S and V, will be given by the 
following equations: 

S = K1 S; V = K3 V 

where K1 and K3 are devaluation factors at times t1 

and t3 , referred to a same time f. The values for 
power will not be corrected for devaluation since the 
cost is computed at a constant money value. 

The values of the same quantities corrected by the 

discount factor to give financial charges S, E and V, 
are given by: 

S= S(l + i)±\; E= £(1 + i)-n2; V= V(l + i)±n3 

where nh n2 and n3 represent the number of elementary 
intervals M (usually months) within times t1, t2 and t 3 , 

while i represents the discount rate which is valid for 
the same elementary time interval (again, usually one 
month). The minus sign appearing before the super
script refers to events occurring after time t0• 

Values corrected both for the fall in money values 
and for the discount factor are, therefore, given by: 

S'=K1 S(I+i)±n E'=(l+i)-n2 V=K3 V(l+i)±n3 

The cost of the fuel cycle will therefore be given by: 

C = ~i S'i - ~i V'i 
~E' 

~i Kll + i)±n; Si + ~i Kj(l + i)±n1 ~ 

~i Ki(l + i)-;-n1 Ei 
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INPUT DATA 

The method proposed here should be applicable at 
any given time in the life of the power station. It will 
therefore be necessary, at time t* when it is proposed 
to carry out the evaluation, to be in a position to 
ascertain simply the overall quantity of fuel concerned 
in each evaluation and, consequently, those operations, 
and the number of them to be performed in the future 
to complete the cycle. It will be pertinent, therefore, 
to distinguish by means of the description "fuel 
committed at time t* in the operation of the plant" 
all that fuel, in whatever form, for which at least one 
expenditure has been effected or for which specific 
contractual obligations have been incurred, up to the 
moment immediately preceding t*. From the time 
of the first payment for fuel, the plant operator is 
committed to a series of expenditures, to be made at 
pre-determined times, in order to carry through to 
completion the fuel cycle already initiated. Each time 
an evaluation is carried out, plant records are therefore 
required to provide information on each expenditure 
made up to that time with relevant dates. Information 
will also be required on dates and amounts of future 
payments necessary to complete all cycles of the 
various quantities of fuel used up to time t* and 
similarly on returns and credits due in respect of 
fissile material. At the same time, the power produced 
up to time t* and the expected power yield from all 
the "committed" fuel should be known. 

It is useful at this point to consider fuel separately 
under three categories. These are: (a) fuel already 
irradiated and withdrawn from reactor, (b) fuel under
going irradiation, and (c) fuel awaiting loading. 
It will be necessary to determine the incidence of costs 
and returns on fuel in these three categories. 

Since, in general, fuel is purchased in quantities 
which do not necessarily follow the consecutive 
operations of loading and unloading in and from the 
reactor (operations, therefore, which cause the fuel to 
pass from one category to the next) it is necessary 
to divide up the batches as supplied (i.e., those for 
which all financial transactions can be determined) 
into fractions which should be capable, within limits, 
of following the same irradiation programme. 

Therefore, information will be required on financial 
transactions in respect of each batch and on the 
identification of the various . fractions throughout 
irradiation. It will also be necessary to know the 
amounts of power produced in the units of time 
already completed for each fraction of each batch, 
and those amounts to be produced in future units 
of time. For this it is necessary to know the total 
power output from the station and the kWh's pro
duced from the fuel elements from the date of loading 
up to time t*, and, in addition, the power expected 
from those fuel elements as from time t* up to the 
time of unloading. 

An ~dditional item of information is now required, 
namely the depreciation rates of the equipment in
volved in the fuel cycle, but not forming a part of the 
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plant installation. Such equipment is not included in 
the direct construction costs of the station, although 
it is a capital asset. The depreciation rate must be 
determined in the light of life expectancy, expressed 
either in units of time or in the number of operations 
carried out in the cycle. In either case, it would be 
possible to determine the incidence of the depreciation 
rate on each operation in the cycle related to a given 
fraction of a fuel batch involving the appropriate 
pieces of equipment. 

DEFINITION OF QUANTITIES UNDER 
CONSIDERATION 

"Fuel committed at time t*" refers to all fuel, 
in whatever form, for which there has been either at 
least one outlay or specific contractual commitments 
have been incurred at timet*. No account is taken of 
expenditure on speculative operations, such as those 
embarked upon with a view to ensuring replenishment 
on special terms involving longer periods of time than 
necessary for fabricating the fuel for the power 
station in question. 

"Category 1 fuel." This category covers all fuel 
already ordered by the operator and not yet loaded 
into the reactor; in other words, all fuel at various 
fabrication stages from raw material to the complete 
fuel elements held in stock at the station. Such fuel 
may be found at one or more of the following stages 
depending on the supply route: 

(a) In the form of uranium or thorium concentrate, 
either at the supplier's, in transit, or at an 
enrichment plant; 

(b) In the form of raw or semi-finished fuel material, 
in transit to the conversion and processing plant, 
or in store at the latter; 

(c) In the form of a fuel element in transit to the 
power station, or in store at the latter, under
going the final stage of processing or testing. 

"Category 2 fuel." This includes all fuel present in 
the reactor and under irradiation at timet*. 

"Category 3 fuel." Under this category comes all 
fuel irradiated and unloaded from the reactor and 
at one or other phase of the cycle, e.g., from cooling 
to resale or final disposal. Category 3 fuel may be 
found, for example, in one of the following situations: 

(a) As irradiated fuel elements in a cooling pond 
immediately after unloading from the reactor; 

(b) As irradiated fuel elements in transit to the 
chemical reprocessing plant; 

(c) At the chemical reprocessing plant; 
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(d) In transit to a purchaser, store or refabrication 
plant; 

(e) Already sold or sent to a disposal site. 

APPLICATION OF THE METHOD 

The method explained above has been applied in a 
code named CUMEC [2] for an IBM 704 digital 
computer; this code gives the mean fuel cost evaluated 
at different times throughout the life of the power 
station. 

The CUMEC code does not take account of the 
three fuel categories, since in order to perform evalua
tions under this hypothesis it is necessary to be in 
possession of data which can only be obtained from 
a nuclear power station in operation; when required, 
it can be extended without difficulty~ 

Nevertheless, this code is considered useful at any 
time during the life of the station when it is necessary 
to compute the economics of varying any of the fuel 
cycle parameters, i.e., changes in fuel management 
policy, changes in fuel enrichments, etc. Also, when 
it is not possible to take into account the three fuel 
categories, as in an a priori calculation, a useful 
indication of the cost of the power produced at the 
time of evaluation tv can be obtained by calculating 
the derivative of the total cost of the fuel cycle C 
with respect to power, d C' /d E', where E is the sum 
of the power produced up to fv and the powe1 to 
be produced by the fuel already committed. 

These ratios can be computed from the output data 
of CUMEC; but the cost data are not on a smooth 
curve due to the fact that financial transactions are 
performed discontinuously. It is necessary, therefore, 
to average the cost data beforehand. This operation 
can be performed by the computer itself, or just as 
readily with a manual calculator. 

Other useful information can be obtained if the 
discount factor i is assumed to equal zero; in this 
hypothesis the fuel cycle cost would be without 
capital charges. 
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ABSTRACT -RESUME-AHHOTAUVIJl-RESUMEN 

A/570 ltalie 

Couts des cycles de combustible des centrales 
nucleaires 

par G. B. Scuricini et at. 

Le cofit du cycle de combustible des centrales 
nucleaires est generalement calcule de fa9ons diverses 
selon Ies methodes en usage dans Ie pays ou ont ete 
mises au point Ies centrales nucleaires en question. 

Le memoire expose une methode qui peut s'ap
pliquer a differents types de reacteurs et de contrats 
d'approvisionnement en combustible, de fa90n a 
obtenir des resultats ayant un meme degre d'approxi
mation. 

On y presente, pour differents types de reacteurs, 
les cofits du cycle de combustible au cours de Ia duree 
utile d'une centrale nucleaire et, dans ses grandes 
lignes, une evaluation du coiit marginal. 

La partie methodologique de ce document a ete 
realisee dans Ie cadre d'un contrat de recherche de 
!'EURATOM. 

A/570 I-1TanHR 

CTOI-!MOCTb TonnHBHoro ~HKna aTOM
H~X sneKTpOCTaH~H~ 

r. 6. CKypHYHHH et al. 

CToHMOCTh TOIIJIHBHoro IJ,HKJia aToMHhiX ::mei\

TpocTaHIJ,nii BhlqHCJUieTCH pa3JIHqHhiMH IIYTHMH B 

COOTBeTCTBHH C 1\0HKpeTHhiMH MeTOAaMll, 06hJqHo 

ltCIIOJih3yeMhiMH B CTpaHaX, rAe HMeiOTCH IIOA06-

Hhle :lJiel\TpOCTaHlJ,HH. 

B AaHHOM AOJ\JiaAe paccMaTpimaeTCH MeToA, 1\0-

TOphiH MOiiWT IIpHMeHHThCH I> pa3JIH'IHhiM THIIal\1 

peal\TOpOB II 1\ 1\0HTpal\TaM Ha llOCTaBJ\Y TOIIJIHBa 

AJIH llOJiyqeHIIH peayJihTaTOB TOfi fl\C CTeiielllt 

I1pH6JIHiKeHHH. 

fipHBOAHTCH AaHHhiC 0 paCXOAaX IIO TOIIJIHBHO

MY lJ,HJ\JIY AJIH paaJIHqHhiX TimoB peaHTopoB B Te

'teHHe Bcero cpoHa pa6oTLI :meHTpocTaHu;Im; npn

BOAHTCH OIJ,eiiJ\a npeAeJihHO BMCOJ\Oii ce6ecTOHMO

CTH. 

MeTOAOJiornqeci<aH qacTh uacToHru;ero AOJ\JiaAa 

pa3pa6oTaHa IIO HCCJieAOBaTCJihCIWMy KOHTpal\TY 

c EBpaToMoM. 

A/570 ltalia 

Costo del ciclo de combustible de las centrales 
nucleoelectricas 

por G. B. Scuricini et at. 

EI costo del ciclo del combustible de una central 
nucleoelectrica suele calcularse de diferentes maneras 
segun los metodos espedficos de uso corriente en el 
pais en el que se ha construido la central de que se 
trate. 

En la memoria se expone un metodo que puede 
aplicarse a diferentes tipos de reactor y contratos 
de suministro de combustibles para obtener resul
tados del mismo grado de aproximaci6n. 

Se examinan para diferentes tipos de reactor, los 
costos del ciclo de combustible durante la vida de la 
central y se evaluan en terminos generales los costos 
marginates. 

La parte metodol6gica de la memoria se ha pre
parado en virtud de un contrato de investigaci6n 
del EURATOM. 



Record of Session 2.5 

Economics of the fuel cycle 

Chairman: A. F. Fritzsche (Switzerland) 

Paper P/247 
DISCUSSION 

J. L. GILLAMS (United Kingdom): Mr. Vallance 
has made it clear that his estimates of fuel cycle costs 
relate to the late 1960s. Does he believe that separative 
work costs below $ 30/kg will be achieved in the US 
in that period? If so-and the paper refers to sepa
rative work costs of $ 25 or $ 20/kg as alternatives 
to$ 30/kg-would this be likely at the 235U production 
levels now planned for the late I 960s in the United 
States? 

J. M. VALLANCE (United States of America): The 
answer to that question depends greatly on the extent 
to which the production capacity of the diffusion 
plants is used. My Government recently passed 
legislation which will permit toll-enriching to begin 
in 1969 on a general basis, and in special cases it 
can begin earlier. This may serve to stimulate the 
requirement for enriched uranium and, if it does 
this, there is a possibility of reductions in separative 
work charges. 

J. GAUSSENS (France): Do you consider that 
present plutonium costs really correspond to a market 
price as understood in a free economy? In other 
words, do you believe that the manager of a privately
owned nuclear power station possessing a stock of 
plutonium would show it on his balance-sheet and 
be prepared, as a consequence, to pay industrial or 
commercial profits tax on the value of the stock? 

J. M. VALLANCE (United States of America): 
I do believe that the price which we are attaching 
to plutonium is a market type of price. It is based on 
extensive studies as regards its value as a replacement 
for part of the 235U that would otherwise be present 
and I believe paper P /246 deals with this at greater 
length. We feel that a process for plutonium re
cycling will become available in the next few years 
and permit economic re-cycling at approximately 
the costs we have indicated. 

J. GAUSSENS (France): You mention a price of 
$6/lb of U30 8• Is this mere hypothesis or a USAEC 
forecast? 

J. M. VALLANCE (United States of America): It 
is not a prediction; it is a conservatively high upper 
limit that I chose to use. I believe that around the 
late 1960s natural uranium will be available at a 
price substantially below $6/lb of oxide. 

92 

Paper P/159 (presented by N. L. Franklin) 

DISCUSSION 
J. M. VALLANCE (United States of America): 

With regard to the fuel inventory charges; is the 
investment in fuel amortized by the electricity pro
duction on a straight-line or on a "present-worth" 
basis? 

What uranium price was used in arriving at the 
plutonium credit of £2.10.0 or $7 per fissile gram? 

N. L. FRANKLIN (United Kingdom): For simplicity, 
the fuel charge is treated as an asset which depreciates 
throughout the life of the reactor, from the price of 
the initial charge to the value at discharge of the 
final fuel content of the reactor. This is satisfactory 
for an equilibrium-type continuous on-load charge
discharge scheme in a natural uranium reactor. 
Where more elaborate fuel management schemes 
are adopted and where fuel at different enrichment 
levels may be used, the above treatment may not be 
satisfactory. In such cases, we undertake a present
worth analysis to check the simple treatment. 

The plutonium valuation of £2.10.0 per gram. 
fissile atoms is consistent with the intended use of 
the plutonium in fast reactors, including a suitable 
discount for stockholding costs before civil fast 
reactors are available. However, if the thermal 
reactor equivalence is taken, and using US separative 
work prices, then £2.10.0 per gram fissile corresponds 
to a concentrate price of $7 or just a little less per lb 
of U30 8• 

T. WoJCIK (Poland): Were the full costs of radio
active waste disposal included in the over-all repro
cessing costs indicated? If so, what part of the total 
costs of reprocessing spent fuel is attributable to 
expenditure on waste disposal? 

N. L. FRANKLIN (United Kingdom): Waste disposal 
costs are included in the total reprocessing costs 
given in the paper. Highly active waste treatment 
is based upon evaporation and storage of the raffi
nates, which are salt-free in the UK flow-sheet. 
The exact costs depend upon the plant load factor, 
but they are of the order of one hundredth of a mill 
per kWh, or a few per cent of the reprocessing costs. 

Paper Pf57 (presented by R. Boussard) 

DISCUSSION 
L. E. LINK (United States of America): The paper 

shows the cost breakdown only as a percentage. 
Could you give some absolute values for these costs? 
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R. BousSARD (France): In order to obtain the 
values you want, you merely have to apply the 
percentages given in Table 2 of the paper to the 
figure of Fr. 60/kg for fabrication costs. 

Paper P/570 (presented by G. B. Scuricini) 

There was no discussion on this paper. 

Paper P/246 
DISCUSSION 

F. DE WAEGH (Belgium): Did you take into account 
the variation of the core-form factors associated 
with successive plutonium recycles, in view of their 
possible effect on the reactor's admissible power? 

E. A. EsCHBACH (United States of America): No, 
but we have now made more elaborate studies, 
including form factors, which confirm the plutonium 
values shown in the paper and in some cases even 
indicate that they were exceeded. With plutonium 
fuelling, somewhat different fuel movement sequences 
are often required. 

M. ROLLIER (Italy): Would Mr. Eschbach, who 
has stated that "a reactor combine of the size to 
utilize a versatile fuel strategy may not exist for 
some time", comment on the feasibility of converting 
a light-water PWR to a reactor fuelled with pluto
nium-enriched thorium and, later, to a reactor fuelled 
with 233U-enriched 238U? 

E. A. ESCHBACH (United States of America): We 
have performed some preliminary but incomplete 
calculations of plutonium-enriched thorium in PWRs. 
The basic advantage of plutonium's higher nuclear 
cross-section, which enables us to achieve a given 
specific fuel power at a lower flux level (thus pro
ducing 233Pa burn-out), is not observed at 10 MW/t 
specific power, but yields about 10% advantage at 
20 MWjt, and about 30% advantage at 40 MWjt. 
Above ::::::; 80 MW jt, even with plutonium enrichment, 
the 233Pa is nearly all transmuted and little 233U 
is formed. 

As regards 233U-enriched 238U, it is observed that 
the 'YJ of 233U is more independent of spectrum than 
that of Pu. Thus, for closely packed H 20 lattices 
wherein e: (fast effect in 238U) is high (1.07-1.1) and 
the 'YJ of 239 Pu may be reduced, it appears that 233U 
may take better advantage of the fast effect than 
does plutonium. Calculations point to this; however, 
unless the 233U is isolated (different particle form for 
example), the 238U becomes isotopically mixed with 
the 233U. This is costly, but the difficulty is not 
insurmountable in the long run. 

M. TREYS (Belgium): In my opinion, Dr. Eschbach's 
definition of the plutonium value has two major 
drawbacks. First, such a value is only relative to 
the uranium price; it does not take into account 
the fact that fuel cycle costs may be quite different 
from one reactor to another. A high plutonium 
value does not necessarily correspond to good use 
of plutonium. Second, differences in the Pu isotopic 
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compositions are difficult to evaluate with such a 
method. 

I think that another definition of the value, com
plementary to that of Dr. Eschbach, might be very 
useful, i.e., to define the value as the number of 
$/gram that leads to a kWh cost equal to the average 
production cost of the electric network to which the 
reactor is connected. This definition of the value 
can be extended to obtain a specific value for each 
isotope. It is then possible to compare the relative 
advantages of using a certain isotope in different 
reactors. More details of this mejhod can be found 
in an article of Metra, Vol. III, No. 2 (1964). 

E. A. ESCHBACH (United States of America): 
Plutonium is considered an alternative fuel to 235U 
in existing reactors. Fuel costs indeed vary from 
one reactor to another and it may be advantageous 
in some reactors to use certain plutonium isotopic 
compositions rather than others. This is one reason 
why the PUYE system was developed. 

I agree that a high plutonium value can be de
veloped for microscopic uses of plutonium as a fuel. 
Under these circumstances, the overall financial 
effects of using plutonium would be minor. 

Differences in plutonium value for different com
positions are developed directly by PUYE as origin
ally planned. This work involves considerable cal
culation, but the importance of the problem justifies 
the effort. It is not "difficult" in the mathematical 
sense and a computer performs the tedious work. 

Relating plutonium value to the average cost of 
power in the network involves the consideration of 
differences in very large numbers. It is assumed in 
the PUYE system that a reactor working on the 
23SU-238U cycle has already been purchased, so that 
the plutonium value is ascertained as an alternative 
to 235U-238U. In comparing plutonium value with 
the average power cost of the system, we could also 
consider ascertaining the value of 235U, which is 
now available at a cost fixed by processing, rather 
than by consideration of its value, as may be the 
case for plutonium. 

The PUYE system has been used to determine 
the "value" of -specific plutonium isotopes. PUYE 
is very satisfactory for this, because it can make 
allowance for changes in value as the plutonium 
isotope is transmuted into other isotopes. However, 
we find that the value of 240Pu, for example, is 
dependent on the amounts of other plutonium 
isotopes with it, especially 242Pu. We use a statistical 
analysis of a duplicated experiment to establish 
equations of the type of Equations 1 and 2 in the 
paper. 

Paper P/417 (presented by L. Zettergren) 

DISCUSSION 
J. A. LANE (United States of America): The 

comparison of fuel-cycle costs for heavy-water 
reactors and light-water reactors shows an advantage 
of 0.7-0.8 mill/kWh in favour of the former. Do 
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these costs include D 20 costs and, if not, would 0 20 
interest charges and losses not offset the advantages 
cited? 

L. ZETTERGREN (Sweden): D 20 costs are not 
included in the fuel costs. The additional cost of 
D 20 depends on a number of factors. Assuming a 
7 % interest rate, as used for fuel stocks, 2 % leakage 
and 7 000 hours operating time per annum and 
$45/kg as the cost of D 20, total 0 20 costs in the 
range 0.3-0.4 mill/kWh are obtained for the D 20 
reactors considered, the lower value being obtained 
for boiling direct-cycle types and the higher values 
for PWR. The actual leakage rate obtained from the 
Agesta plant after 8 months' operation is not more 
than 0.2 % per annum. Tests on direct-cycle com
ponents also show encouraging values, so that the 
assumed leakage rate is believed to be conservative. 

In conclusion the saving in fuel cost in the D 20 
system is only partially offset by the cost of D 20. 

Paper P/248 (presented by L. E. Link) 
DISCUSSION 

R. GIBRAT (France): The authors are certainly 
aware that some parameters either inside or outside 
the breeder reactor, additional to those studied by 
them, will have a decisive effect on the role which 
the reactor can play in nuclear production. Some 
of the more outstanding factors are: time in the 
reactor; time needed for the first unloading; length 
of reprocessing between unloading and reloading, 
and handling losses. Could we have appropriate 
figures, especially for the 1 000 MW(e) studies? 

You refer in your paper to the doubling-times of 
breeder reactors for the ·1 000 MW(e) studies, but 
I could not find these figures in the report. 

L. E. LINK (United States of America): The 
doubling-time data can be found in references 
[16-19] of the paper. However, it is my recollection 
that the total core life in the studies varied from 
one to three years. 

The reloading frequencies varied from about 80 
to 270 days, and 1/6 to 1/4 of the core was replaced 
each time. The length of time the fuel would be out 
of the reactor for cooling, aqueous processing and 
refabrication would probably be in the range of 
9-12 months. The assumed fuel cycle loss was 1% 
in processing and 1 % in fabrication. 

As for plutonium doubling-time calculations, 
I again refer you to the study reports. The time given 
in Table 10 of the paper is derived from calculations 
based on data given by the study contractors and 
may vary slightly from the figures reported in the 
study reports. The doubling-times indicated represent 
the time required to accumulate a quantity of surplus 
plutonium equal to the total quantity in the reactor 
core at the beginning of a cycle plus the core fuel 
in the part of the cycle outside the reactor. All factors-, 
including losses, were taken into account. These 
doubling-times will be appreciably less if a compound 
calculation is applied, i.e., if one assumes that as 

a quantity of surplus plutonium becomes available 
from processing, it is sold for a new fast reactor 
system having the same breeding gain as the one 
from which the plutonium was obtained. 

B. B. BATUROV (USSR): Did you study the gradual 
transformation of converter reactors into breeders, 
and if so what are the economic repercussions, if 
any? 

L. E. LINK (United States of America): I assume 
you are referring to reactors which start with 235U 
and make a transition to the plutonium cycle. We 
did not consider that situation, but I believe that 
the plutonium available from commercial thermal 
power reactors in the United States may be adequate 
to meet the start-up programme for commercial 
fast power reactors. In such a situation, the use of 
235U is not likely to have any significant economic 
repercussions. 

B. B. BATUROV (USSR): Did you study the eco
nomics of fast reactors as an entire industrial sector 
considered dynamically within the framework of 
an expanding capacity, or was the study limited to a 
static analysis of specific stations? 

L. E. LINK (United States of America): I take it 
that you want to know if we studied the economics 
of a growing fast power reactor industry which 
should have a plutonium doubling-time to match 
some specified power demand doubling-time. We 
did not consider this type of situation, nor were 
such conditions imposed by the USAEC for the four 
1 000 MW(e) studies. However, if you look at the 
plutonium doubling-times given in Table 10 of the 
paper, you will note that one reactor has a doubling
time of 6.3 years, calculated on a straight line rather 
than a more favourable compound basis. Such 
doubling-times easily match the current United 
States · power demand doubling-time of 6-7 years. 
So it is established that adequate plutonium pro
duction rates can be obtained for any expected power 
growth pattern whenever there are economic in
centives. 

B. B. BATUROV (USSR) : What are the specific 
capital investments in the fuel cycle as compared 
with the investments in the station? 

L. E. LINK (United States of America): I do not 
recall figures for the expected capital investment in 
facilities such as those for fuel fabrication and 
reprocessing, but typical figures can be calculated 
from data given or referred to in references [5, 6, 7] 
of the paper. 

Paper P/64 
DISCUSSION 

T. G. HUGHES (United Kingdom): Do the main
tenance costs quoted for dissolution include 
decanning? 

Y. SoussELIER (France): No, decanning is not 
ineluded. In view of the question Mr. Wojcik raised 
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on paper P/159, I wish to state that my paper deals 
only with transport and maintenance costs, and not 
with storage or effluent treatment. 

Paper P/98 (read by title only) 

DISCUSSION 

D. E. FERGUSON (United States of America): 
The authors of paper P/98 mention the possibility 
of storing spent natural uranium fuels for a number 
of years and building a larger and more economical 
processing plant later. Was this possibility considered 
in the economic evaluation, and if so what were the 
results? 

L. THIRIET (France): The general economic model 
was based on a decision to process each year the 
quantity of natural irradiated uranium needed for 
the thermal neutron reactor programme under 
study. This restriction presupposes an additional 
fast neutron reactor programme to use the pluto
nium. If the secondary programme is delayed, the 
irradiated fuel can be stored and processed when 
convenient, i.e., once large quantities of plutonium 
are required. Some additional expense for the storage 
of irradiated fuels would be accepted, although it 
might also be possible to construct larger, and 
therefore more economical, plants. 

The method described can be used in choosing the 
site for storage of the irradiated fuel and the size 
and location of the processing plants to be built 
at the appropriate time, in such a way as to keep 
the overall cost as low as possible. 

In the example chosen (plutonium requirements 
after 1980), we found that the irradiated fuels should 
be stored at site A and that a plant with an output 
of 17 t/d (assuming a lifetime of 15 years) should be 
brought into operation at site A in 1980. 

The results naturally depend on the cost factors 
used in evaluating the processing, storage and trans
portation of the irradiated fuels and the rate of 
output of irradiated fuels for reprocessing (itself 
depending on the rate at which the installed nuclear 
capacity grows). It should be noted that the method 
devised is quite general, so that it is possible to 
judge how the final outcome will be affected by any 
changes in the basic premises or in costs. 

Paper P/99 (read by title only) 

DISCUSSION 

R. GIBRAT (France): I should like to present some 
additional data obtained since this paper was written. 

If breeder reactors are combined with a normal 
converter reactor (C1 = 0.47), our calculations lead 
us to expect maximum penetrations of 71.8% and 
44% for annual growth rates of "A= 0.14 and 0.21 
respectively, these two values of "A corresponding 
to a fourfold and an eightfold increase in electricity 
production over 10 years. A simple calculation shows 
that the consumption of nuclear materials in a 
balanced system, including a breeder in addition 
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to converters, would fall after some time to 28.2% 
("A= 0.14) or 56% ("A= 0.21) of that of a system 
without breeders, which is quite an appreciable 
difference in view of the probable long-term shortage 
of nuclear fuels. 

The features of the breeder, as we foresee it, are 
a= 2.4, a= 1.2, E = 1, c2 = 0.42 and R = 2.25, 
with losses less than 2%. I should also mention that 
as a result of all the delays and losses, the annual 
growth coefficient, once the process is self-sustaining, 
reaches the remarkable figure for this breeder of 
10.3% (equivalent to a doubling-time of 6.6 years). 

Since my report was written, I have undertaken 
investigations into the stability of these balanced 
systems. They are fairly complicated once delays are 
introduced, as the equation is a differences differential 
equation. However, by making use of Pontryagin's 
work on the roots of the polynomial equations 
f(z,e •) = 0 (z being a complex number), we have 
been able to show that these systems are stable for 
a given breeder reactor only between two extremes 
of the net output of the associated converters (value 
C1 of the paper). Outside these limits, a small disturb
ance is sufficient to create self-oscillations which 
grow indefinitely with time as regards the capacity 
installed in converters and breeders, or the relative 
proportion of the breeders in the system. This leads 
to the equivalent in nuclear systems of the well-known 
"business cycle". These limits vary with the system's 
growth coefficient A.. 

A straightforward example is provided by the 
simplified equation in which there is a single lag y 
(approximately 3-year delay between the initial fuel 
loading and the moment at which it is possible to 
make a second loading with the plutonium produced), 
giving the equation 

dF(t + y) 
S dt + (C1 - C2)F(t) = C1N(t). 

The solutions F(t) of this equation are stable only for 
cl- c2 7t 

0< s <2y. 
For the upper limit, for example, we obtain as 

solution for the equation without second element: 

A sin ~ (t- rp), in which A and rp are arbitrary, 

resulting in a perturbing sinusoidal wave without 
damping. (The period of 4y would be 12 years in my 
numerical examples.) This important property does 
not exist when there is no delay y. 

I have been able to extend all these properties 
to the most general form of my equation with a, E, 

a and k. They show that it is impossible to associate 
any converter with a given breeder without some 
precautions, because of the various losses and delays 
inherent in a nuclear system. 

GENERAL DISCUSSION 

G. F. KENNEDY (United Kingdom): Like many 
consulting engineers, I often have to try to compare 
the long-term economics of installing electric power 
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plants using both fossil and nuclear fuels. Many 
of us must have been interested to observe the con
flicting claims of Canada and the United States as 
to which type of reactor is the more economic in the 
conditions obtaining in North America. One country 
considers that natural uranium is the better fuel to 
use, whilst the other prefers enriched fuel. In the 
United Kingdom, on the other hand, there seems 
to be some doubt at present as to which type of fuel 
is preferable. All this must be very puzzling to 
countries which are about to embark on a nuclear 
power programme for, as Dr. Bhabha has pointed 
out at this conference, the type of fuel used can 
make a very great difference to the country's balance 
of payments, if we take into account, as we should, 
not only the capital cost of the plant itself but, 
more important still, the cost of imported fuel over 
its expected life. 

Once a study has been carried out, many of the 
criteria which affect the cost of constructing a nuclear 
station in any particular country can be estimated 
with a fair degree of accuracy, but the future cost 
of the various different types of fuel is much more 
difficult to predict. 

When comparing the cost of constructing and 
operating alternative conventional power plants, 
it is usually a fairly simple matter to make long-term 
forecasts of the cost of fuels such as coal, oil, or, 
in areas where it is already well-established, natural 
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gas. On the other hand, whilst some interesting 
figures for the possible future fuel cycle costs of 
various reactor types have been given in papers 
presented at this session, one wonders just how 
reliable they are compared with predictions of the 
future cost of fossil fuels. What can be said with 
some certainty, I think, is that the cost of natural 
uranium fuel is more likely to remain stable than 
that of enriched uranium, which is dependent on so 
many extraneous factors including the price, if there 
is one, of "buy-back" plutonium. 

W. B. LEWIS (Canada): I think we are apt to 
forget that uranium is responsible for only a very 
small part of the total cost of nuclear power in any 
reasonable fuel cycle at present. 

A price of $5/lb for U30 8, the latest world price 
for a major international sale, corresponds to 
$13/kg U. At 30% thermal-to-electrical efficiency 
and a reasonable burn-up, in round figures, of 
10 MWd/kg U, $13/kg U contributes 0.18 mill/kWh 
to the cost of power, a very low figure compared 
with the cost of other fuels delivered, such as coal, 
oil or natural gas. 

Moreover, this figure of 0.18 mill/kWh should be 
the maximum demand on foreign exchange, assuming 
that fuel is fabricated domestically. No foreign
exchange expenditure need be incurred for repro
cessing or shipping spent fuel. 

Economie du cycle de combustible 

President: A. F. Fritsche (Suisse) 

Memoire P/247 
DISCUSSION 

J. L. GILLAMS (Royaume-Uni): M. Vallance a pre
cise que ses estimations pour le cout du cycle de 
combustible correspondent aux dernieres annees de 
la decennie 1960-1969. Pense-t-il que le cout du tra
vail de separation pourra etre inferieur a 30 dollars 
par kg aux Etats-Unis a cette epoque? Dans ce cas, 
et le memoire donne des couts du travail de separation 
de 25 ou 20 dollars par kg par opposition aux 30 dol
lars par kg, ce prix est-il vraisemblable pour les ni
veaux de production d'uranium 235 actuellement envi
sages pour les dernieres annees de cette decennie aux 
Etats-Unis? 

J. M. VALLANCE (Etats-Unis d'Amerique): La re
ponse a cette question depend beaucoup de !'utilisa
tion qui sera faite de la capacite de production des 

usines de diffusion. Une legislation recente du Gou
vernement des Etats-Unis va permettre l'enrichisse
ment a facon a partir de 1969 de facon generate, et 
plus tot dans des cas speciaux. Ces decisions peuvent 
servir a stimuler les besoins en uranium enrichi et, 
dans ce cas, on peut envisager des reductions dans le 
cofit du travail de separation. 

J. GAUSSENS (France): Considerez-vous que le prix 
actuel du plutonium releve effectivement d'un prix 
demarche au sens de l'economie liberate? En d'autres 
termes, pensez-vous que le gerant d'une centrale 
nucleaire possedant un stock de plutonium le ferait 
figurer a son bilan et serait done pret a payer des 
impots sur les benefices industriels ou commerciaux 
sur Ia valeur de ce stock? 

J. M. VALLANCE (Etats-Unis d'Amerique): Je pense 
certainement que le prix que nous attribuons au 
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plutonium est un prix de marche. Ce prix est base sur 
des etudes detaillees de sa valeur de remplacement 
pour une partie de !'uranium 235 qui devrait autre
ment etre present, et je crois que le memoire P/246 
traite ce probleme plus en detail. Nous pensons qu'un 
procede pour le recyclage du plutonium deviendra 
utilisable dans les prochaines annees et permettra un 
recyclage economique au voisinage des couts que 
nous avons indiques. 

J. GAUSSENS (France): Vous indiquez un prix de 
6 dollars par livre de U30 8• Est-ce une simple hypo
these ou une prevision de l'USAEC? 

1. M. VALLANCE (Etats-Unis d'Amerique): Ce n'est 
pas une prediction; c'est une limite superieure tres 
moderee que j'ai decide d'utiliser. 1e crois qu'a la 
fin de Ia decennie consideree on trouvera de !'uranium 
nature] a un prix nettement inferieur a 6 dollars la 
livre d'oxyde. 

Memoire P/159 (presente par N. L. Franklin) 

DISCUSSION 

1. M. VALLANCE (Etats-Unis d'Amerique): En ce 
qui concerne le stock de combustible, l'investissement 
en combustible est-il amorti par Ia production d'elec
tricite de fac;on lineaire ou actualisee? 

Que! prix de !'uranium avez-vous utilise pour arri
ver a un credit plutonium de 2 livres 10 shillings, ou 
7 dollars, par gramme fissile? 

N. L. FRANKLIN (Royaume-Uni): Pour simplifier, 
on considere Ia charge de combustible comme un 
actif qui se deprecie pendant toute Ia vie du reacteur, 
en allant du prix de Ia charge initiate a Ia valeur au 
moment du dechargement de Ia quantite finale de 
combustible du reacteur. Cette methode est satis
faisante pour un schema de chargement-decharge
ment continu en marche, du type a l'equilibre, pour 
un reacteur a uranium nature!. Si on adopte des 
schemas plus complexes d'utilisation et de traitement 
du combustible, et si on utilise des combustibles de 
differents enrichissements, cette fac;on de proceder 
peut etre insuffisante. Dans de tels cas, nous faisons 
une analyse par valeur actualisee pour verifier Ia 
methode elementaire. 

La valeur attribuee au plutonium, soit 2 Iivres 
10 shillings par gramme d'atomes fissiles, est en ac
cord avec !'utilisation projetee du plutonium dans des 
reacteurs rapides, y compris Ia part correspondant au 
cout de stockage en attendant Ia mise en service des 
reacteurs rapides civils. Cependant, si on prend 
!'equivalence pour des reacteurs thermiques, et avec 
le prix des Etats-Unis pour le travail de separation, . 
le prix de 2 livres 10 shillings par gramme fissile cor
respond a un prix du concentre de 7 dollars, ou d'un 
petit peu moins par livre de U30 8• 

T. WOJCIK (Pologne): Est-ce que les couts globaux 
de traitement indiques comprennent la totalite du 
cout de traitement des dechets radioactifs? Si c'est le 
cas, quelle est la part des couts totaux de traitement 
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du combustible irradie qui correspond aux depenses 
d'elimination des dechets? 

N. L. FRANKLIN (Royaume-Uni): Les couts d'eli
mination des dechets sont compris dans les couts 
totaux de traitement indiques dans le memoire. Le 
traitement des dechets de haute activite est base sur 
!'evaporation et le stockage des concentres, qui ne 
comprennent pas de sels dans le schema de traitement 
au Royaume-Uni. Le cout exact depend du facteur 
de charge de l'usine, mais il est de l'ordre d'un cen
tieme de mill par kWh, ou de quelques centiemes des 
couts de traitement chimique. 

Memoire Pf57 (presente par R. Boussard) 

DISCUSSION 

L. E. LINK (Etats-Unis d'Amerique): Le memoire 
ne donne Ia decomposition du prix qu'en pourcen
tages. Pourriez•vous donner des valeurs absolues pour 
ces couts? 

R. BoussARD (France): Pour obtenir les chiffres que 
vous desirez, il suffit d'appliquer les pourcentages 
donnes dans le tableau 2 du memoire a Ia valeur 
globale tie 60 francs par kilogramme pour les couts 
de fabrication. 

Memoire Pf570 (presente par G. B. Scuricini) 

Ce memoire n'a pas fait !'objet d'une discussion. 

Memoire P/246 
DISCUSSION 

F. DE WAEGH (Belgique): Avez-vous tenu compte 
de Ia variation des facteurs de forme du creur liee 
aux recyclages successifs de plutonium, etant donne 
leur effet possible sur Ia puissance du reacteur? 

E. A. EsCHBACH (Etats-Unis d'Amerique): Non, 
mais nous avons maintenant fait des etudes plus 
detaillees, tenant compte des facteurs de forme, qui 
confirment les valeurs de plutonium indiquees dans 
notre memoire, et indiquent meme dans certains cas 
qu'elles ont ete depassees. Avec du plutonium comme 
combustible, il faut souvent une suite differente de 
mouvements du combustible. 

M. RoLLIER (Italie): M. Eschbach, qui a declare 
qu'il est possible qu'un ensemble reacteur de taille 
suffisante pour utiliser une strategie assez souple du 
combustible n'existe pas avant un certain temps, 
pourrait-il faire quelques observations sur la possibi
lite de convertir un PWR a eau Iegere en reacteur 
alimente au thorium enrichi au plutonium et, par la 
suite, en reacteur alimente en uranium 238 enrichi en 
uranium 235? 

E. A. ESCHBACH (Etats-Unis d'Amerique): Nous 
avons fait quelques calculs preliminaires, mais incom
plets, sur !'utilisation de thorium enrichi en plutonium 
dans des PWR. L'avantage fondamental de la section 
efficace nucleaire plus elevee du plutonium, qui 
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permet d'obtenir une puissance specifique donnee du 
combustible avec un flux plus faible (produisant ainsi 
la combustion du 233Pa), n'est pas observe pour une 
puissance specifique de 10 MW/t, mais donne un 
gain de 10% environ a 20 MW/t, et de 30% environ 
a 40 MW jt. Au deJa de 80 MW jt environ, meme avec 
un enrichissement au plutonium, 233Pa est presque 
entierement transmute et il se forme tres peu d'ura
nium 233. 

En ce qui concerne }'uranium 238 enrichi en ura
nium 233, on observe que le nombre '1J de !'ura
nium 233 depend encore moins du spectre que celui 
du plutonium. Ainsi, pour des reseaux Serres a eau 
Iegere, dans lesquels e (effet rapide dans 238U) est 
eleve (1 ,07-l, I) et '1J du plutonium 239 peut etre reduit, 
il semble que !'uranium 233 permet mieux que le plu
tonium de tirer parti de l'effet rapide. C'est du moins 
ce que les calculs indiquent; toutefois, a moins que 
!'uranium 233 ne soit isole (forme des particules 
differente par exemple), !'uranium 238 est isotopique
ment melange a !'uranium 233. Ceci est cofiteux, mais 
Ia difficulte n'est pas insurmontable a long terme. 

M. THEYS (Belgique): Amon avis, la definition du 
or Eschbach pour la valeur du plutonium presente 
deux inconvenients principaux. D'abord, une telle 
valeur n'est relative qu'au prix de !'uranium; elle ne 
tient pas compte du fait que le cofit du cycle de com
bustible peut varier beaucoup d'un reacteur a l'autre. 
Une valeur elevee du plutonium ne correspond pas 
necessairement a une bonne utilisation du plutonium. 
D'autre part les differences de composition isotopique 
du plutonium sont difficiles a evaluer avec une telle 
methode. 

Je pense qu'une autre definition de Ia valeur, com
plementaire de celle du or Eschbach, pourrait etre 
tres utile. Elle reviendrait a definir la valeur comme 
le nombre de dollars par gramme qui conduirait a un 
prix du kWh egal au cofit de production moyen du 
reseau electrique auquel est relie le reacteur. Cette 
definition de Ia valeur peut etre etendue pour obtenir 
une valeur specifique pour chaque isotope. On peut 
alors comparer les avantages relatifs que presente 
!'utilisation d'un isotope donne dans differents reac
teurs. On peut trouver plus de details sur cette methode 
dans un article de Metra, Vol. III, N° 2 (1964). 

E. A. ESCHBACH (Etats-Unis d'Amerique): Le plu
tonium est envisage comme un combustible de rem
placement pour }'uranium 235 dans les reacteurs exis
tants. Les cofits de combustible varient certainement 
d'un reacteur a !'autre et il peut etre avantageux dans 
certains reacteurs d'utiliser certaines compositions 
isotopiques du plutonium plutot que d'autres. C'est 
l'une des raisons pour lesquelles le systeme PUYE a 
ete mis au point. 

Je suis d'accord qu'on peut arriver a une valeur 
elevee du plutonium pour des utilisations microsco
piques du plutonium comme combustible. Dans ces 
circonstances, l'effet financier global de !'utilisation du 
plutonium serait faible. 

Les differences de valeur du plutonium pour diffe-

rentes compositions sont obtenues directement par le 
systeme PUYE comme prevu a l'origine. Ce travail 
comporte des calculs considerables, mais !'importance 
du probleme justifie l'effort. 11 n'est pas « difficile » 
au sens mathematique, et une machine a calculer fait 
Ia partie du travail penible. 

Relier la valeur du plutonium au cofit moyen de 
l'energie dans le reseau revient a considerer des 
differences entre des nombres tres grands. On sup
pose dans le systeme PUYE qu'un reacteur fonction
nant avec le cycle 235U-238U a deja ete achete, de 
sorte que Ia valeur du plutonium est etablie dans le 
cas du remplacement de 235U-238 U. En comparant Ia 
valeur du plutonium au cofit moyen de l'energie du 
systeme, nous pourrions aussi envisager d'etablir la 
valeur de !'uranium 235, actuellement a un cofit de
termine par les procedes de production, plutot que 
par une evaluation de son utilite, comme c'est le cas 
pour le plutonium. 

On a utilise le systeme PUYE pour determiner Ia 
« valeur » d'isotopes donnes du plutonium. Ce sys
teme donne des resultats tres satisfaisants dans ce 
domaine, car il peut tenir compte des variations de 
valeur quand !'isotope du plutonium est transmute 
en d'autres isotopes. Nous trouvons cependant que la 
valeur du plutonium 240, par exemple, depend des 
quantites des autres isotopes du plutonium qui l'ac
compagnent, particulierement de celle du pluto
nium 242. Nous utilisons une analyse statistique d'une 
experience doublee -pour etablir les equations du 
type des equations (1) et (2) du memoire. 

Memoire P/417 (presente par l. Zettergren) 

DISCUSSION 

J. A. LANE (Etats-Unis d'Amerique): La compa
raison des coilts du cycle de combustible pour les 
reacteurs a eau lourde et les reacteurs a eau Iegere 
montre un avantage de 0,7 a 0,8 mill/kWh en faveur 
des premiers. Ces cofits comprennent-ils les cofits de 
0 20, et si non, l'interet sur 0 20 et les pertes ne 
compenseraient-ils pas l'avantage cite? 

L. ZETTERGREN (Suede): Les coilts de 0 20 ne sont 
pas compris dans les coilts de combustible. Le coilt 
additionnel de 0 20 depend d'un certain nombre de 
facteurs. Si on prend un taux d'interet de 7%, comme 
pour les stocks de combustible, une fuite de 2% pour 
7 000 heures de fonctionnement par an, et 45 dollars 
par kilogramme comme prix de 0 20, on obtient pour 
les reacteurs envisages des coilts totaux de 0 20 com
pris entre 0,3 et 0,4 mill/kWh, Ia valeur la plus faible 
correspondant aux types bouillants a cycle direct et 
les valeurs les plus elevees correspondant aux PWR. 
Le taux de fuite reel obtenu pour la centrale d'Agesta 
apres huit mois de fonctionnement ne depasse pas 
0,2% par an. Les essais faits sur des composants de 
cycle direct donnent aussi des valeurs encourageantes, 
de sorte qu'on peut penser que le taux de fuite envi
sage a ete evalue avec prudence. 
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En conclusion, l'economie sur le coiit du combus
tible obtenue avec le systeme a 020 n'est que par
tiellement compensee par le coiit de 0 20. 

Memoire P/248 (presente par L. E. Link) 

DISCUSSION 

R. GIBRAT (France): Les auteurs savent certaine
ment que certains parametres, interieurs ou exterieurs 
au reacteur surgenerateur, autres que les parametres 
etudies par eux, auront une influence determinante 
sur le role que le reacteur pourra jouer dans Ia pro
duction nucleaire. Je citerai parmi les facteurs essen
tiels: Ia duree de sejour des combustibles dans le 
reacteur; le temps necessaire pour le premier dechar
gement; Ia duree du retraitement du combustible 
irradie entre le dechargement et le rechargement; les 
pertes au cours des manipulations. Pourrions-nous 
avoir les chiffres correspondant en particulier aux 
etudes de reacteurs de 1 000 MW(e)? 

v ous parlez dans votre memo ire des temps de 
doublement pour les reacteurs surgenerateurs dans 
des etudes pour une puissance de 1 000 MW(e), mais 
je n'ai pas pu trouver ces chiffres dans le memoire. 

L. E. LINK (l~tats-Unis d' Amerique): Les donnees 
sur les temps de doublement figurent dans les refe
rences [16-19] du memoire. Cependant, je crois me 
rappeler que la duree de vie totale du creur dans les 
etudes allait de un a trois ans. 

Les frequences de rechargement etaient comprises 
entre 80 et 270 jours, avec 1/6 a 1/4 du creur remplace 
a chaque fois. Le temps de sejour du combustible 
hors du reacteur pour refroidissement, traitement 
aqueux et refabrication serait probablement compris 
entre 9 et 12 mois. Les pertes supposees sur le cycle 
de combustible etaient de 1% au cours du traitement 
chimique et de 1% en fabrication. 

Pour les calculs du temps de doublement du plu
tonium, je vous renvoie aux rapports d'etude. Le 
temps donne dans le tableau 10 du memoire provient 
de calculs bases sur les valeurs donnees par ceux qui 
ont fait !'etude, et peut differer legerement des valeurs 
indiquees dans les rapports d'etude. Les temps de 
doublement indiques representent le temps necessaire 
pour accumuler une quantite de plutonium supple
mentaire egale a Ia quantite totale dans le creur du 
reacteur au debut d'un cycle plus le combustible du 
creur dans Ia partie du cycle hors du reacteur. On a 
tenu compte de tous les facteurs, y compris les pertes. 
Ces temps de doublement seront nettement plus 
faibles si on fait un calcul compose, c'est-a-dire si on 
suppose que des qu'une certaine quantite de pluto
nium supplementaire devient disponible a la sortie 
du traitement chimique, on la vend pour un nouveau 
systeme de reacteur rapide ayant le meme taux de 
surgeneration que celui a partir duquel le plutonium 
a ete obtenu. 

B. B. BATUROV (URSS): Avez-vous etudie Ia 
transformation graduelle de reacteurs convertisseurs 
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en surgenerateurs et, dans ce cas, quelles sont les 
repercussions economiques, si elles existent? 

L. E. LINK (Etats-Unis d'Amerique): Je suppose 
que vous pensez a des reacteurs qui demarrent avec 
de !'uranium 235 et passent ensuite au cycle au plu
tonium. Nous n'avons pas envisage cette situation, 
mais je crois que le plutonium que peuvent fournir les 
centrales thermiques commerciales des Etats-Unis 
pourrait suffire pour mettre en reuvre un programme 
de centrales commerciales rapides. Dans une telle 
situation, !'utilisation de !'uranium 235 ne semble pas 
pouvoir donner lieu a des repercussions economiques 
notables. 

B. B. BATUROV (URSS): Avez-vous etudie l'econo
mie des reacteurs rapides comme un secteur indus
triel entier considere dynamiquement dans le cadre 
d'une capacite en expansion, ou bien !'etude a-t-elle 
ete limitee a une analyse statique de centrales donnees? 

L. E. LINK (Etats-Unis d'Amerique): Je pense que 
vous voulez savoir si nous avons etudie l'economie 
d'une industrie en expansion de centrales rapides, 
qui devraient avoir un temps de doublement en plu
tonium correspondant au temps de doublement d'une 
demande specifiee en energie. Nous n'avons pas 
envisage ce type de situation et de telles conditions 
n'ont pas ete imposees par Ia USAEC pour les quatre 
etudes de reacteurs de 1 000 MW(e). Cependant, si 
vous examinez les temps de doublement en plutonium 
donnes dans le tableau 10 du memo ire, vous remar
querez qu'un des reacteurs a un temps de doublement 
de 6,3 ans, calcule lineairement et non sur une base 
composee qui serait plus favorable. De tels temps de 
doublement correspondent facilement au temps de 
doublement actuel de Ia demande d'energie aux 
Etats-Unis, qui est de 6-7 ans. Il est done etabli que 
!'on peut obtenir des taux de production de plutonium 
suffisants pour tous les schemas de croissance d'ener
gie prevue, si les justifications economiques existent. 

B. B. BATUROV (URSS): Quels sont les investisse
ments specifiques pour le cycle de combustible, par 
rapport aux investissements pour la centrale? 

L. E. LINK (Etats-Unis d'Amerique): Je ne me sou
viens pas des chiffres correspondant aux investisse
ments prevus pour des installations telles que celles 
de fabrication et de traitement chimique de combus
tible, mais des valeurs caracteristiques peuvent etre 
calculees a partir des chiffres donnes, ou cites en refe
rence, dans les references 5, 6 et 7 de notre memoire. 

Memoire P/64 
DISCUSSION 

T. G. HuGHES (Royaume-Uni): Les couts d'entre
tien cites pour la dissolution comprennent-ils le degai
nage? 

Y. SoussELIER (France): Non, le degainage n'est 
pas compris. A la suite de la question posee par 
M. Wojcik sur le memoire P/159, je veux preciser que 
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rna communication se rapporte uniquement aux couts 
de transport et d'entretien, et non au stockage ou au 
traitement des effluents. 

Memoire Pf98 (seul le titre de ce memoire a ete lu) 

DISCUS.SION 
D. E. FERGUSON (Etats-Unis d'Amerique): Les 

auteurs du memoire P/98 signalent Ia possibilite de 
stocker les combustibles irradies a uranium naturel 
pendant un certain nombre d'annees et de construire 
ensuite une usine de traitement plus grande et plus 
economique. Cette possibilite a-t-elle ete envisagee 
dans l'etude economique et, dans ce cas, quels ont 
ete les resultats? 

L. THIRIET (France): Le modele economique general 
a ete base sur Ia decision de traiter chaque annee Ia 
quantite d'uranium naturel irradie necessaire au pro
gramme de reacteurs a neutrons thermiques a l'etude. 
Cette restriction presuppose un programme addition
nel de reacteurs a neutrons rapides pour utiliser le 
plutonium. Si le programme secondaire est retarde, 
on peut stocker le combustible irradie et le traiter au 
moment le plus commode, c'est-a-dire quand on a 
besoin de grandes quantites de plutonium. Quelques 
depenses supplementaires pour le stockage des com
bustibles irradies pourraient etre acceptees, bien qu'il 
puisse etre possible de construire des usines plus 
grandes et done plus economiques. 

La methode decrite peut servir a choisir le site de 
stockage du combustible irradie, ainsi que Ia taille et 
l'emplacement des usines de traitement a construire 
au moment approprie, de fa~;on a maintenir le cout 
global a une valeur aussi faible que possible. 

Dans l'exemple choisi (besoins en plutonium apres 
1980), nous avons trouve que les combustibles irra
dies devraient etre stockes sur 1e site A, et qu'une 
usine, avec une capacite de 17 t/j (en supposant une 
duree de vie de 15 ans), devrait entrer en fonctionne
ment au site A en 1980. 

Les resu1tats dependent naturellement des facteurs 
de cout utilises dans revaluation du traitement, du 
stockage et du transport des combustibles irradies, et 
du taux de production des combustibles irradies a 
traiter (qui depend lui-meme du taux de croissance 
de la puissance installee nucleaire). 11 faut noter que 
cette methode est tres generale, de sorte qu'on peut 
juger de !'influence sur le resultat final de tout chan
gemen.t dans les hypotheses de base ou dans les couts. 

Memoire P/99 (seul le titre de ce memoire a ete lu) 

DISCUSSION 
R. GIBRAT (France): Je voudrais presenter quelques 

resultats complementaires, obtenus depuis l'etablisse
ment de ce memoire. 

Si on combine des reacteurs surgenerateurs avec 
un reacteur convertisseur normal, nos calculs nous 
conduisent a prevoir un taux de penetration maximal 
de 71,8% et de 44% pour des taux de croissance 

annuels de A = 0, I 4 et 0,21 respectivement, ces deux 
vaieurs de A correspondant a une multiplication par 
4 et par 8 de Ia production d'electricite en 10 ans. Un 
calcul simple montre que Ia consommation de mate
riaux nucleaires d'une economie bil.lancee, compre
nant ce surgenerateur en plus de convertisseurs, tom
berait au bout d'un certain temps a 28,2% (A = 0,14) 
ou a 56% (A = 0,2I) de Ia consommation d'une eco
nomie sans surgenerateurs, ce qui represente un 
resultat tres appreciable en raison de Ia penurie pro
bable a long terme des combustibles nucleaires. 

Les caracteristiques de ce surgenerateur, au sens de 
notre memoire, soot a = 2,4, ~ = I,2, z = I, C2 = 
0,42 et R = 2,25, avec des pertes inferieures a 2%. 
II faut aussi mentionner qu'a Ia suite de tous les delais 
et de toutes les pertes, le coefficient de croissance 
annuel A en auto-entretien a une valeur, remarquable 
pour ce surgenerateur, de 10,3% (correspondant a un 
temps de doublement de 6,6 ans). 

Depuis Ia redaction de moo memoire, j'ai entrepris 
des recherches sur Ia stabilite de ces economies balan
cees. Elles soot assez difficiles quand on fait intervenir 
des delais, car !'equation est une equation differen
tielle aux differences. Cependant, en utilisant les 
travaux de Pontryagin sur les racines des equations 
polynomiales f(z, e •) = 0 (z etant un nombre com
plexe), nous avons pu montrer que ces economies ne 
soot stables pour un reacteur surgenerateur donne 
qu'entre deux limites de la production nette des con
vertisseurs associes (valeur C1 du memoire). En dehors 
de ces limites, une faible perturbation suffit a creer 
des oscillations propres qui grandissent indefiniment 
avec le temps, ceci soit pour les valeurs des puissances 
installees en convertisseurs et en surgenerateurs, 
soit pour le taux de penetration dans l'economie 
du surgenerateur. On aurait done, dans ces cas, I' equi
valent pour les systemes nucleaires des « crises eco
nomiques cycliques » bien connues. Ces limites varient 
avec le coefficient de croissance A de l'economie. 

Un exemple simple est fourni par !'equation sim
plifiee a un seul retard y ( delai de 3 ans environ entre 
1e chargement d'un premier combustible et le moment 
ou il est possible de faire un second chargement avec 
le plutonium produit), ce qui donne !'equation: 

dF(t + y) 
S dt + (C1- C2) F(t) = C1N(t) 

Les solutions en F(t) de cette equation soot stables 

cl- c2 11 
seulement pour 0 < S < 2:y 

Pour Ia limite superieure, par exemple, nous obte
nons comme solution de !'equation sans second 

11 
membre A sin 2y (t- qJ) dans laquelle A et qJ soot 

arbitraires, ce qui donne une oscillation sinusoi:dale 
perturbatrice qui ne s'amortit pas. (La periode de 
4 y serait de 12 ans pour nos exemples numeriques.) 
Cette propriete importante n'existe pas' quand il n'y a 
pas de retard y. 
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J'ai pu etendre toutes ces proprietes au cas le plus 
general de !'equation avec 8, e:, a et k. Elles montrent 
qu'on ne saurait associer un convertisseur quelconque 
a un surgenerateur donne sans prendre certaines 
precautions, en raison des diverses pertes et delais 
inherents a l'economie nucleaire. 

DISCUSSION GENERALE 

G. F. KENNEDY (Royaume-Uni): Comme beaucoup 
d'ingenieurs-conseils, je dois souvent essayer de com
parer l'economie a long terme de centrales electriques 
utilisant des combustibles fossiles et des combustibles 
nucleaires. Nous sommes nombreux a observer avec 
interet les declarations divergentes du Canada et des 
Etats-Unis au sujet du type de reacteur le. plus eco
nomique dans les conditions existant en Amerique du 
Nord. Un pays considere que !'uranium nature! est le 
meilleur combustible, tandis que !'autre prefere le 
combustible enrichi. Au Royaume-Uni, par contre, 
II semble y avoir actuellement quelques doutes sur le 
type de combustible preferable. Tout ceci doit sem
bler bien embarrassant aux pays qui sont sur le point 
de se lancer dans un programme nucleaire car, comme 
le or Bhabha l'a signale a cette Conference, le type 
de combustible utilise peut conduire a une tres grande 
difference dans la balance des paiements du pays si 
on tient compte, comme il faut le faire, non seule
ment de l'investissement pour la centrale elle-meme, 
mais aussi, et c'est encore plus important, du cout du 
combustible importe pendant la duree de vie prevue. 

Une fois l'etude faite, on peut avec une bonne pre
cision faire une estimation de la plupart des criteres 
qui affectent le cout de construction d'une centrale 
nucleaire dans n'importe quel pays, mais le cout 
futur des divers types de combustible est beaucoup 
plus difficile a prevoir. 

Quand on compare le cout de construction et 
d'exploitation de centrales classiques, comme solu-
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tion de remplacement, il est generalement assez simple 
de faire des previsions a long terme sur les couts de 
combustibles tels que le charbon, le petrole ou, dans 
les regions ou il est deja largement utilise, le gaz 
nature!. D'un autre cote, bien que des donnees inte
ressantes pour les couts possibles de cycles de combus
tibles de divers types de reacteurs aient ete donnees 
dans les memoires presentes a cette seance, on se 
demande quel degre de confiance on peut leur accor
der par comparaison avec les previsions des couts 
futurs des combustibles fossiles. Ce que l'on peut dire 
avec, je crois, quelque certitude, c'est que le cout du 
combustible a uranium naturel a plus de chances 
de rester stable que celui de l'uranium enrichi, qui 
depend d'un tres grand nombre de facteurs etrangers, 
y compris le prix, s'il existe, de rachat du plutonium. 

W. B. LEWIS (Canada): Je crois que nous avons 
tendance a oublier que l'uranium n'intervient que 
pour une tres faible partie du cout total de l'energie 
nucleaire dans tout cycle de combustible raisonnable 
a l'heure actuelle. 

Un prix de 5 dollars Ia livre de U30 8, le dernier prix 
mondial pour une transaction internationale impor
tante, correspond a 13 dollars le kilogramme d'ura
nium. Pour un rendement de puissance thermique
electricite de 30% et un taux de combustion raison
nable, en chiffres ronds, de 10 MWj/kg U, un prix de 
13 dollars par kg d'uranium correspond a une part 
de 0,18 mill/kWh dans le cout de l'energie, valeur 
tres faible si on Ia compare au cout des autres com
bustibles livres a Ia centrale, tels que le charbon, le 
petrole ou le gaz naturel. 

De plus, ce chiffre de 0,18 mill/kWh represente le 
maximum de Ia demande de devises etrangeres, en 
supposant le combustible fabrique dans le pays ou il 
est utilise. II n'y a pas a prevoir de depenses en devises 
etrangeres pour le traitement chimique ou le trans
port du combustible irradie. 

3KOHOMMKQ TOftnMBHOfO ~MKna 

flpeoceoame.llb: A. ttJ. ttJpHYe (Waei1'-'aPHA) 

,D,oKnaA P/247 

,D,HCKYCCHfl 
,l],m. JI. ,[I,/Kl1JIJIEMC (Coep,HHeHHOe l\opoJieB

CTBO) : r -H BoJIJieHC HCHO aaHBHJI, 'ITO ero ou;eHKH 

TOIIJIHBHOI'O IJ;HKJia OTHOCHTCH R ROHIJ;y 1960-X ro
fi,OB. C'IHTaeT JIH oH, 'ITO aa noT nepHOA B ClUA 
pacxop,hl, CBH3aijHhle c paap,eJinTeJihHhlM npou;ec
coM, 6yp,yT p,oBep,eHhl p,o 30 p,oJIJiapoB aa 1nz? 
EcJIH :no TaK, a B p,oRJiap,e yKaahlBaiOTCH nap,epm-



102 RECORD OF SESSION 2.5 COMPTE RENDU DE LA SEANCE 2.5 

KH aa TaKoll: rrpon;ecc rropHJJ;Ka 25 nnn 20 JJ;onna
poB 3a 1 Ki! B OTnH'IHe OT H3J];ep}KeK ITOpHJ];Ka 
30 8o.tt.tt/Ki!, TO 6yp,eT nH ::ITO rrpn ypOBHHX rrpOH3-
BOJ];CTBa U 235, rrnannpyeMhiX n nacTOHIQee npe.MH 
na Konen; 1960-x roJ);oB n Coep,nnennhlx llhaTax? 

,[(m. M. BOJIJIEHC (CIIIA): 0Tn_eT na 3TOT 
BOITpOC B 60JihlliOH -CTeiieHH 3aBHCHT OT CTerreHJI 
llCITOnh30BaHHH rrpOH3BOJ];HTenhHOCTH p,nlf>lf>y3HOH
HhiX ycTanonoK. IIpannTenhCTBo Moen eTpanhi He
p,anno rrpHHHJIO 3aKOHhi, KOTOphle II03BOnHT IIpO
H3BOP,HTh o6ora1QeHne aa oeo6yro rrnaTy, Ha'IHHaH 
e 1969 roJJ;a, a n HeKoTophlx cny'laHx n panLrne. 
iho MomeT rroenymnTh eTnMynoM JJ;nH yneJIH'IeHIIH 
enpoca na o6ora1QeHHhiii ypan, n ecJIH cnpoe noa
pacTeT, TO ITOHBHTC.H B03MO}KHOC.Th C.HH3HTh pa3-
Mep onJiaThi aa paap;eJienne. 

m. fOCC8H (<DpaHQHH): C'IHTaeTe JIH Bhl, 'ITO 
eyiQeCTBYIOIQHC QeHhl Ha ITJIYTOHHH p;eHC.TBHTCRh
HO COOTBCTCTBYIOT phiHO'IHOH n;eHe, KaK 3TO o6hi'I
HO HMeeT MCCTO B CB060p;HOH 31\0HOMHKe? ,[(pyrn
MH eJionaMn, y6emJJ;eHhi JIH Bhl B TOM, 'ITO yrrpan
JIHIOIQHH 'laCTHOH aTOMHOH 3JieKTpOCTaHQHH, Ha 
IWTOpOH UMeeTCH He'KOTOpOe KOJIH'ICCTBO ITJIYTO
HHH, ITOKameT 3TO B CBOCM 6aJiaHCOBOM OT'ICTC 
n TeM caMhiM 6yp,eT roToB onJiaTHTh naJior na npo
MhiiiTJiennyro nJin Topronyro npn6hiJih, KOTopaH 
6yp;eT Ha'IHCJIHThCH Ha OCHOBC CTOHMOCTH 3TOf0 
KOJIH'ICCTBa ITJIYTOHHH? 

,[(m. M. BOJIJIEHC (CIIIA): H p;eiicTnnTeJihHO 
nepiO, 'ITO CTOHMOCTh, KOTOpyro Mhl ycTaHaBJIHBa
eM P,JIH ITJIYTOHHH, HBJIHCTCH phiHO'IHOH QCIIOH na 
rrJiyTonnii. Ona ocnonana na rnnpoKoM nayqennn 
n;ennocTH ITJIYTOHHH KaK aaMennTeJIH qacTn U 235, 

KOTOphiH B rrpOTHBHOM CJiyqae rrpHCYTCTBOBaJI 6hi, 
n H p,yMaro, 'ITO n p,oKJiap,e P /246 na npo6JieMa 
paccMaTpnsaeTCH 6oJiee nop,po6no. Mhl C'IHTaeM, 
qTO qepea HeCKOJihKO JieT 6yJJ;eT C03J);aH rrpOQCCC 
perenepaQHH ITJIYTOHHH, KOTOphiH H03BOJIHT rrpo
H3BOJ];HTL 31\0HOMHqnyro perenepaQHIO ITJIYTOHHH 
npHMCpHO ITO TCM me QCHaM, KOTOphle Mhl yKa3hi
BaJIH, 

m. rOCC8H (<Dpann;nH): Bhl ynoMHHYJUI 0 n;e
ne 6 p;onJiapos a a 1 if>YHT ( 454 i!) U30s. JlnJIHeTca 
JIH 3TO rrpocToii rnnoTeaoii HJIH npornoaoM KA8 
CIIIA? 

,[(m. M. BOJIJIEHC (CIIIA): 8To ne npep,cJ\a
aanne; 3TO ocTopomno Bhi6paHHhiH Mnoii sepxnnH: 
npep;eJI. H p,yMaiO, 'ITO npnMepno B Konn;e 1960-x 
rop,on npnpop;nhlu ypan 6yp;eT npop,anaThCH no 
n;ene, ana'lnTeJihHo MeHhllie 6 ,n:oJIJiapos aa 
1 lf>ynT ( 454 i!) 3aKUCJI-OKHCH. 

.D,oKnaA P/159 (npeACTaBHn H. 11. OlpaHKnHH) 

.D.~CKYCC~s=t 

,[(m. M. BOJIJIEHC (CIIIA): lho KacacTcH 
paCXO/];OB Ha TOIIJIHBHYIO aarpyaKy, TO KaKJIM 
o6paaoM npn nponanoJJ;CTBe 3JICKTpo3neprnn ocy-

II~eCTBJIHCTCH rrorameHne KallHTaJIOBJIO}KeHnii H 
TOIIJIHBO HeiTOCpeJ];CTBCHHO IIJIH Ha OCHOBC CTOJI
MOC.TH TOIIJIHBa B <<HaCTOH~Hii MOMeHT>)? 

KaKaH n;ena na ypan 6hiJia noJiomena n ocnony 
pac'leTHhiX ITOCTYITJICHIIH 3a 1 i! ,n:eJIRIQCfOCH BC
II~eCTBa B paaMepe 2 lf>yHTOB 10 lliHJIJIIIHfOB HJilt 
7 p;oJIJiapon? 

H. JI. <DPAHKJIMH (CoeJJ;IIHenHoe KopoJiencT
no) : )J,JIH yrrpOIQCHHH TOITJIHBHaH 3arpyaKa pac
CMaTpHBaeTCH KaK aKTHB, KOTOphiH ITOJ];BepraeTCH 
aMOpTH3aQHH B Te'leHHe BCero CpOKa CJlym6hi 
peaKTOpa, Ha'IHHaH OT QeHhi rrepBOHa'laJihHOii TOll
JII1BHOll 3arpy3KH ,n:o CTOHMOCTH ITOCJieJ);HCfO TOII
JIHBa, BhirpymaeMoro na peaKTopa. 8To JJ;aeT YAO
BJieTnopnTeJihHhie peayJILTaThi AJI.fl peaKTopa Ha 
11pHpOP,HOM ypane npH HCIIOJih30BaHHH paBHOBeC
HOfO MCTOP,a HenpephiBHOH aarpy3KH II Bhirpy3I<H 
TOIIJIHBa npn pa6oTaiOIQCM peaKTope. Ho peayJih
TaThi MoryT OKa3aThCH HeyJJ;OBJieTBOpiiTCJlhHhiMll 
/];JIR CJiyqaen, Korp,a JICIIOJih3YIOTCH 6oJiee CJIOm
Hhie TOITJIHBHhiC CHCTCMhi, B KOTOphiX MO}I\CT IIC
TIOJih30BaThCH TOllJIHBO C pa3JIH'IHhiM o6oraiQeHH
CM. B TaKnx cJiy'laHx Mhl BeJJ;eM anaJina Ha ocHo
ne <<CTOHMOCTH B HaCTOHIQHH MOMCHT>> ,[l,JIH 
rrponepKn rrpocToro MeTOAa pac'leTa. 

Y CTaHOBJICHHe CTOHMOCTJI ITJIYTOHHH B paaMepe 
2 lf>ynTa 10 lliliJIJIHHfOB 3a 1 i! ,[l,CJIHIQHXCH aTO
MOB Hll.XO,il,HTCH B COOTBCTCTBHH C ero npe,n:IIOJiara
CMhiM HCllOJih30BaHHCM B peaKTOpaX Ha 6hiCTJlhiX 
HCHTponax, BKJIIO'IaH CIO,n:a COOTBCTCTBYIOIQYIO 
CKHAKY Ha H3JJ;epmKH, CBH3aHHhiC C xpaHCHHCM 
llJIYTOHHH B TC'ICHHe rrepnop,a, ITOKa He IIOHBHTCH 
rpamp,aHCKHe peaKTOphi na 6hiCTJlhiX neiiTponax. 
Op,narw ecJin naHTh B Ka'leCTne 3KBHBaJienTa pe
aKTop Ha TCIIJIOBhiX HCHTpOHaX H HCIIOJih30BaTh 
aMepnKaHcKne n;enhi aa paap,eJieHne, TO Tor.n:a 
2 lf>ynTa 10 lliHJIJIHHfOB 3a 1 i! J];CJIH~HXCH aTOMOB 
6yp,eT COOTBCTCTBOBaTh n;ene 3a KOHQCHTpaT IIO
pH,n:Ka 7 AOJIJiapoB IIJIII HCMHOrO MCHhiiiC 3a 1lf>ynT 
UaOs. 

T. BO.flU,lH{ (IloJihma): ELIJin Jill BKJIIO'IeHhi 
noJIHhle na,[l,epmKH aa y,n:aJieHne pap;noaKTIIBHhiX 
OTXOiJ:OB B yKa3aHHhiC 06IQIIC paCXO/];hl Ha nepe
pa60TKy? EcJIII TaK, TO KaKaH qacTh o61QliX pac
xo,a:os na nepepa6oTKY OTpa6oTaHHoro TOIIJIMna 
ua,n:aeT Ha y,a:aJI·enne pap,uoaKTliBHhiX oTxo,a:on? 

H. JI. <DPAHKJIMH (Coep,uneHnoe KopoJiencT
no): Map,epmKu Ha yp,aJienne pa,n:uoaKTHBHhiX OT
xo,a:on BKJJIO'ICHhi B o61Que pacxop,hi na nepepa-
6oTKY 06Jiy'leHHOrO TOIIJiliBa, yKa3aHHhiC B 3TOM 
AOKJiap;e. 06pa60TKa BhiCOKOaKTHBHhiX OTXOiJ:OB OC
HOBaHa Ha HCIIapeHIIH H XpaHCHIIH O'III~eHIIhJX 

pacTnopon, KOTOphie no cxeMe nepepa6oTKH, npu
;o.renHeMoii n Coep;uneHHOM KopoJJencTne, He co
p,epmaT coJieii. To'lilaH neJin'lnHa 3THx na,a:cpmeK 
3aBliCliT OT K03If>lf>un;ueHTa 3arpy3Kli YCTaHOBKII, 
HO OHli HMCIOT IIOJlRAOK 0,00001 AOJIJiapa Ha 
1 1£6T • 'l, liJIJI HCCKOJihKIIX npon;eHTOB OT paCXOiJ:OB 
na nepepa6oTKy. 
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,/J.oHnaA P/57 (npeAcTaBH11 P. 5yccap) 

,JJ.I-1CKYCCI-1fl 
JI. 3. Jll1HK (CiliA): B ll,Ol{JiaAe noKa3atio 

pacnpe)l.eJieHIJe pacxo.n,oB TOJihKO B BIIAe npou,eH

TOB. He MorJIII 6LI Bhl AaTh HecKOJihKO a6coJIIOT

HhiX BeJIIJliiiH 3TIIX paCXOil,OB? 

P. BYCCAP (<DpaHIJ,IIH): Jl,Jia Toro 'ITo6hi no

JTYliiiTh HHTepecyiO~He Bac .n,aHHhie, npocTo Ha;J,o 

YMHOii\HTh npou,eHTHhie BeJIHliHHhl, npuse.n,eHHhiC 

B Ta6JI. 2 ,II,OKJiall,a, Ha 60 <fJpaHKOB aa 1KZ, COCTa

HJIHIO~HX paCXO,II,hl Ha II3fOTOBJieHIIe. 

,/J.oHnaA P/570 (npeACTaBH11 ,ll.m. 5. CHypH· 
YHHH) 

no 3TOMY ,II,OKJ13AY ,IJ,HCKYCCHII He OhiJIO. 

,/J.oHnaA P/246 

,ll.I-1CKYCCI-1fl 
<D. 11,e BAEf (BeJihriia): llpiiHHMaJIII JIII Bhl 

BO BHIIMaHJie H3Menenne <flaKTOJlOB <flopMbl aK

THBHOH 30Hhl, CBH3aHHhiX C nOCJiell,OBaTeJihHOH pe

renepau,IIeH nJiyTOHIIH, c ylieToM nx soaMomHoro 

BJIIIHHIIH Ha ll,onycTHMYIO Mo~HOCTh peaKTopa? 

3. A. 3IliBAX (CiliA): Her, no Mhi nponemt 

6oJiee T~aTeJILHbie HCCJICil,OBaHHH, BKJilO'laH <flaK

TOphi <fJopMhi, KOTOphie nO,IJ,TBepm.n,aiOT BeJIIIqlf

Hhl ll,JIH nJiyTOHIIH, npHBell,CHHhie B ll,OKJiaAe, H B 

HeKOTOpbiX CJiyliaHX )J,ail\e noKa3hiBaiOT, liTO 3111 

BCJIH'IHHhl 6LIJIH 3aBhiiiieHhl. fl pH HCnOJih30BaHHU 

nJiyTOHHeBOfO TOnJIHBa liaCTO Tpe6yiOTCH HeCKOJlh

KO OTJIIIliaiO~lleCH nOCJICil,OBaTeJibHOCTU B )J,Bli/I{e

HHH TOnJIIJBa. 

M. POJIJil1EP: He BhiCKameT m1 r-H 3m6ax, 

KOTOpblH 3aHBIIJI, liTO <<KOM6HHHpOBaHHhiii peaK

TOp, IIMeiO~HH He06XOil,HMhie pa3Mephl ,IJ,JIH HC

nOJih30BaHHH pa3JIIIliHOrO TOnJIHBa, noHBHTCH 

TOJihKO no liCTOlieHHH HeKOTOporo BpCMCHio>, CBOC 

MHCHHe 0 B03MOii\BOCTH nepell,CJIKH peaKTOpa C 

OXJiail\ll,eBHCM o6hiliHOH BO)J,OH noll, p,aBJICBiteM B 

peaKTOp, pa60TaiO~Ull Ba TOpHeBOM TOIIJII1Be, 

o6ora~eHHOM nJiyTOBHCM, li BITOCJIC)J,CTBHH B pc

aKTOp na U 238, o6ora~eHnoM U 233? 

3. A. 3IliBAX (CiliA): Mbi npor~cJiami pa;~, 
npep,BapHTeJihHhiX, HO HeiTOJIHhiX paClieTOB peai\

TOJlOB C BO)J,Oii no.n, )J,aBJICHIIeM, pa60T3IO~HX Ilil 

TOJll1l1, o6ora~eHHOM IIJIYTOHHCM. l1x OCHOBHOC 

npeliMY~CCTBO aaKJIIOliaCTCH B 6oJiee HLICOKOM 

HACJlHOM CCliCHHll n.TiyTOHI1H, KOTopoe .n,aeT B03-

MOii\HOCTh nOJIYliHTh npn MCHbiiieii BCJillliiiHC 

nOTOKa aap,aHHYIO yp,eJihHYIO MO~HOCTh (B peayJIL

TaTe liero cropaer Pa233 ), He Ha6JIIOIWCTCH np11 

YACJILHoii MO~HOCTH 10 Merlr, no 11,aer 10%-Hoe 

npeiiMy~eCTBO npii YAeJILHOii: Mo~nocrn 20 .11-Jer/r 
11.0KOJIO 30% npu yp,eJILHoi\. MO~HOCTII 40 Mer/r. 
llpii MO~HOCTH 6oJiee 80 Mer/r p,ame npu ucno.'1h

aoBaHnll o6ora~enna nJiyTOHIIeM Pa233 no'ITII 

IIOJIHOCThlO IIpeBpa~aeTCH II o6paayeTCH 0 1ICHL 

MaJio U233. 
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Tiro KacaeTca U 238, o6ora~euuoro U 233, To ua-

6JIIOAaeTca, liTO YJ )J,JIH U 233 B MeHbiiieii cTerreHn 

aaBHCIIT or cneKTpa, liCM YJ ,IJ,JIH nJiyrouna. TaK, 

)J,JIH nJIOTHO ynaKOBaHHhiX BOil,HhiX peiiieTOK, B 

J{OTOpLIX E ( a<fJ<fleKT ll,eJieHHH Ha 6hlCTJlhiX HCJi

TpOHaX B U 238 ) BLICOK ( 1,07-1,1), a YJ ,IJ,JIH Pu239 

MomeT 6LITh cunmeHa, OliCBHil,HO, liTO U 233 nMeer 

ooJILIIIe npeiiMy~ecTB 6J1aro11,apa a<P<PeKTY AeJie

Hna Ha 6LICTpbiX Heii:TpOHaX, liCM nJiyTOHHii. 

PaclieTLI yKa3LIBaiOT Ha no; o.n,naKo, ecJIH ne or

ACJIIITL U 233 ( nanpnMep, o6paayerca .n,pyraa liaCTH

u,a), TO noJiyliaerca naoToiinaa cMeCh U 238 c 

U233• CToHMOCTh paall,eJieHIIH BhiCOKa, HO aTO aa

TPYAHeHne B KOHeliHOM HTOre He HBJIHeTCH Heiipe

Oil,OJIHMhiM. 

M. TEtlC (BeJILrna): llo MoeMy MHeHniO, IWH

Hoe 11,-pOM 3m6axoM onpell,eJieHHe CTOIIMOCTII IIJIY

TOHHH CTpap,aCT ABYMH OCHOBHhiMII HCil,OCTaTKaMH. 

Bo-IICjJBhiX, ora CTOIIMOCTh onpep,eJIHCTCH no OTHO

IlteHHIO K u,eHe ua ypaH; B nell: He YliTeno, liTO 

113,II,CjJii\Kll Ha TOnJIIIBHhiH IJ,liKJI y pa3HhiX peaKTO

JlOB MoryT 6LITh paamtliHhlMII. BLICOKaa CTOII

MOCTh nJiyTOBIIH He o6aaaTCJihHO xapaKTepli3YCT 

xopoiiiee IICIIOJIL3oBaHne nJiyToHna. Bo-BTopLix, 

pa3JIIPIHH B H30TOIIHLIX COCTaBaX nJIYTOHUH )J,O

BOJlhHO TJlYAHO OIJ,CHHTh TaKIJM MeTOil,OM. 

JI AYMaiO, liTO 6LIJIO 6LI OlieHh noJieaHo p,pyroe 

OIIJlC;:.I,CJICHHe CTOIIMOCTH, ,IJ,OnOJIHHIO~ee OIIpell,e

.lPHIIC .n,-pa 3III6axa, TO eCTh Il,CJICC006pa3HO 

OIIJlC,Il,CJlliTh CTOHMOCTb KaK KOJillliCCTBO ,II,OJIJiapOB 

Ha 1 2, liTO IIJlHBCJIO 6LI K CTOHMOCTH 1 1i6T • tt, 
paBHOii cpell,Heii CTOUMOCTII IIpOI13BOil,CTBa B 3JICK

TpOCCTll, C KOTOpOH COC,TVIHCH .n,aHHbiii peaKTOp. 

3TO OIIpCil,CJICHIIe CTOIIMOCTII MOii\CT 6hiTh paCIIIll

peHO C IJ,CJILIO IIOJIYliCHIIH BCJIIfqJ1Hhl CTOHMOCTU 

i~JIH Kam)l,oro II30TOIIa. Tor.n,a cTaHOBUTCH noaMom

HhiM cpaBHIITh OTHOCUTCJibHhie npeiiMy~eCTBa 

IICIIOJIL30BaHIIH OlljJC,IJ,eJICHHOfO li30TOIIa B paa

JillqJlbiX peaKTopax. BoJTee IIO)l,po6HLie ,TiaHHLie 110 

noMy MeTo.n,y Momno uaiiTII B cTaTbe MeTpa, T. 3, 

.N£ 2 (1964) . 

3. A. 3IliBAX (CiliA): llJiyToHHii paccMaTpu

nacTCH B Ka'WCTBe aJihTCpHaTIIBHOfO TOnJIHBa IlO 

OTUOIIICHIIIO K U 235 ,II,JIH CYIIJ,CCTBYIOIIJ,HX peaKTO

poB. Pacxo,TILI ua TOIIJIIIBO .n,eiicTBIITeJILHO naMena

IOTCH OT o;:~Horo peaKTopa K APYroMy II MomeT 

OKa3aThCH BhlfO,TIHhiM B HeHOTOjJhiX peaKTOpax HC

IIOJih30BaTh onpe.n,eJICHHhie Il30TOnHLIC KOMII03H

l\IIII IIJIYTOHIIH no cpaBHeHIJIO c APYfHMIJ. 3To 

OLIJIO OAHOii na IIjJllliiiH paapa6oTKII CIJCTeMLI 

PUYE. 

H corJiacen, liTO MomeT 6LITh IIoJiy•reHa BhiCO

Kaa CTOIIMOCTh IIJIYTOHIIH 11p11 MliKjJOCKOIUiliCCI\IIX 

l!CnOJih30BaHIIHX IIJIYTOHIIH B KalieCTBC TOIIJIIIBa. 

B aTIIX ycJIOBIIHX o6~IJe <PnHancoBLie IIOCJie.n,cT

HliJI IlCIIOJih30BaHHJI nJiyTOHHJI 6y.n,yT He6oJIL

JliHMH. 

Pa3JlllliiiH B CTOHMOCTII IIJIYTOHIIJI ,TIJIH pa3Jillli

HLIX KOMfi03IIIJ,llll IIOJiyqaiOT HCliOCpe.D,CTBCHHO 

cncTeMoi1 PUYE B cooTBeTCTBHII c IIepBonalia.crb

HLIM IIJiaHOM. 3Ta pa6oTa CBH3aHa CO 3HaliiJTeJih

HhiMII paclieTaMH, HO Baii\HOCTh upo6JICMhl onpan-
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~hmaeT 3aTpa'IeHHhre yciiJIIIH. 0Ha He HBJIHeTcH 

«Tpy,n;Hoii>) B MaTeMaTH'ICCKOM CMbiCJie: Tpy,n;oeM

RYIO pa6oTy BhiiiOJIHHeT Bhl'IIICJIIITeJibHaH Manmna. 

YcTaHOBJieHIIe CTOIIMOCTII IIJIYTOHIIH OTHOCII

TCJibHO Cpe,n;neii CTOIIMOCTII 3JieRTp03HepriiH B 

;)JieKTpOCeTit CBH3aHO C paCCMOTpCHIIeM pa3JIII'IIfiJ 

n oqenh 6oJibiiiiiX 'IIICJiax. B cucTeMe PUVE npn

HHMaeTcH, 'ITO peaKTOp C TOIIJIIIBHbiM IJIIKJIOM 

U 235 - U 238 yme KYIIJieH, TaK 'ITO CTOHMOCTb IIJIY

TOHIIH Ollpe,n;eJIHCTCH KaK aJibTepHaTIIBa 110 OTHO

IIIeHIIIO K U235 - U 238• Ilpu cpanHeHuu CTOHMOCTH 

TIJIYTOHIIH CO cpe,n;HeM CTOHMOCThiO 3JieKTp03Hep

riiii B CHCTeMe Mhl MOrJIII 6hi TaKil\e paCCMOTpeTb 

ycTaHOBJieHIIe CTOIIMOCTII U 235, ROTOpbiM B HaCTO

HIIJee BpeMH IIMeeTCH 110 CTOIIMOCTH, onpe,n;eJIHe

MOH CIWpee 11epepa6oTROM, 'IeM paCCMOTpeHIIeM 

ero IJeHHOCTH, Kal\ MOil\eT 6biTh B CJiyqae IIJIYTO

HHH. 

C11cTeMa PUVE HCIIOJih30BaJiach ,n;JIH OIJCH-

Kn <<CTOIIMOCTII>) Ollpe,n;eJieHHbiX IIJIYTOHIICBblX 

naoTollon. IlpRMeHeHne AJIH 3THX 1JeJieil cncTeMhl 

PUVE ,n;aJio nechMa y,n;onJieTBOpHTeJihHbre pe3yJih

TaTbi, IIOCKOJihRY OHa il:OIIYCKaeT lf3M6HOHIIH B 

CTOHMOCTif 110 Mepe TOrO, KaK IIJIYTOHIIOBhiH 1130-

TOII 11penpaiiJaeTCH n ,n;pyr11e naoToTihi. O,n;naKo 

Mbi naxo,n;nM, 'ITO, ua11p11Mep, CTOHMOCTb Pu240 3a

nncnT OT ROJIM'IOCTB ,n;pyrnx IIJIYTOHIICBhiX II30TO

IIOB, KOTOpbiO HaXOAHTCH BMOCTO C HIIM II OCo6eH

HO Pu242 • .D:JIH lloJiyqeunH ypanuemnl BH,n;a ypan

nennH ( 1) II ypaBHCHIIH (2), npnne,n;eHIIbiX B 

AOKJia,n;e, Mbl IICIIO.'Ih3YOM CTaTJICTII'ICCHIIH aHa~lJI3 

T011HO TaKOrO il\C 3KC11epJIMOHTa. 

,ll,oKllaA P/417 (npeACTaBHll 11. 3eneprpeH) 

,li,I-1CKYCCI-1fl 

,ZJ;m. A. JIEtl.H (CiliA): CpaBHenue II3iWpmeJ> 

TOIIJIHBHOro IJ;HKJia THllieJIOBOil:HbiX peaKTOpOB II 

pemnopon c o6hr•moii no,n;oii lloKa3blBaeT, 'ITo llep

Bhre IIMeiOT HpCHMYIIJeCTBO IIOpH,n;Ka OT 0, 7 ;1,0 

0,8 ·10-3 00./t.!tiKBT. 'l. BKJII0 1IeHbl Jill B 3TH II3-

l~CpiHRII paCXOil:hl Ha THil\OJIYIO BO,!I,Y U, OCJIIf HOT, 

TO He CBCAYT JIII na HOT 3TH npCIIMYIIJCCTBa npo

I~CHTHhie OT'IIICJieHIIH Ha I\ai!liTaJI, BJIOil\CHHbiii 1111 

IIOKYHKY THa>eJioii BO;J.bi, II paCXOAhi, CBH3aHHblO 

C IIOTepHMII ;)TOil BO!l:b!? 

JI. 3ETTEPfPEH (lllneiJIIH): Pacxo;J,bi Ha TH

meJiyro BO,!I,Y He BKJIIO'IeHbi B II31l:CpiHIUI na TOIUIII

BO • .D:onOJIHIITOJihHhie paCXOAbi Ha THil\CJIYIO BO,!I,Y 

aanHCHT OT HCCKOJibKIIX <f>aKTOpOB . .D:onycTnM, 11TO 

11p01~CHT OT'IlfC,1CHIIIJ Ha BJIOil\eHHbiH B THtKCJIYK) 

BO,!I,y KaiiHTaJI COCTaBJJHeT 7%, TO eCTb Tai\Oii tKC, 

Kal\ H Ha TOIIJIJJBO, 2% - Ha yTe'IKII BO;J,bl H 

7000 'l pa60Thl B ro,n; II CTOIIMOCTh THil\C.10H no;~bl 
n 45 oo.~t.!t1K2, IIOJIHhie II3,n;epmHu na THmeJiyro 

BOilY AJIH paccMaTpunaeMbiX THil\eJIOBOil:HbiX peai\

TOpOB cocTaBJJHIOT oT 0,3 ,n;o 0,4 · 10--3 oo.~t.~t/KBr • •t, 
;:(JIH l\IHIHIIJIIX peai\TOpOB C npHMhiM IJHHJIOM IIapo

o6pa30BaHHH 3Ta BeJIH'IHHa MeHhiiie II AJIH peaJ\

TOpOB c no,n;ol'r no,n; ,n;anJieHneM - 6oJihiiie . .D:eiiCT

nuTeJihHaH BeJill'IHHa yTe'IKH, IIOJiyqeHHaH IIOC.TJC 

nochMH MeCHIJOB 3KCnJiyaTau;nH peaHTopa B Arec

Te,. COCTaBJIHeT He 60JICC 0,2% B ro,n;. l1CIIbiTaHIIH 

l\O~fiiOHeHTOB peai\TOpa C rrpHMbiM IJHKJIOM rrapo

o6pa3oBaHIUI TaKil\e IIOI\a3biBaiOT 06HaACil\HBaiO

IIJHe peayJibTaTbi, II03TOMY npeAIIOJiaraeMaH CI\0-

JlOCTb yTeqKu 6y,n;eT He6oJibiiiOll. 

J1 B 3aKJIIO'IeHne, CTOIIMOCTb THil\eJIOii RO;~bl 
TOJibl\0 'IaCTliqHo CHHtKaCT 3KOHOMIIIO B CTOJIMOCTJI 

TOIIJIIIBa B THil\eJIOBOAHOH CHCTCMe. 

,li,HCKYCCHH 

P. llillBPA (<l>paHIJHH): ABTOphi HCHo npe,n;

cTaBJIJIIOT, 'ITO HeROTOphle llapaMeTphi, OTHOCH

IIJHeCH JIH60 R BHyTpeHHeM, JIH60 R BHeiiiHeH 

'IaCTH peaRTOpa-pa3MHOil\HTeJIH, ITOMIIMO TeX napa

MeTpOB, ROTOphie OHII H3Y'IHJIH, Mory.T Ol\a3aTb pe

maiOIIJee BJIHJIHHe Ha pOJih, ROTOpyiO 3TH peaKTO

pbi cMoryT urpaTh B JI,n;epuoii aHepreTHRe. BoT 

Hel\oTopble ua Hau6oJiee Bail\HhlX <f>aKTopon: npe

MH HaXOil\,ll;eHHH B peai\TOpe; npoMeil\yTOI\ Bpe

MeHH, ueo6xo,ll;HMhrii ,n;JIH nepBoil paarpyaKn; AJIH

TeJihHOCTh 11epepa60TKH OT pa3rpy3KII-AO nepe

rpyaKH u noTepH 11pu o6pa6oTRe. He MorJiu 6M Bhl 

HaM C006IIJIITh COOTBeTCTBYIOIIJHe ,ll;aHHbie, OC06eH

HO ,ll;JIH HCCJie,n;oBaHHM, CBH3aHHhiX C peaHTOpaMH 

0JieKTPH'IeCKOM MOIIJHOCThiO 1000 M 8T? 

B ,n;oKJia,n;e Bhl CCblJiaeTech Ha BeJIH'IHHbl npe

MeHII y,n;noeHHH ,n;JIH peaKTopoB-paaMHOil\HTeJieM 

3JieRTpuqecHOM MOIIJHOCThiO 1000 M BT, HO H He 

CMOr HaMTH B il:ORJia,n;e IJII<f>pOBblX ,n;aHHblX. 

JI. 3. JIIIHK (Coe,ll;uHeHHoe KopoJieBCTno): 

3Ha'IeHHH BpeMeHH YABOeHHH MOil\HO HaMTH B ny

OJIUKaiJHHX 16-19, yHaaaHHhiX B cnucRe JIHTepa

TYPhl R ,n;oRJJa.n;y. O.n;HaKo, RaK JI BcnoMnHaiO, IIQ.li

HhiM cpoR CJiyil\6bl ai\THBHOM 30Hhl B aTHX HCCJJe

il:OBaHHHX ROJie6aJICH OT O,ll;HOfO ,!1;0 Tpex JieT. 

IlpoMemyTHH npeMeHII Mem,ll;y rreperpyaHaMn 

H3MeHHJIHCh OT npnMepHO 80 flO 270 ,lJ;HeM H Rail\

,ll;blM pa3 3aMeHHJIOCh OT 1/6 AO 1/4 aKTIIBHOM 30-

Hhl. Ilpo,n;OJiil\HTCJihHOCTh 11epuo,n;a BpeMeHH, B TC

'IeHue KOToporo TOllJIHBO 6y,ll;eT HaXOAHThCH BHC 

peaKTOpa H He06XO,ll;HMOfO ,ll;JIH paCXOJiail\HBaHHH 

TOllJIHBa, ero BO!l:HOM 11epepa60TRII H H3fOTOBJie

HHH H3 Hero TeiiJIOBblll:eJIHIOIIJHX 3JieMeHTOB, Bepo

HTHO, 6y,ll;eT cocTaBJIHTh 9-12 MeCHIJeB. B 3TOM 

TOIIJIHBHOM IJIIRJIC ,ll;OllYCKaiOTCH IIOTepu B 1% 
11pH 11epepa60TKe H 1% 11pH H3fOTOBJieHHH TellJIO

Bhlll:eJIHIOIIJHX 3JieMeHTOB. 

qTO RacaeTCH paC'IeTOB BpeMeHH YiWOeHHH ,ll;JIH 

IIJIYTOHHH, H CHOBa pCROMeH,n;yro o6paTHThCH K 

HCCJie,n;oBaTeJihCI\HM OT'IeTaM. BpeMH, yKaaaHHoe 

8 Ta6JI. 10 ,!J;ORJia,n;a, IIOJiy'IeHO llyTeM paC'IeTOB 

Ha OCHOBe ,n;aHHblX, C006IIJeHHblX opraHn3aiJHH

MII- llO,ll;pH,n;'IHI\aMH, 11p0BOAHBIIIHMH HCCJie,n;ona

HHH, H MOil\eT HeMHOfO OTJIH'IaThCH OT IJH<f>pOBblX 

,ll;aHHblX, 11pHBe,n;eHHhiX B HCCJie,n;oBaTeJibCRHX OT

'IeTaX. YRaaaHHhle neJIII'IHHbl npeMeHu y,n;noeHHH 

11pe,n;cTaBJIJIIOT co6oil npeMJI, ROTopoe Heo6xo,n;uMo 

,ll;JIH HaROIIJieHHH ROJIH'IeCTBa H36biTO'IHOf0 IIJIYTO-
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HHR, paBHOI'O o6~eMy KOJIHqeCTBY B aKTHBHOH 30-
He peaKTOpa B HaqaJie ~HKJia nJIIDC TOnJIHBO aK
THBHOH 30Hhl, HaXO)J;R~eeCR B qaCTH ~HKJia BHe 
peaKTopa. Bee <f>aKTOphl, BKJIIDqafl noTepH, 6LIJIH 
npHHRThl B pacqeT. 3TH BeJIHqHHhl upeMeHH YABO
eHHR 6y)J;yT 3HaqHTeJibHO MeHbllie, eCJIH npHMe
HHTb CJIO)I{HhiH pacqeT, TO eCTb e<:JIH )J;OnyCTHTb, 
qTO no Mepe nORBJieHHfl HeKOTOpOrO KOJIHqeCTBa 
H36hiTOqHoro nJiyTOHHfl B peayJibTaTe nepepa6oT
KH OH 6y)J;eT no)J;aBaTbCfl )J;Jifl HOBOH CHCTeMhl 
peaKTOpa Ha 6hiCTphiX Heii:TpOHaX, HMeiD~eii: TOT 
me CaMhiH H36hiTOqHhiH Koa<f><f>H~HeHT BocnpOH3-
BO)J;CTBa, KaK H B CHCTeMe, H3 KOTOpOH 6hiJI nOJiy
qeH nJiyTOHHH. 

B. B. BATYPOB (CCCP): PaccMaTpHBaJIH JIH 
Bhl nocTeneHHhlii nepexo)J; peaKTopoB-KOHBepTe
poB B pemHM peaKTopou-paaMHomHTeJieii: H, ec
JIH paCCMaTpHBaJIH, TO KaKOBhl aKOHOMHqeCKHe 
HOKaaaTeJIH? 

Jl. 3. JIIIHK (CiliA): MHe KameTCR, qTo Bhl 
HMeeTe B BHAY peaKTOphl, B KOTOphiX pa6oTa Ha
quHaeTCH c U235 u nepexo)J;HT K nJiyToHueuoMy 
~HKJiy. Mhl He paccMaTpHBaJIH aToro cJiyqaR, Ho R 

AYMaro, qTo nJiyToHHR, npouaBo)J;HMoro qacTHhiMH 
aHepreTuqecKHMH peaKTOpaMH Ha TenJIOBhiX Heii:
TpOHaX B Coe)J;HHeHHhiX IIITaTax, 6y)J;eT )J;OCTaTO
qHo )J;JIR o6ecneqeHHH HaqaJII>Hoii: nporpaMMhl ):~Jill 
'IaCTHhiX aHepreTuqecKHX peaKTOpOB Ha 6hiCTphiX 
ImiiTpoHax. B aToM cJiyqae ucnoJII>aouaHue U23S, 
nO-BH)J;HMOMy, He npuBe)J;eT K KaKHM-JIH60 aKOHO
MHqecKHM nOCJie)J;CTBHRM. 

B. B. BATYPOB ( CCCP): PaccMaTpuuanu JIH 
B1>1 aKOHOMHKY peaKTopoB Ha 6hlcTphlx HeiiTpoHax 
KaK qaCTb ~eJIOH OTpaCJIH npOMbllliJieHHOCTH B yc
JIOBHRX pOCTa aHepreTuqeCKHX MO~HOCTeii: HJIII 
paCCMOTpeHHe orpaHHqHBaJIOCb CTaTHCTuqeCKHM 
aHa.liU30M OT)J;eJibHhiX CTaH~uii:? 

JI. 3. JIIIHK (CiliA): KaK R noHuMaro, Bhl xo
THTe 3HaTb, paCCMaTpHBaJIH JIU Mhl aKOHOMHKY 
aHepreTnqecRnx peaRTopoa Ha 6hlcTphlx HeiiTpo
Hax B cocTaBe ~enoii: pacTy~eii: oTpacnH npoMhlm
neHHOCTH, )J;JIR KOTOpoii: BpeMR YABoeHHR nnyTo
HHR )J;OJiamo COOTBeTCTBOBaTb BpeMeHH YABOeHUfl 
onpe)J;eJieHHOH noTpe6HOCTH B aJieKTpOaHepruu. 
M hi ue paccMaTpuuanH cJiyqaii: TaKoro Tuna, u 
KoMHCCHR no aToMHoii: aHeprHu CiliA TaKme 
He ycTaHaBJIHBaJia TaKux ycnouuii: )J;JIR qeThlpex 
HCCJie)J;oBauuii ua MO~HOCTb 1000 Mer (an.). 0)1;
naKo, ecJiu B1>1 noCMOTpHTe Ha auaqenuR upeMe
HH yp;BOeHUfl HJIYTOHHR, npuBe)J;eHHhle B Ta6JI. 10 
AOKJiap;a, Bhl aaMenrre, qTo AJIR OAHoro peaKTopa 
BpeMR YABOeHHR COCTaBJIReT 6,3 I'O)J;a, paccquTaH
HOe Henocpe;r~;cTBeHHo, a He Ha )J;aro~eii: 6oJiee 
ToqHI>Ie peayJII>Tanx cJiomHoii ocHoBe. TaKue aHa
qeHuR upeMeHu YABoeHHR JierKo couna)J;aiDT c 
TeKyi~HM aHaqeHneM upeMeHu YABOeHHR noTpe6-
uocTu B aJieKTpoaHepruu, COCTaBJIRIO~UM B HaCTO
R~ee upeMR B Coe)J;uHeHHbiX IIITaTax 6-7 JieT. 
TaKuM o6paaoM, cne)J;yeT cqHTaTb ycTaHOBJieHHhiM, 
qTQ MO)I{HO )J;OCTUqb ueo6XO):IHMOI'O 06'beMa npOH3-
BO)J;CTBa nJiyToHHH )J;JIR Jiro6oro npep;noJiaraeMoro 
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pocTa npoHaBO)J;CTBa aneKTpoaHepruu npH naJiu
quH aKOHOMHqecKux CTHMynoB. 

B. B. BATYPOB (CCCP): KaKoBhl oTp;eJII>Hhle 
KanuTaJIOBJIOmeHHfl B TOnJIHBHbiH ~HKJI no cpaB
neHHIO C KanHTaJIOBJIOmeHHRMH B aTOMHYIO aJieK
TpOCTaH~IIIO? 

Jl. 3. JIIIHK (CiliA): H ceii:qac He noMuro 
~II<f>poBhiX )J;aHnhl)C o npep;noJiaraeMhiX KanHTaJio
BJiomennRx B o6opyp;ouanHe, KaK, uanpiiMep, 
KanHTaJIOBJIOmeHIIfl B H31'0TOBJieHIIe TenJIOBhl)J;eJIR
IO~UX aJieMeHTOB H B nepepa60TKY TOITJIIIBa, HO 
TIIrruqnhle )J;aHHhle Momuo paccquTaTb Ha ocuoua
HHH )J;aHHhiX, npHBep;eHHhiX B ny6JIHKa~HRX, yKa
aaHHhiX nop; HOMepaMH 5, 6 H 7 B CniiCKe JIHTepa
Typhl K )J;OKJiap;y. 

T. J];m. Xbl03 ( Coep;Hueuuoe KopoJieBCTBO} : 
BKJiroqenbi m1 B npiiBep;eHHbie B )J;OKJia)J;e p;aHHhle 
no pacxo)J;aM Ha pacTBopeHHe TaKme H3)J;epmKH 
Ha CHRTHe 060JIOqKu C TenJIOBhl)J;eJIRIO~IIX ane
MeHTOB? 

T. CYCCEJibE (<DpaH~IIR}: HeT, pacxop;hl Ha 
CHRTUe o6onoqKH He BKJIIOqeHbl. B CBR3II C BOnpo
COM, IWTOphlii aap;aJI r-H Boii~eK no p;oKnap;y 
P/159, R XOTeJI 61>1 CKa3aTb, qTo B MOeM )J;OKJiap;e 
paCCMaTpuBaiOTCfl TOJibKO paCXO)J;hl Ha TpaHCnop
THpOBKY II o6cJiyamsauue, Ho ue o6cymp;aroTCH 
nonpocbl Hap;epmeK ua xpaHenue IIJIH o6pa6oTKY 
il\U):IKUX OTXO)J;OB. 

,D,oKnaA P/98 (aa~HTbiBaeTcfl TOIIbKO Haaea
HHe AOKIIaAa) 

,D,JIICKYCCJI!fl 

J];. 3. <DEPfiOCOH (CiliA): AsTophi p;oKJiap;a 
P/98 ynoMnHaiOT o uoaMomuocTu xpauuTh o6Jiy
qenuoe TonJIHBo H3 npnpo):lnoro ypaHa a Te•Ienne 
pH):Ia JieT II 0 IIOCTpOHKe BnOCJIC):ICTBHH 6onee 
KpynHoii u 6onee aKoHoMnqnoii: nepepa6aThiBaro
~en ycTanoBKu. PaccMaTpuuaJiacb JIH aTa noa
MomHoCTh C OIJ;CHKOH . 3KOHOMHKJI II, eCJIII pac
CMaTpiiBaJiaCh, TO KaKUe 6hiJIH IIOJiyqeHhl peayJih
TaThl? 

JI. TlfPbE (<DpaHn;nR): 06~aH aKonoMIIqecKaH 
Mop;eJih 6hma ocHoBaHa Ha perneHuu nepepa6a
ThiBaTb Kalli)J;blll 1'0)1; KOJIH'IeCTBO o6JiyqeHHOfO 
npupop;Horo ypaHa, Heo6xop;IIMoe )J;JIR Hayqae~toii 
nporpaMMhl peaKTOpOB Ha TenJIOBhlX HeHTpOHaX. 
3To orpaHnqeHue npep;noJiaraeT HaJiuque AOHOJI
nnTeJihHOH nporpaMMbi no peaKTopaM Ha 6biCTpblx 
ueHTpoHax c ucnoJibaoBaHneM IIJIYTOHHR. Ecm1 
BTopaR nporpaMMa 6yp;eT OTJiomeHa, To o6nyqeu
noe TOnJIIIBO 6yp;eT xpaHHTbCfl )1;0 TeX HOp, nOI<a 
ue nocTynHT ua nepepa6on\y, TO ecTb IWrp;a 
HOTpe6yiDTCfl 60JihiilUe IWJIIIqecTBa nJiyTOHHR. 
fl OTpe6yiDTCfl HeKOTOpbie )J;OHOJIHUTeJibHhle U3)J;Cp
llii\U Ha xpaHenne o6JiyqeHnoro TonJinBa, xoTH 
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Momno ObiJio obi rrocTpoHTh 6onee RpyrrHhie 11, 

CJIC):.\OBaTCJibHO, OOJICC 3ROHOMHqHbiC ycTaHOBRU. 

OrrncaHHhiH MCTO):.\ MOlliHO UCIIOJih30BaTh rrpn 

Jlhi6ope ra6apnTOB n MecTa pacrronomeHnH rrepe

pa6aTbiBaiOIQHX ycTaHoBoR, ROTOpble 6y):lyT rro

cTpoeHhl, ROr):la B aToM B03HHRHeT Heo6xo):lnMocT~>, 
TaRnM o6pa3oM, qTo6bl B B03MomHo 6oJibiiieil cTe

neHu CHH3HTh OOIQYIO CTOHMOCTh. 

B rrpnBe):leHHOM rrpnMepe (rroTpe6HoCTH B rrny

TOHHH IIOCJIC 1980 ro):la) Mbl ycTaHOBHJIH, qTo 00-

nyqeHHOC TOIIJIHBO CJIC):IYCT xpaHHTb Ha yqacTRC 

A n qTo ycTaHoBRa c npon3BO):IHTCJihHOCThiO 

17 r/cyrnu (c rrpe):lrronaraeMLIM cpoRoM cnym6~>I 
15 neT) ):IOJimHa 6&ITh BBC):ICHa B aRcnnyaTa~IIIO 
na y•IaCTRe A B 1980 ro):ly. 

8TH pe3yJihTaTbl, CCTCCTBCHHO, 3aBHCHT OT tPaR

TOpOB CTOHMOCTH, HCIIOJih30BaHHhiX npn O~CHRC 

rrepepaoOTRH, xpaHCHHJI H TpaHCIIOpTHpOBRH 00-

JIY'IeHHhiX TOIIJIHB H OT ROJIHqecTBa o6nyqeHHOro 

TOIIJIHBa, IIOCTYIIaiOIQCrO Ha rrepepaoOTRY (qTo B 

CBOIO oqepe):lh 3aBHCHT OT CROpOCTH pOCTa YCTa

HOBJICHHOH MOIQHOCTH H):lepHoil aHepreTnRn). Cne
AYCT OTMCTHTh, qTo 3TOT MCTO):.\ HOCHT COBep

IIICHHO o6~Qnil xapaRTep, aTo ):laeT B03MOmHOCTh 

CY):I'HTh 0 TOM, RaROC BJIIIJIHHC ORamyT Ha OROHqa

TCJihHbiH pe3yJI&TaT RaRHC-JIIIOO H3MCHCHHH B OC

HOBHhiX npe):IIIOChiJIRaX HJIH B paCXO):.\aX. 

,lJ,oKnap, P/99 (3al4~TbiBaeTcR TOIIbKO Hassa
HHe P,OK/Iap,a) 

,D,HCKYCCHA 
P. JIUIBPA (<l>paHQHH): .H xoTeJI ohl npe):lcTa

BIITh HCROTOpbiC ):.\OIIOJIHIITCJibllhie ):.\aHHhiC, IIOJiy

qcnHbiC c Tex nop, RaR OhiJI narrncan aTOT AORJia):l. 

llpn coqeTaHJIII peaRTOpOB-pa3MHOlliiiTCJICH C 

HOpllfaJihHhiM peaRTOpOM-KOHBCpTepOM ( C 1 =0,4 7) 
HaiiiH pacqeTLI p,aiOT O.CHOBaHHH OlliH)J,aTL 3Haqe

HIIH MaKcuMaJihHbiX rrpoHHKHoBenuil: 71,8% u 

44% rrpn ro!J,OBhiX TeMnax poeT a A = 0,14 n 0,21 
COOTBCTCTBCHHO, rrpuqeM 3Tll )J.Ba 3HaqeHHJI A CO

OTBCTCTBYIOT qeTMpCXKpaTHOMY If BOChMHKpaTHO

MY pocTy npon3BO!J,CTBa aneKTpoaneprun 3a !J,CCH

TnneTnnii: cpoR. llpocToii pacqeT noKa3hiBaeT, qTo 

IIOTpCOJICIIHC JI):ICpHLIX MaTepnaJIOB B paBHOBCC

HOii CHCTCMC, BKJIJOqaiOIQCii IIOMHMO peaKTOpOB

l\OIIBCpTCpOB, peaRTOp-pa3MIIOllilfTCJih, qepe3 JIC-

1\0TOpOe BpCMH yrraueT ):.\0 28,2% (/- = 0,14) II pH 

56% (/. = 0,21) OT IIOTpe6neHHJI CUCTCMOH OC3 

peaRTOpOB-pa3MIIOlliHTCJICH, qT() JIBJIHCTCH ):.\OBOJih

HO cyn~CCTBCIIIIOH pa3HHQCH, yqHThiBaH B03MOlli

Hhiii HC!J,OCTaTOR H):ICpllbiX MaTepnaJIOB B Teqenne 

):IJIHTCJihHOro nepno):la. 

flo HaiiieMy MIICIIHIO, peaRTOp-pa3MHOlliUTCJih 

oy!J,CT UM.CTh CJICAYIOIQJIC xapaRTCpHCTUKH: a=2,4; 
o =1,2; E=1; C2=0,42 u R=2,25 npu BeJiuqune 

IIOTCpb MCIICC 2% . .fl ):.\OJilliCH TaKme OTMCTHTh, 

qT() B pe3yJihTaTe BCCX 3aiia3):.\biBaHnit If IIOTCpb 

K03tPtPH~HCIIT rO):IOBOrO npupOCTa IIOCJIC TOro, KaK 

IIpOQCCC CTaJI CaMOIIO):.\!J,CplliHBaiOIQIIMCH, ):.\OCTllra

CT )J,JIJI peaKTopa-pa3MHOiKllTCJIJI 3aMeqaTCJihHOii 

Benuqnn&I 10,3% ( aKBIIBaneHTHOH BpeMeHu YABO

ennH 6,6 neT). 

C Tex nop, KaR ObiJI uanncan Moii !J,OKJia!J,, H 

npc;:J,IIpUHJIJI llCCJIC):.\OBUHHJI YCTOHqiiBOCTU 3TID.: 

JlUBIIOBCCIIbiX CHCTCM. lloCJIC BBC):.\CIIHJI B HHX 3a

lla3!J,hiBaHIIJI OHH CTaHOBHTCJI ):.\OBOJihiiO CJIOiKIIhl

\1 II, UOCKOJihKY ypaBHCHJIC HBJIJICTCJI pa3HOCTHhiM 

;(HtPtPCPCIIQHUJihllhiM ypaBHCHHCM. 0~J,HaKO, IIC

IIO.'lh3YH pa6oTy llonTpHrnna no IWpHHM anre6pa

ll'ICCKHX ypaBHCIIIfll f (z, e ) (r~J,e Z- KOMil

:ICRCHOC quCJIO), Mhi CMOfJIII TIOKa3UTh, qTO 3TII 

ClfCTCMhi HBJIHIOTCH ycTOH'IHBhiMJI !J,JIH )J,annoro 

peai{Topa-pa3MHOlliHTCJIH MClliAY ABYMH Kpail:un

Mu rrpe~J,enaMu 'IHCTOH MOIQHOCTH o6'hCAUHCHHbiX 

peai\TOpOB-1\0HBCpTcpoB ( BCJIHqnHa C I B !J,ORJiaj.(C). 

Bne aTJfX npe;:~,enoB !J,OCTaToquo He6oJibiiiOro Boa

MYIQCIIIIH !J,JIH coa~J,aHUH caMoKone6aHuii, J{OTopbw 

HCOIIpC,rJ.CJICHIIO B03paCTaiOT BO BpCMCHH KaR BOT

HOIIICIIHH ycTaHOBJieHHOH MOJQHOCTH peaKTOpOB

pa3MHOlliUTCJICH U peaRTOpOB-KOHBCpTCpOB HJIH B 

OTHOCIITCJihiiOM KOJIJiqCCTBC pcaKTOpOB-pa3MHOlliii

TCJICii B cucTeMe. B Hl.\Cpn&Ix cucTe~rax aTo IIpn

HOiJ.HT K 31\BUBa.TJCHTY XOpOIIIO U3BCCTHOrO <<QUKJia 

nOMMepqecKoii ):.\CHTCJibHOCTll>). 8TH IIpC,rJ.CJihl JI3-

MCHHIOTCH C JlOCTOM K03<PtPHQJICHTU /, ClfCTCMhl. 

llpHMhiM npnMepoM HBJIHCTCH ynpOIQCHHOC 

ypaBHCIIlfC, B KOTOpOM CCTb O)J.HOKpaTHOC 3aiiU3-

;lLIBaHHC 'i ( npHOJIII3HTCJihHO TpCXJICTHee 3a

JIU:1):.\hiBUHIIe Memp,y IICpBOHaqaJihHOit TOIIJIJIBHOii 

;Jarpy3Koii Jl MOMCHTOM BpCMCIIH, B KOTOphiH MOiK-

110 c~enaTh BTopyiO 3arpy:my uonyqennhiM n.'lyTo

HIINt), ,'.l<liOll~CC ypaHHCHIIC 

S dF;:ttr) +(C1 -C2)F(t)=C,N(t). 

PemennH F ( t) noro ypanHeuun ycToii 'll!Bhi TOJih-

O < C1-C2 < _'-_ 
s 2r · 

HanpiiMCp, ):.IJIH ncpxnero Hpe;J,e.'Ja Mhl nonyqa

eM B KaqecTBC peiiiCIIJIH ;IJIH ypaBHCHIIH OC3 BTO

pOI'O 3JICMCHTa 

A sin __;::__ (t- '!;;) 
2 '( • ' 

B HoTopoM A n rp HBJIHIOTCH nponano.TJhHbiMll ne

JJJI'BIHUMlf, qT() npnBO):.\IIT K B03MYIQCHIIIO ClfHY

COU)lUJihHOit BOJIHhl OC3 3aTyXaHIJH. (B MOHX 'liiC

JieHHhiX rrpuMepax nepno)J, 4 ·1 6y):.leT panen 12 ro

):.laM.) 8To Bamnoe cnoiiCTBo ne cyn~eCTByeT, KOr,'(a 

HCT aana3):.\hiBaHIIH j. 

Mne y)J,aJIOCh pacnpoeTpanHTh Bee aTn CBOHCTBa 

na HaM6onee o6IQyiO <PopMy Moero ypaBHCHMH c 

Jwa<Pti>MQnenTaMn o, E, an k. On11 TIOI\aabiBaiOT, 'ITO 

neBoaMomno o6'he):.lnHnTh KaKoii-nM6o peaRTop

KOHBepTep C ):.\aHHhiM peaKTOpOM-pa3MHOiKIITCJICM 

OC3 HCROTOpbiX Mep npe):.IOCTOpOiKHOCTJI, TIOCKOJih

KY ):.IJIH H):.lepnoii: cncTCMhi xapaKTepnhi paanuqnhle 

noTcpu n aanaap;&manHH. 

05ll..tAfl ,lJ,I-'ICKYCCHs=! 
JJ,m. <D. l\EHHEJJ,l1 (Coe;:~,nnennoe l\oponeBCT

no): l\m\ II MHOfiiM IIHiKCHepaM-KOHCYJibTaHTaM, 

'IHC 1WCTO IIJIIIXO;.(lfTCH cpaBHHBaTh 3KOHOMI11\Y 

IICJICIIC'nTIIBHOfO CTpOUTCJibCTBU 3c'lCI\TpOCTUHllll ii 

I\aK ua o6LI'moM, TaR n na JI)lepnoM TOIWHBl'. 
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Mnorne ua nac c miTepecoM na6.;IIOJJ,a.'lll uponi

nopc•mnLre aaHBJICHJUI Kana,'I,LI n Coc;(lmcnnLI.\ 

lliTaTOB 0 TOM, KaKoii TIIII peaKTOpa HB.TUIE'TCH H<III-

6oJiee <clKOHOMII'IIIhiM ;I."TH yc.'lOBllii, cyn~eCTBYI0-
11\IIX n Cenepnoii AMCJHII\e. Op,na cTpana C'II!Taf'T, 

'ITO npUpOj~Hhlii ypan HBJIHCTCH JIY'IlliiiM TOIJ.TIII

B0:\1 ;IJlH JICIIO.TJh30BaHIIH, TOfT\H I'HI' ;rpyraH 

CTpa!Ia IIpCL\HO'IJIT<H'T o6oraiQCHIIOC TOII.TiiiBO. C 
:1pyroii cTopoHLI, n Coe;rtmcnnoM 1\oponencTBl', 

IIO-Bll/],IIMOMy, CYlQCCTBYCT B H3CTOHIQCC BpC~IH 

HCKOTOpoe COMHCIIHC OTHOCIIHWLIIO TOfO, Kanoii 

Tnrr TOllJIHBa c.TJe;J,yeT rrpe;Uio'ICCTb. Bee ;~To p,o.'J

mno CHJihHO oaa;(a'II!Tb CTpaHLI, I\OTOJJLIC co6npa

IOTCH Ha'laTb OCYIQCCTB!ICHIIC nporpa~Hfhl no 

Hj~CpHoii ;meprenmc, IIOCKOJILKY Jl·p lJa6a 3HHBI1:1 

Ha 3TOii J\OH(JlCpCHQIIII, 'ITO Tllll IICIIOJib3YCMOro 

TOIIJIIIBa MOIKCT ltMCTb O'ICHh 60JihlliOC 311a'ICIIJ1l' 

;r.'IH II.TlaTemnoro 6aJianca cTpanhi, ecm1 Mhi IIJHt

MeM B paC'ICT, .KaH Mhl II j\OJIJKHbi C;IC.TJHTh, IIC 

TO.TJblW HamiTaJILHYIO CTOIIMOCTh CaMoii ycTaiiOII-

1\11, HO, 'ITO ClQC BaJKHCC, CTOIIMOCTh HMIIOpTnpo

BaHHOfO TOllJiifBa B TE''ICHHC HpCL\IIOJiaraCMOfO 

CpOI\a CJiyJK6hi YCTaHOBIOI. 

floCJIC npoBCj\CHIUI HCCJICP,OBaHIIH MHOI'IIC Hpii

Tepllll, J{OTOphiC OHa3LIBaiOT BJIIUIHUC Ha CTOII

lllOCTh CTpOIITCJILCTBa a TOMHOii 3JICKTpOCTaHQllll B 

I\aHoii-JIU60 OTACJihHO B3HTOH CTpane, MOI'YT 6hiTh 

OQCHCHhl C YAOBJICTBOpllTCJihHOii: CTCIICHhiO TO 'I

HOCTH, no ana•mTCJihiiO TPYAHCe npeAcrmaaTL 6y

'lYIQYIO CTOllMOCTh pa3H006pa3HhiX BllP,OB TOIIJIIIBa. 

fl pn CpaBHCHIIU CTOIIMOCTII CTpORTCJihCTBa ll 

:)HCUJiyaTaQIIII 3JICHTpOCTaHQllH 06hi'IHOI'O TUlia 

o6hi'IHO )J,OBOJihHO HpOCTO CP,CJiaTr. P,JIIfTCJihHhJe 

npOI'H03hl CTOIIMOCTII TaHUX BllP,OB TOIIJIIIBa, Hal\ 

yroJir., ne<f>Th HJin B paii:onax, rp,e on lllnpoKo npn

MeHJieTcJI, npnpoj~Hhiii raa. C p,pyroii cToponLI, xo

TJI B P,OKJiaP,aX, IIpCP,CTaBJICHHhiX Ha 3TOM 3aCC-

Acta de Ia sesi6n 2.5 
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;(aHUJI, 6hiJill AaHLI HCKOTOphiC UHTCpeCHhiC Qllcp

pOBhiC jlaHHLIC 0 B03MOJKHhiX 6yiJ,yiQIIX pacxop,ax 

Ha TOIIJIIIBHLIC Qlii\Jihl j\JIJI pa3Jill'IHhiX TIIIIOB pe

aKTOpOB, HO HCII3BCCTHO, HaC.KOJihHO Hai"\CIKHhiMII 

OHII HBJIHIOTCJI 110 CpaBHCHIIIO C nporH03aMI1 6y

;tyiQeii CTOllMOCTII 06hi'IHhiX BIIP,OB TOllJIIIBa. flo 

MOCMY MHCHIIIO, MOIKHO CKa3aTh C HCHOTOpOH yBe

peHHOCThiO, 'ITO CTOIIMOCTh TOITJIIIBa 113 npupOj~HO

ro ypana cHopee ncero ocTaHeTcJI CTa6HJILnoii n 

OTJIIPIUC OT CTOIIMOCTII o6oraiQCHIIOI'O ypana, HO

TOpaH 3aBIICIIT OT TaHOfO 60JihliiOJ'O KOJIII'ICCTBa 

1\0llOJIHIITCJihHLIX <f>aHTOpOB, B.KJIIO'IaJI CIO)J,a QC'IY, 

eeJIH TaHoBaJI CYIQCCTnyeT, na <w6paTHYIO aaHyn

I>y» IIJIYTOHIIJI. 

Y. B. JiblOMC (KanaAa): H AYMaiO, 'ITO Mhi 

CI\JIOHHhl aa6hiTL, 'ITO ypaH o6yCJIOBJII1BaeT TOJih-

1\0 O'ICHh HC60JihiiiYIO 'laCTh 06IQeH CTOIIMOCTII 

HAepnoii 3JieHTpoaneprnH n JII06oM TonJiuBHOM 

1\li.KJIC B HaCTOJllQCC BpCMH. 

Ul'Ha 5 iJoJZJZ/ifjyltT U30s, .hoTopaH HB.THll'TCH 

IIOC,lP;\Hl'ii JllliiJOBoii 1\IH}lpoii, COOTBl'TCTBYCT l\l'IH' 

J ;~ iJoJZ.~/Kz ypaHa. flpu BCJ]J['IJIIIC OTHOlllCHIIJI 3()% 
Tl'IIJIOHOii MOIL\HOCTII II J.'ll'I'TJlll'll'CI\Oii II Yi\OBJll'T

IlOJHlTCJILHOM nr.rropaHuu nopH;\Ha 10 Mer/cyrKil 
1 nZ ypaua CTOIIMOCTh 1Kz ypana B 1:1 ;\OJI.1J<i JlOII 

ofiyC.TJOBJBlllal'T Bl\.'lH/\ 0,18 · 10-3 /\O.'lJiapOB B CTO

II~IOCTh f l'i6T • 'l :).11l'KTJlO:)}Jepn111, 'ITO HBJIHCTCH )(0-

BO:lbiiO ncooJihiiiOii neJm•muoii no cpanncnuro co 

CTOI!MOCThiO ;qJyrux BII;\OB TOII:IHBa, HallJHHil')l 

yrJIH, net}nn II.'IU IIJlll}lOl\HOro ra3a. 

HpoMc TOro, :noT BK:Ja)l 0,18. 10 ;j ao.t.t/1i6T. 'l 

/lO.TJIKCH HB.TJHThCH MHI\CifMaJII,lJOH liOT]ll'OHOCThiO B 

JIHOCTpaHHOii BH.liOTC IIJllt yC.'IOBIIII, 'ITO TCII.llOBhl-

1\('.'lHIOlQUC 3Jf('_\f('HThl li:W()TOII.TJHIOTCH B CBOCii 

rTpanc. HnKaKIH :~aTpaT n HIIOCTpannoii na.1IOTe 

na IICpepaoOTI'Y ll.'liT TJJaiiCIIO]lTI1 )lOBKY o6:Iy'H'I!

HOI"O TOI!Jli!Ba IIJlOII:!BO;(IITI, He C.'ll';lJ'CT. 

Aspectos econ6micos del ciclo de combustible 

Presidente: A. F. Fritsche (Suiza) 

Documento P/247 
DISCUSI6N 

J. L. GILLAMS (Reino Unido): El Sr. Vallance ha 
aclarado que sus estimaciones sobre los costes de 
ciclos de combustible se refieren a los afios finales del 
decenio 1960-1970. ;, Cree el que se alcanzanin en 
los EE.UU. costes del trabajo de separaci6n menores 
que 30 do lares por kg para esa epoca? Si es asi -
y la memoria se refiere a costes del trabajo de separa
ci6n de 25 6 20 d6lares por kg como alternativas al 
de 30 d6lares por kg- ;,seria esto probable para los 

niveles de producci6n de 235U que se preven ahora 
en los Estados Unidos para esos afios? 

J. M. VALLANCE (Estados Unidos de America): 
La respuesta a esa pregunta depende mucho de 
hasta que medida se utilice la capacidad de produc
ci6n de las plantas de difusi6n. Mi Gobierno ha 
promulgado recientemente una ley que permitira 
que el enriquecimiento mediante canon comience 
en 1969 de manera general, pudiendo empezar antes 
en casos especiales. Esto puede servir para estimular 
Ia demanda de uranio enriquecido y, si esto ocurre, 
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existe la posibilidad de que se reduzcan las cargas 
del trabajo de separacion. 

J. GAUSSENS (Francia): j,Considera Vd. que los 
costes actuates del plutonio corresponden realmente 
a un precio del mercado tal como se entiende en un 
sistema de economia libre? En otras palabras, l,Cree 
V d. que el empresario de una central privada que 
tenga almacenada una cantidad de plutonio Ia inclui
ria en su balance y estaria dispuesto, por tanto, 
a pagar impuestos industriales o comerciales sobre 
el valor de esas existencias? 

J. M. VALLANCE (Estados Unidos de America): 
Creo que el precio que estamos asignando al plu
tonio es un precio de mercado. Se basa en amplios 
estudios sobre su valor como sustituto de una parte 
del 235U que tendria que utilizarse en su Iugar, y 
creo que el documento P/246 trata de esto con mayor 
detalle. Estimamos que en los proximos afios se 
dispondni de un metodo de reciclado del plutonio 
que sera economico para costes aproximadamente 
iguales a los que hemos indicado. 

J. GAUSSENS (Francia): Ha mencionado Vd. un 
precio de 6 dolares por libra de U30 8• l,ES esto una 
simple hipotesis o un pronostico de Ia Atomic Energy 
Commission de los Estados Unidos? 

J. M. VALLANCE (Estados Unidos de America): 
Noes un proliostico; es un limite superior prudente 
a precios bastante por debajo de 6 dolares por libra 
de oxido en los afios anteriores a 1970. 

Documento Pf159 (presentado por N. L. Franklin) 

DISCUSI6N 

J. M. VALLANCE (Estados Unidos de America): 
En relacion con las cargas ocasionadas por las 
existencias de combustible l,Se amortiza Ia inversion 
en combustible con Ia energia producida segtin un 
sistema lineal o segtin el « valor actual >>? 

l Que precio del uranio se utilizo para llegar a 
creditos por el plutonio de 2.10.0 Iibras o 7 dolares 
por gramo fisible? 

N. L. FRANKLIN (Reino Unido): Para simplificar 
se trata Ia carga de combustible como un objeto que 
se deprecia durante Ia vida del reactor, desde el 
precio de Ia carga inicial hasta el valor del contenido 
en combustible cuando aquella se retira finalmente 
del reactor. Esto es satisfactorio para un programa 
de carga y descarga continua durante el funciona
miento de un reactor de uranio natural, en condi
ciones de equilibrio. Cuando se adoptan programas 
de utilizacion del combustible mas complicados y se 
utilizan combustibles de diferentes grados de enrique
cimiento, puede no ser· satisfactorio el metodo 
indicado. En tales casos efectuamos un analisis con 
valores actuates para verificar la validez del trata
miento simplificado. 

La fijacion del valor del plutonio en 2.10.0 Iibras 
por gramo fisible esta de acuerdo con el empleo que 
se piensa dar al plutonio en reactores rapidos, inclu-

yendo un descuento adecuado para gastos de almace
namiento hasta que se disponga de · centrales comer
dales con reactores rapidos. Sin embargo, si se consi
dera su equivalencia para reactores termicos y se 
emplean los precios americanos del trabajo de sepa
racion, las 2.10.0 Iibras por gramo fisible corresponden 
a un precio para los concentrados de 7 dolares por 
libra de U30 8 o un poco menos. 

T. WOJCIK (Polonia): j,Se incluyeron todos los 
costes de Ia eliminacion de residuos radiactivos en 
los costes globales de tratamiento indicados? Si es 
asi, lque parte de los costes totales de tratamiento 
del combustible irradiado puede atribuirse a gastos 
de eliminacion de residuos? 

N. L. FRANKLIN (Reino Unido): Los costes de Ia 
eliminacion de residuos estan incluidos en los costes 
totales de tratamiento que se dan en la memoria. 
El tratamiento de residuos muy activos se basa en 
Ia evaporacion y almacenamiento de los refinados, 
que estan libres de sales en el diagrama britanico 
de flujo. Los costes exactos dependen del factor 
de carga de Ia instalacion, pero son del orden de una 
cienmilesima de dolar por kWh, o sea, unos pocos 
por ciento de los costes de tratamiento. 

Documento Pf57 (presentado por R. Boussard) 

DISCUSI6N 

L. E. LINK (Estados Unidos de America): La 
memoria muestra solo una distribucion porcentual 
de los costes. j,Podria dar Vd. algtin valor absoluto 
para estos costes? 

R. BoussARD (Francia): Para obtener los val ores 
que desea, solo tiene v d. que aplicar los porcentajes 
de Ia Tabla 2 de la memoria a Ia cifra de 60 francos 
por kg que corresponde a los costes de fabricacion. 

Documento Pf570 (presentado por G. B. Scuricini) 

No hubo discusion de esta memoria. 

Documento P/246 
DISCUSI6N 

F. DE WAEGH (Belgica): l,Han tenido Vds. en 
cuenta la variacion de los factores de forma del 
nucleo que llevan consigo los sucesivos reciclados 
del plutonio, en vista de su posible efecto sobre la 
potencia admisible del reactor? 

E. A. EscHBACH (Estados Unidos de America): 
No, pero hemos realizado estudios mas detallados 
que incluyen los factores de forma y que confirman 
los valores del plutonio de Ia memoria e, incluso, 
indican que se han excedido. Con Ia alimentacion 
con plutonio se requieren a menudo programas de 
movimiento del combustible algo diferentes. 

M. ROLLIER (Italia): El Sr. Eschbach ha afirmado 
que « puede que no exista durante algtin tiempo 
una combinacion de reactores de un tamafio tal que 
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permita una utilizacion versatil del combustible ». 
l,Podria hacer algun comentario sobre Ia posibilidad 
de convertir un PWR de agua ligera en un reactor 
alimentado con torio enriquecido con plutonio y, 
despues, en otro con 238U enriquecido con 233U? 

E. A. EscHBACH (Estados Unidos de America): 
Hemos efectuado algunos calculos preliminares, 
aunque incompletos, sobre reactores tipo PWR con 
torio enriquecido por plutonio. La ventaja basica 
de Ia mayor seccion eficaz de fision del plutonio, 
que nos permite obtener una potencia especifica 
dada con menores flujos (produciendo asi Ia destruc
cion del 233Pa), no se observa para potencias especificas 
de I 0 MW jt, pero proporciona una ganancia del 
10% para 20 MW/t y del 30% aproximadamente 
para 40 MWjt. Por encima de unos 80 MW/t, aun 
con enriquecimiento por plutonio, se transmuta 
casi todo el 233Pa y se forma poco 233U. 

En cuanto al 238U enriquecido con 233U, se observa 
que Ia 'YJ del 233U . es mas independiente del espectro 
que Ia del Pu. De esta man era, para· redes de agua 
ligera muy compactas en que e (efecto rapido en 
el 238U) es alto (1,07-1,1) y Ia 'YJ del 239Pu puede ser 
reducida, parece que el 233U puede aprovechar el 
efecto rapido mejor que el plutonio. Los calculos 
lo indican; no obstante, a menos que el 233U este 
aislado (por ejemplo, por estar en diferente forma de 
particula), el 238 U forma con el una mezcla isotopica. 
Esto es costoso, pero Ia dificultad no es invencible 
a plazo largo. 

M. THEYS (Belgica): La definicion del valor del 
plutonio del Dr. Eschbach tiene, en mi opinion, dos 
inconvenientes principales. En primer Iugar, ese 
valor es solo relativo al precio del uranio; no tiene 
en cuenta el hecho de que los costes del ciclo del 
combustible pueden ser completamente distintos de 
un reactor a otro. Un valor alto del plutonio no 
corresponde necesariamente a una buena utilizacion 
del mismo. En segundo Iugar, las diferencias en 
las composiciones isot6picas del Pu son dificiles de 
evaluar con este metodo. 

Creo que podria ser muy util otra definicion 
del valor del plutonio, complementaria de Ia del 
Dr. Eschbach: definir el valor como el numero de 
dolares por gramo que da como resultado un coste 
del kWh igual al coste medio de produccion de Ia 
energia de Ia red a que esta conectado al reactor. 
Esta definicion puede extenderse para obtener un 
valor especifico para cada isotopo. Pueden com
pararse entonces las ventajas relativas de la utiliza
cion de un cierto isotopo en distintos reactores. Se 
pueden encontrar mas detalles de este metodo en 
un articulo de Metra, Vol. III, n° 2 (1964). 

E. A. EsCHBACH (Estados Unidos de America): 
El plutonio se considera como un combustible que 
puede sustituir al 235U en los reactores existentes. 
Ciertamente que los costes de combustible varian 
de un reactor a otro y puede en algunos ser ventajoso 
emplear ciertas combinaciones isotopicas d~I plu-
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tonio en Iugar de otras. Esta es una de las razones 
por Ia que se desarrollo el sistema PUYE. 

Estoy de acuerdo en que puede Ilegarse a un valor 
muy alto del plutonio para utilizaciones microsco
picas del plutonio como combustible. En estas condi
ciones los efectos globales financieros de esta utiliza
cion sen1n muy pequefios. 

El PUYE, tal como se concibio originalmente, da 
las diferencias del valor del plutonio para distintas 
composiciones. Esto implica calculos laboriosos, pero 
Ia importancia del problema justifica el gran esfuerzo. 
No es « dificil » en el sentido matematico de Ia 
palabra y el trabajo mas penoso lo realizan calcu
ladoras electronicas. 

Relacionar el valor del plutonio con el coste 
medio de Ia energia en Ia red !leva consigo Ia consi
deracion de diferencias de numeros muy grandes. 
En el sistema PUYE se supone que se ha instalado 
un reactor que funciona con un ciclo 235U-238U, de 
manera que el valor del plutonio se calcula como 
alternativa al ciclo 235U-238U. AI comparar el valor 
del plutonio con el coste medio de Ia energia del 
sistema podriamos tambien calcular el valor del 
235 U, que esta ahora fijado por su coste de fabrica
cion y no por su valor potencial, como es el caso 
del plutonio. 

El sistema PUYE se ha empleado para determinar 
los « valores » de algunos isotopos especificos del 
plutonio. El PUYE es muy satisfactorio para esto, 
porque puede tener en cuenta variaciones del valor 
cuando un isotopo del plutonio se transmuta en 
otros. Sin embargo, vemos que el valor del 240Pu, 
por ejemplo, depende de las cantidades de los otros 
isotopos del plutonio que lo acompafian, especial
mente el 242Pu. Empleamos un analisis estadistico 
de un experimento duplicado para establecer ecua
ciones del tipo de las 1 y 2 de Ia memoria. 

Documento P/417 (presentado por L. Zettergren) 

DISCUSI6N 

J. A. LANE (Estados Unidos de America): La 
comparacion de los costes de combustible de los 
reactores de agua pesada y de agua ligera revela una 
ventaja de 0,7 a 0,8 milesimas de dolar por kWh 
en favor de los primeros. l Incluyen estos costes los 
del D20? Si no es asi, l,no quedaria Ia ventaja com
pensada por los intereses sobre el valor del D 20 
y las perdidas de Ia misma? 

L. ZETTERGREN (Suecia): Los costes del D20 no 
estan incluidos en el coste del combustible. El coste 
adicional del D 20 depende de una variedad de 
factores. Suponiendo un tipo de interes del 7 %, 
como para las existencias de combustible, fugas del 
2 %, 7 000 horas anuales de funcionamiento y coste 
del agua pesada de 45 dolares por kg se obtienen 
costes comprendidos entre 0,3 y 0,4 milesimas de 
dolar por kWh para los reactores de D20 en cues
ti6n, con el valor inferior para tipos de ebullicion 
en ciclo directo y el superior para tipos de agua 
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a presiOn. Las fugas experimentadas por la central 
de Agesta despues de 8 meses de funcionamiento no 
exceden el 0,2 % por ano. Las pruebas de los compo
nentes de sistemas de ciclo directo han dado tambien 
resultados alentadores, de manera que se cree que 
la cuantia de fugas que se ha supuesto es razonable. 

En resumen, la ventaja en el coste de combustible 
de los sistemas de 020 queda solo parcialmente 
compensada por el coste del 0 20. 

Documento Pf248 (presentado por L. E. Link) 

DISCUSI6N 

R. GIBRAT (Francia): Los autores conocen, desde 
luego, que hay otros panimetros, dentro o fuera del 
reactor reproductor, ademas de los estudiados por 
ellos, que han de tener un efecto decisivo en el papel 
que puede desempenar este reactor en Ia produccion 
de combustibles nucleares. Algunos de los factores 
mas sobresalientes son: tiempo de permanencia en 
el reactor; tiempo que se necesita para Ia primera 
descarga; duracion del tratamiento entre la descarga 
y la nueva carga, y perdidas en la manipulacion. 
~ Podriamos conocer las cifras pertinentes, sobre 
todo para los estudios de 1 000 MW(e)? 

Hacen Vds. referencia en su memoria a los tiempos 
de duplicacion de los reactores reproductores para 
los estudios de 1 000 MW(e), pero no pcedo encon
trar estas cifras en Ia memoria. 

L. E. LINK (Estados Unidos de America): Los 
datos sobre tiempo de duplicacion pueden encon
trarse en las referencias [16 a 19] de Ia memoria. 
Sin embargo, recuerdo que Ia vida total del nucleo, 
en los estudios, variaba de uno a tres anos. 

La frecuencia de carga variaba de unos 80 a 270 
dias, y se sustituia ·l/6 a l/4 del nucleo cada vez. El 
tiempo que el combustible estaria fuera del reactor 
para su enfriamiento, tratamiento por via humeda 
y nueva fabricacion, era probablemente del orden 
de 9 a 12 meses. La perdida de combustible supuesta, 
en el ciclo, era del 1% en el tratamiento y del l% 
en la fabricacion. 

En cuanto a los calculos del tiempo de duplicacion 
del plutonio le remitire de nuevo a los resultados 
de los estudios. El tiempo que se indica en la Tabla 10 
de la memoria se deduce de calculos basados en datos 
proporcionados por los contratistas del estudio y 
pueden diferir muy ligeramente de las cifras que se 
incluyen en los informes del estudio. Los tiempos de 
duplicacion que se indican representan el tiempo que se 
requiere para acumular una cantidad de plutonio en 
exceso igual a Ia cantidad total presente en el nucleo 
al principio del ciclo mas el combustible existente en 
Ia parte del ciclo fuera del reactor. Se tuvieron en 
cuenta todos los factores, incluso las perdidas. Estos 
tiempos de duplicacion se reduciran apreciablemente 
si se aplica un calculo combinado, es decir, si se 
supone que cuando se dispone, mediante el trata
miento, de una cantidad de plutonio en exceso, se 
vende para un sistema nuevo que tenga un reactor 

rapido con el mismo factor de reproduccion que el de 
origen. 

B. B. BATUROV (URSS): z,Han estudiado Vds. la 
transformacion gradual de los reactores converti
dores en reproductores, y en caso afirmativo, cuales 
son las repercusiones economicas, si las hay? 

L. E. LINK (Estados Unidos de America): Supongo 
que se refiere Vd. a reactores que comienzan a 
funcionar con 235 U y se transfieren despues al ciclo 
del plutonio. No tuvimos en cuenta esa situacion, 
pero creo que el plutonio procedente de los reactores 
termicos comerciales de los Estados Unidos puede 
bastar para el programa inicial de reactores rapidos 
de potencia. En esas circunstancias no es probable 
que Ia utilizacion del 235 U tenga repercusiones 
economicas importantes. 

B. B. BATUROV (URSS): z,Han estudiado Vds. Ia 
economia de los reactores rapidos como sector 
industrial completo considerado en forma dinamica 
dentro del marco de una capacidad en desarrollo, 
o se limit<'> el estudio al analisis estatico de centrales 
especificas? 

L. E. LINK (Estados Unidos de America): Me 
parece interpretar que desea Vd. saber si hemos 
estudiado la economia de una industria de reactores 
rapidos en desarrollo que tenga un tiempo de dupli
cacion del plutonio que iguale un tiempo de duplica
cion especificado de Ia demanda. No hemos consi
derado este tipo de situacion, ni fue esta especificada 
por la Atomic Energy Commission de los Estados 
Unidos para los cuatro estudios de I 000 MW(e). 
Sin embargo, si considera V d. los tiempos de duplica
cion del plutonio que se dan en la Tabla 10 de Ia 
memoria, vera Vd. que un reactor tiene un tiempo 
de duplicacion de 6,3 ai'\.os, calculado segun una 
linea recta en Iugar de sobre una base combinada 
mas favorable. Estos tiempos de duplicacion satis
facen facilmente el de Ia demanda actual de energia 
en los Estados Unidos, de 6 a 7 afios. De esta manera 
queda demostrado que pueden obtenerse produc
ciones de plutonio adecuadas a cualquier ritmo 
esperado de crecimiento de potencia siempre que 
exista incentivo economico para ello. 

B. B. BATUROV (URSS): z,Cuales son las inver
siones especificas de capital para el ciclo de com
bustible en comparacion con las inversiones en Ia 
central? 

L. E. LINK (Estados Unidos de America): No 
recuerdo las cifras de las inversiones que se esperan 
para instalaciones tales como las de fabricacion 
de combustibles y tratamiento de los mismos, pero 
pueden calcularse cifras tipicas a partir de datos 
que sedan en las referencias [5-7] de la memoria. 

Documento Pf64 
DISCUSI6N 

T. G. HUGHES (Reino Unido): z,Incluyen los costes 
de mantenimiento que se indican para Ia disolucion 
la separacion de las vainas? 
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Y. SoussELIER (Francia): No, no esta incluido el 
desenvainado. En vista de la pregunta que formula 
el Sr. Wojcik acerca del documento P/159, ·me 
gustaria indicar que mi memoria trata solo de los 
costes de transporte y mantenimiento, y no del 
almacenamiento ni del tratamiento de los efluentes. 

Documento Pf98 (Se ley6 solamente el titulo) 

DISCUS16N 
D. E. FERGUSON (Estados Unidos de America): 

Los autores del documento P/98 mencionan la 
posibilidad de almacenar los combustibles irradiados 
de uranio natural durante un cierto numero de 
afios y construir mas tarde una fabrica de trata
miento mayor y mas econ6mica. ~ Se consider6 esta 
posibilidad en la evaluaci6n econ6mica, y, en caso 
afirmativo, cuales fueron los resultados? 

L. THIRIET (Francia): El modelo econ6mico general 
se bas6 en la decision de tratar cada afio la cantidad 
de uranio natural irradiado necesario para el pro
grama de reactores termicos sometido a estudio. 
Esta restricci6n presupone un programa adicional 
de reactores rapidos que empleen el plutonio. Si se 
retrasa el programa secundario, el combustible 
iradiado puede almacenarse y tratarse cuando con
venga, o sea, cuando se necesiten grandes cantidades 
de plutonio. Se aceptarian algunos gastos adicionales 
para el almacenamiento de los combustibles irra
diados, aunque tambien seria posible construir 
instalaciones mayores, y por tanto mas econ6micas. 

El metodo descrito puede utilizarse para determinar 
el Iugar de almacenamiento del combustible irra
diado y el tamafio y ubicaci6n de las fabricas de 
tratamiento que han de construirse en su momento 
adecuado, de manera que se mantenga el coste global 
tan bajo como sea posible. 

En el ejemplo elegido (necesidades de plutonio 
despues de 1980) encontramos que los combustibles 
irradiados deben almacenarse en el Iugar A y que 
debe ponerse en marcha en A, en 1980, una fabrica 
de capacidad de 17 t/dia (sobre Ia base de una vida 
de 15 afios). 

Naturalmente que los resultados dependen de los 
factores de coste que se emplean en la evaluaci6n 
del tratamiento, almacenamiento y transporte de 
los combustibles irradiados y del ritmo de salidas 
de combustibles irradiados para su tratamiento 
(que depende de Ia velocidad de variaci6n de Ia 
capacidad nuclear instalada). Debe tenerse en cuenta 
que el metodo es muy general, de manera que es 
posible juzgar como se vera afectado el resultado 
final por cualquier cambio en las premisas basicas 
o en los costes. 

Documento P/99 (Se ley6 solamente el titulo) 

DISCUSI6N 
R. GIBRAT (Francia): Me gustaria presentar unos 

datos adicionales obtenidos despues de escribir la 
memoria. 
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Si se combinan los reactores reproductores con 
un reactor convertidor normal (C1 = 0,47), nuestros 
calculos nos permiten esperar participaciones maximas 
de 71 ,8% y 44% para crecimientos anuales de,\ = 0,14 
y 0,21, respectivamente, correspondiendo estos dos 
valores de ,.\ a incrementos de la producci6n de 
energia electrica por factores de 4 y 8 en 10 afios. 
Mediante un simple calculo se comprueba que el 
consumo de materiales nucleares en un sistema 
equilibrado, que incluya reproductores ademas de 
convertidores, se reduciria despues de algun tiempo 
basta 28,2% (,.\ = 0,14) 6 56% (,.\ = 0,21) del de un 
sistema sin reproductores, lo que representa una 
diferencia apreciable en vista de la probable carestia, 
a largo plazo, de los combustibles nucleares. 

Las caracteristicas del reproductor, tal como 
podemos preverlas hoy, son: a= 2,4, o = 1,2, 
E = I, C2 = 0,42 y R = 2,25, con perdidas menores 
del 2 %. Debo mencionar tambien que, como resul
tado de todos los retrasos y perdidas, el coeficiente 
de crecimiento anual, una vez el proceso se convierte 
en autosostenido, alcanza, para este reproductor, Ia 
notable cifra de 10,3% (equivalente a un tiempo de 
duplicaci6n de 6,6 afios). 

Despues de escribir mi memoria he comenzado a 
investigar la estabilidad de estos sistemas equili
brados. Son bastante complicados cuando se intro
ducen los retardos, porque se trata de una ecuaci6n 
diferencial en difen:ncias finitas. Sin embargo, 
mediante el empleo del trabajo de Pontryagin sobre 
las raices de las ecuaciones polin6micas f(z, ez) = 0 
(siendo z un numero complejo), hemos logrado 
demostrar que estos sistemas son estables, para un 
reactor reproductor dado, solo entre dos extremos 
de la producci6n neta de los convertidores asociados 
(valor C1 de la memoria). Fuera de este intervalo, 
una simple perturbaci6n es bastante para crear 
oscilaciones propias, que se amplifican indefinida
mente con el tiempo, de la capacidad instalada de 
convertidores y reproductores a la proporci6n relativa 
de los reproductores en el sistema. Esto representa, 
en los sistemas nucleares, algo equivalente a los bien 
conocidos « ciclos comerciales ». Los limites varian 
con el coeficiente de crecimiento del sistema,.\. 

Un ejemplo muy sencillo lo constituye la ecuaci6n 
simplificada en que hay un solo retardo y (aproxi
madamente 3 afios entre Ia carga inicial de com
bustible y el momento en que se puede efectuar 
una segunda carga con el plutonio producido); la 
ecuaci6n es, entonces: 

S[dF(t + y)]/dt + (C1 - C2) F(t) = C1N(t) 

Las soluciones F(t) de esta ecuaci6n son estables 
solo para 

0 <(C1 - C2)/S <TT/2y 

Para el limite superior, por ejemplo, obtenemos 
como soluci6n de la ecuaci6n sin segundo termino: 
A sen TT/2y (t-cp ), en la cual A y cp son arbitrarios, 
dando una onda sinusoidal perturbadora sin amor
tiguamiento. (El periodo de 4y seria 12 afios en mis 



112 RECORD OF SESSION 2.5 COMPTE RENDU DE LA SEANCE 2.5 

ejemp1os numeri cos). Esta importante propiedad no 
existe cuando no hay retardo y. 

He podido extender todas estas propiedades a la 
forma mas general de mi ecuacion que incluye o, e-, 
a y k Se demuestra que es imposible asociar cua1-
quier convertidor con un reproductor dado sin tomar 
algunas precauciones, a causa de las diversas per
didas y retardos inherentes a todo sistema nuclear. 

DISCUSI6N GENERAL 

G. F. KENNEDY (Reino Unido): Como muchos 
ingenieros consultores, tengo muchas veces que 
comparar Ia economia a largo plazo de Ia instalacion 
de centrales que emplean combustibles fosiles y 
nucleares. Muchos de nosotros debemos estar 
interesados en observar las afirmaciones contra
dictorias de canadienses y estadounidenses sobre 
que tipo de reactor es el mas economico en las 
condiciones americanas. Uno de los paises considera 
que el mejor combustible es el uranio natural y el 
otro prefiere el enriquecido. Por otra parte, en el 
Reino Unido parece haber duda en el momento 
actual sobre que tipo de combustible es preferible. 
Todo esto debe ser muy desconcertante para paises 
que estan a punto de embarcarse en un programa 
de energia nuclear, puesto que, como ha hecho notar 
el Dr. Bhabha en esta Conferencia, el tipo de com
bustible que se emplea puede influir grandemente 
en Ia balanza de pagos del pais si se tiene en cuenta, 
como debe ser, no solo el coste de instalaCion de la 
central sino, lo que es mas importante, el coste del 
combustible que ha de importarse durante Ia vida de 
Ia misma. 

Una vez se ha realizado un estudio, pueden esti
marse con una exactitud aceptable muchos de los 
criterios que afectan el coste de construccion de 
una central nuclear en un pais determinado, pero el 

coste futuro de los distintos tipos de combustible 
es mucho mas dificil de predecir. 

Cuando se compara el coste de construccion y 
funcionamiento de centrales clasicas altemativas es 
generalmente facil predecir a largo plazo el coste de 
combustibles tales como carbon, petroleo o, en zorias 
en que ya esta bien establecido, gas natural. En 
cambio, aunque se han presentado en esta sesion 
varias memorias con datos interesantes para los 
posibles costes futuros del ciclo de combustible de 
diversos tipos de reactores, puede uno preguntarse 
basta que punto son fidedignos en comparacion con 
las predicciones de los costes futuros de los combus
tibles fosiles. Lo que puede afirmarse con alguna 
certeza, yo creo, es que es mas probable que se 
mantenga estable el precio del uranio natural que el 
del enriquecido, que depende de tantos factores 
ajenos, incluso el precio, si Io hay, de « recompra » 
del plutonio. 

W. B. LEWIS (Canada): Creo que nos olvidamos 
de que el uranio es responsable solo de una pequeiia 
parte del coste total de Ia energia nuclear en cual
quier ciclo actual razonable de combustible. 

Un precio de 5 dolares por libra de U30 8 -ultimo 
precio mundial para una venta intemacional impor
tante- corresponde a 13 dolares por kg de uranio. 
Para un rendimiento termico a electrico del 30 % y un 
grado de quemado razonable, en numeros redondos, 
de 10 MWd/kg U, esos 13 dolares por kg de U 
contribuyen en 0,18 milesimas de dolar por kWh 
al coste de la energia, lo que es una cifra muy baja 
en comparacion con el coste de otros combustibles 
como carbon, petroleo o gas natural. 

Ademas, esta cifra de 0,18 mi1esimas de dolar por 
kWh representa la demanda maxima de divisas, 
si se supone que Ia fabricacion del combustible es 
nacional. Para el tratamiento o el transporte de 
combustibles irradiados no se requiere gasto de 
divisas. 
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Etudes des procedes de transformation des composes 
d'uranium a fort enrichissement isotopique - Conception 
et realisation d'un atelier de traitement 

par P. Nollet et P. Sarrat* 

Le developpement des piles piscines de recherche 
et des reacteurs de propulsion navale fonctionnant 
avec de !'uranium a tres fort enrichissement isoto
pique a pose le probleme de Ia creation en France 
d'une industrie de transformation de cette matiere 
fissile concentree. Par ailleurs le domaine des reac
teurs employant de !'uranium faiblement enrichi 
s'etend lui aussi et Ia fabrication de ces divers com
bustibles produit une quantite non negligeable de 
dechets dans lesquels il s'agit de recuperer !'uranium 
avec un excellent rendement. 

11 a done ete decide de creer un ensemble d'ateliers 
de traitement d'uranium enrichi dont le but serait 
double: assurer Ia conversion de l'hexafluorure d'ura
nium enrichi soit en uranium metal, soit en oxyde de 
qualite frittable; permettre Ia recuperation de !'ura
nium contenu dans les dechets divers provenant des 
usines metallurgiques de fabrication des elements com
bustibles. 

Bien que les procedes chimiques de ces differents 
traitements soient largement connus, leur adaptation 
aux criteres de securite nucleaire et la necessite de 
minimiser les pertes ont pose un certain nombre de 
problemes de genie chimique particuliers. Nous expo
serons ci-apres les resultats les plus interessants aux
quels' nous sommes parvenus, puis nous decrirons 
brievement les principes qui ont ete suivis pour Ia 
realisation proprement dite des ateliers. 

DESCRIPTION DES ETUDES ET ESSAIS EFFECTUES 

Conversion de l'hexafluorure d'uranium 
en tetrafluorure 

Le probleme de la conversion directe de l'hexa
fluorure d'uranium a fort enrichissement isotopique 
en tetrafluorure a ete resolu en collaboration avec le 
Centre des recherches de Lyon de Ia societe d'elec
trochimie d'Ugine [1]. Le traitement devant se faire 
sur lots distincts d'importance relativement faible, 
nous desirions un procede discontinu. Les premiers 
essais en autoclave, satisfaisants pour des operations 
de conversion sur moins de 100 g d'uranium, condui
saient, pour des quantites superieures, a des fluorures 
intermediaires collant aux parois du reacteur. 

• Commissariat a l'energie atomique. 

Pour eviter ces phenomenes d'adherence aux parois 
lors de Ia reaction de conversion, on decida d'injecter 
UF6 sous forme de fines gouttelettes liquides sous 
haute pression (80 bars) au sein d'une atmosphere 
d'hydrogene en exces (400 °C, 20 bars). 

La reaction se produit instantanement entre les 
gouttelettes de I'UF6 et l'hydrogene, sans contact avec 
les parois. Le tetrafluorure forme tombe en fine 
poudre dans le pot de reception situe a Ia base du 
reacteur. On obtient ainsi un produit de densite appa
rente de l'ordre de 2, directement utilisable pour 
!'elaboration du metal. L'acide fluorhydrique gazeux 
et l'hydrogene en exces sont diriges par purges suc
cessives vers une installation de lavage de gaz. 

L'adaptation de cet appareillage de conversion, qui 
a ete faite pour les Ateliers de Cadarache, repond aux 
exigences de securite concernant le traitement d'hexa
fluorure de tous enrichissements en 235U. 

L'ensemble de l'appareillage est construit en nickel 
ou alliage a haute teneur en nickel, ceci pour limiter 
Ia pollution du produit obtenu. Le reacteur lui-meme 
est un tube de nickel de 80 mm de diametre et 1,80 m 
de hauteur. Le pot de reception du tetrafluorure fait 
120 mm de diametre et 0,3 m de hauteur. Cet appareil 
permet de traiter environ 3 kg d'uranium par operation. 

Une automatisation relativement poussee a ete 
rendue necessaire pour garantir Ia securite du person
nel et eviter toute perte accidentelle du produit. Le 
chauffage est assure par induction basse frequence; 
l'operation d'injection est effectuee par une pompe 
doseuse a membrane. Le clapet de refoulement a Ia 
forme d'une aiguille d'injecteur. A Ia fin d'une serie 
d'injections, le reacteur est ouvert sous azote pour 
changer le pot de reception. L'ouverture de Ia culasse, 
ainsi que sa fermeture sont commandees par une 
sequence pneumatique programmee. 

Conversion de l'hexafluorure d'uranium en oxyde 

II s'agit ici d'obtenir un oxyde d'uranium apte a 
donner des combustibles frittes. On passe alors par 
le d'iuranate d'ammonium; celui-ci est obtenu en 
injectant l'hexafluorure d'uranium gazeux dans une 
solution d'ammoniaque [2, 3]. L'injecteur plongeant 
dans Ia solution est chauffe et muni d'un col 
sonique pour eviter tout bouchage. L'injection a lieu 
dans un premier precipitateur qui est alimente en 
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SESSION 2.1 P/61 

ammoniaque diluee (2N). La solution passe alors par 
gravite dans un second precipitateur oil une quantite 
supplementaire importante d'ammoniaque est ajou
tee. Cette precipitation en deux temps permet de 
jouer sur de nombreux parametres (temps de sejour, 
temperature, rapport de concentrations entre l'ammo
niaque et l'uranium) et d'obtenir ainsi la qualite de 
grains de diuranate desiree. Elle permet egalement 
d'avoir des eaux-meres qui, apres filtration, ne con
tiennent que quelques ppm d'uranium, les pertes de 
l'operation correspondant alors seulement a environ 
10-4 de la quantite mise en reuvre. Des precipitateurs 
de diametre 100 mm et de hauteur 630 mm (fig. l) 
permettent de traiter 1,5 kg de UF6 a l'heure. 

A titre d'exemple, les conditions d'un essai de pre
cipitation sont indiquees dans le tableau la. 

Le diuranate d'ammonium est recupere dans des 
filtres secheurs que nous decrivons plus loin et il est 
ensuite transforme en U30 8 par un traitement de pyro
hydrolyse a 700 °C par de l'air humide qui lui enleve 
les 2% de fluor initial et n'en laisse que 50 ppm environ. 

Retraitement des dechets metalliques d'uranium 
zirconium 

Les dechets metalliques d'uranium zirconium a 
faible teneur ponderale en uranium, mais a fort enri
chissement isotopique de cet uranium posent un 
delicat probleme de retraitement. 

Les seuls procedes eprouves industriellement sont 
des procedes de dissolution en phase aqueuse, gene
ralement nitrofluorhydrique et de raffinage par extrac
tion au solvant. Les imperatifs chimiques du procede 
conduisent alors a des volumes tres importants de 
solutions qui sont a manipuler et a contenir dans des 
recipients sous-critiques. II a paru de ce fait interes
sant de se lancer dans une voie nouvelle qui etait 
deja a l'etude pour le retraitement des combustibles 
irradies dans quelques laboratoires. Cette voie con
siste a brfiler l'alliage uranium-zirconium mis au sein 
d'un lit fluide inerte par le gaz chlorhydrique a 350 °C. 
A cette temperature les chlorures d'uranium sont 
tres peu volatils et restent au sein du lit fluide tandis 
que le tetrachlorure de zirconium se sublime et est 
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recueilli dans un condenseur apres filtration sur un 
lit de matieres inertes. La seconde phase du procede 
permet Ia recuperation de l'uranium sous forme 
d'hexafluorure en envoyant du fluor sur le lit fluide. 

Apres des essais en petit pilote au Centre d'etudes 
nucleaires de Fontenay-aux-Roses, un pilote a ete 
monte en collaboration avec Ia societe Kuhlmann [4]. 
Ce pilote comprenait notamment un reacteur en 
nickel de 200 mm de diametre qui permettait la com
bustion de 3 kg/h de dechets d'uranium zirconium 
avec des pertes en uranium de l'ordre de 0,1%. Le 
rendement d'utilisation de l'acide chlorhydrique est de 
l'ordre de 50 a 60% et celui du fluor de 10%. 

Retraitement des dechets divers 
contenant de ('uranium enrichi 

Les dechets produits dans les unites de fabrication 
des elements combustibles peuvent revetir des formes 
tres diverses: chiffons, solutions de decapage, sels 
divers, boues, sciures, limailles, copeaux, creusets de 
fusion contamines, pieces massives. II est economique
ment indispensable d'en recuperer l'uranium enrichi 
contenu avec un excellent rendement et de le remettre 
sous forme utilisable pour ces ateliers de metallurgie, 
c'est-a-dire sous forme metal ou oxyde. Pour ce faire, 
le procede le plus souple et le plus universel reste celui 
qui est employe dans les usines de raffinage de l'ura
nium et qui consiste a separer l'uranium par extrac
tion au solvant, apres l'avoir mis en solution nitrique. 
Une fois Ia solution pure d'uranium obtenue, on 
precipite le diuranate d'ammonium par l'ammoniaque 
et ensuite, successivement, on calcine, reduit et fluorure 
ce sel d'uranium. L'operation de metal se fait par une 
calciothermie dont le rendement, pour de petites 
quantites, reste superieur a celui de Ia magnesiother
mie, et dont Ia mise en reuvre pour ces dernieres, est 
plus simple. Enfin, un traitement des scories d'ela
boration permet d'en recuperer l'uranium inclus. 

Grillage des dechets metalliques 

La premiere operation de ce raffinage consiste a 
griller les dechets metalliques (sciures, limailles, co
peaux, morceaux massifs) pour mettre l'uranium sous 

Tableau 1 

a) Conditions de precipitation de UF6 dans l'ammoniaque (essai 51) 

Premier precipitateur Deuxieme precipitateur Eaux-meres apres filtration 

Debit 
UF6 

I 000 g/h 

Debit Debit 
NH40H Temperature NH40H 

30 1/h 60 oc 10 1/h 
en 2N en ION 

-----------------------------

Temperature Fluor u 

60oC 53 g/1 2,3 g/1 1 mg/1 

b) Conditions de precipitation du nitrate d'uranyle par l'ammoniaque SN (essai 43) 

Nitrate d'uranyle envoye dans le 
premier pn!cipitateur 

Debit Teneur en U Acidite libre 

20 1/h 60 g/l 0,06N 

Ammoniaq~e 5,15 N 

I er pr6cipitateur 

1,2 1/h 
NH 3/U = 1 

Eaux-meres apres 
2• precipitateur filtration 

1,6 1/h 1 mg/1 en iJ 
pH= 8,8 
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forme d'U30 8 que l'on pourra dissoudre facilement 
ensuite dans l'acide nitrique. 

Pour les faibles enrichissements isotopiques (e,;; 3%) 
ceci est realise dans un four" en refractaire paralle
lepipedique d'epaisseur 15 em. Pour les forts enri
chissements, on a mis au point un four vertical cylin
drique en acier inoxydable refractaire (Z 15 CNS 25/20) 
de diametre 100 mm et de hauteur 1,2 m surmonte 
d'une partie cylindrique elargie de diametre 125 mm 
et de hauteur 0,4 m. Ce four permet le grillage d'une 
charge de 5 kg d'uranium en 3 h environ. Les copeaux 
sont charges par le haut du four. 

Le demarrage est ensuite effectue en creant un 
point chaud sur le bas de la paroi du four a l'aide d'un 
enroulement electrique blinde. La combustion des 
copeaux progresse alors d'elle-meme de bas en haut; 
elle est controlee en reglant les debits d'air et d'azote 
introduits dans le four. Les gaz sont laves et filtres 
avant rejet, le four etant maintenu en Iegere depres
sion. Le defournement de la poudre de 0 30 8 a lieu 
par le bas du four dans un container de diametre 
nucleairement sur. 

Dissolution nitrique de U30 8 

Toutes les operations mettant en jeu des matieres 
fissiles concentrees a la fois sous forme solide et 
liquide sont particulierement delicates a mettre en 
reuvre. C'est pourquoi, en ce qui concerne les forts 
enrichissements isotopiques, la dissolution de 0 30 8 

dans l'acide nitrique d'une part, et la precipitation du 
diuranate d'ammonium d'autre part ont fait l'objet 
de mises au point tres poussees en pilote. 

Pour la dissolution nitrique, on a realise un e.n
semble avec recirculation de la solution d'attaque et 
recuperation des vapeurs nitreuses (fig. 2). La charge 
d'oxyde (3,5 l environ) est introduite dans le pot de 
dissolution en la disposant dans un panier tapisse 
d'une toile d'acier inoxydable. Un chauffage electrique 
maintient la solution a !'ebullition. Celle-ci traverse 
le pot de dissolution et est recueillie dans des bacs 
calorifuges de diametre nucleairement sur. 

La solution est continuellement remontee par air
lift fonctionnant a l'oxygene avec un debit liquide de 
5 1/mm jusqu'au dessus du pot d'attaque dans un 
separateur cyclonaire d'ou elle s'ecoule par gravite. 
Une colonne de condensation absorption joue le 
double role de condenser l'eau evaporee dans le pot 
de dissolution et de faire absorber par cette eau les 
vapeurs nitreuses produites par l'attaque. La reoxy
dation des vapeurs nitreuses est realisee par !'intro
duction d'oxygene qui est faite au bas de l'air-lift. 
L'ensemble condenseur absorbeur est refroidi par une 
circulation d'eau. La filtration des steriles insolubles 
s'effectue sous vide dans des filtres plats de 0,25 m2 

et d'epaisseur nucleairement sure. 

Purification par solvant 

On a done obtenu une solution mtnque impure 
d'uranium. Cette solution est purifiee par extraction 
par solvant a !'aide du tributylphosphate dilue a 20 
ou 30% en volume dans le dodecane (hydrocarbure 
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aliphatique sature, melange d'isomeres en C12H26). 

Ce raffinage se fait, soit en colonnes a plateaux per
fores, pulsees a l'air comprime, soit en melangeurs 
decanteurs. 

Les colonnes pulsees sont en verre pyrex calibre, 
les piateaux perfores sont en acier inoxydable pour les 
colonnes d'extraction (2 colonnes en serie de 3 m de 
hauteur utile chacune) et pour la colonne de lavage 
du solvant charge, mais on a choisi pour la reextrac
tion une alternance de plateaux en acier inoxydable et 
de plateaux teflon, ce qui permet a la fois une bonne 
efficacite et une capacite satisfaisante. 

Les melangeurs decanteurs sont du type a boite 
imbriquee, tailles dans un bloc unique de polyethy.:. 
lene et ils sont munis de deversoirs qui maintiennent 
le niveau de liquide inferieur a 30 mm. Les stockages 
de toutes les solutions intervenant dans le procede 
sont realises dans des cylindres verticaux en acier 
inoxydable de diametre 125 mm pour les forts enri
chissements et 300 mm pour les faibles enrichisse
ments. 

Precipitation, filtration, sechage du diuranate d'am
monium 

L'extraction par solvant fournit une solution pure 
de nitrate d'uranyle contenant entre 60 et 100 g/1 
d'uranium. La precipitation du diuranate d'ammo
nium s'effectue alors en deux temps dans deux preci
pitateurs cylindriques agites de 100 mm de diametre 
et 630 mm de hauteur construits en verre pyrex et en 
acier inoxydable et tout a fait analogues a ceux qui 
servent a la precipitation du diuranate d'ammonium 
a partir d'hexafluorure d'uranium. 

Le nitrate d'uranyle est alimente a debit constant, 
10 a 20 1/h, dans le premier precipitateur ou il ren
contre une solution d'ammoniaque 5N dont le debit 
est regie de telle maniere que le rapport NH3/U soit 
sensiblement egal a 1. Les solutions ont ete prealable
ment rechauffees vers 60 °C et les precipitateurs sont 
thermostates a 60 °C (fig. 1). Le precipite deborde du 
premier precipitateur dans le second ou la precipita
tion est terminee a pH: 9 par addition d'un supple
ment d'ammoniaque. Ces conditions physico-chimi
ques sont tres importantes [3] pour !'obtention d'ag
glomerats de grains ayant des qualites satisfaisantes 
pour les reactions gaz solide ulterieures, c'est-a-dire, 
d'une part, une reactivite suffisante et, d'autre part, 
une bonne resistance mecanique. A titre d'exemple, 
on trouve dans le tableau I b les parametres d'une 
precipitation. 

Le precipite est ensuite separe de ses eaux-meres dans 
un filtre vertical d'epaisseur nucleairement sure [5]. 
Un second filtre est en attente; ce filtre constitue 
une plaque d'epaisseur totale interieure 35 mm et de 
capacite utile 4,5 1, separe en deux par une toile de 
filtration en tissu teflon (fig. 3). Les eaux-meres et le 
precipite entrent dans la goulotte; le precipite rem
plit lentement le cadre de bas en haut sur une epais
seur de 20 mm environ; les eaux-meres passent a tra
vers la toile en teflon et sont soutirees par mise au 
vide. 



120 

[Toile filtranteen 
I tissus Teflon 
I 

' II)! 

g;l 
! 

Eaux meres 

SEANCE 2.1 P/61 

Venant du 2eme 
~ pr<!cipitateur 

f 

Raidisseur 

Figure 3. Filtration et sechage du diuranate d'ammonium 
pour uranium tres enrichi 

Une fois plein en position verticale, le filtre est 
essore pendant quelques minutes par une pompe a 
vide. II est ensuite bascule en position horizontale de 
telle maniere que le precipite repose sur Ia plaque 
d'acier inoxydable qui est garnie exterieurement de 
resistances chauffantes. En chauffant cette paroi vers 
230 °C et avec une circulation d'air, on procede au 
sechage, et meme a un debut de calcination du pre
cipite qui se craquelle et perd pres de 30% de son 
volume. 

Le renversement du filtre en position verticale per
met son dechargement directement dans le panier du 
four de reduction fluoruration ou I'on procedera aux 
reactions suivantes gaz solide. Le sel obtenu apres 
cette precalcination contient environ 75% en poids 
d'uranium et 2 a 3% en poids de NH3• On est ainsi 
passe de l'etat suspension dans un liquide a l'etat 
solide, sans manipulation exterieure du produit. 

P. NOLLET et P. SARRAT 

Reduction, fluoruration 

Pour les forts enrichissements, Ies lots a traiter 
etant souvent petits, les operations de reduction et 
de fluoruration sont effectuees successivement dans 
un meme reacteur en inconel de diametre interieur 
total egal a 125 rom et de hauteur 0,85 m [6]. L'hydro
gene et l'acide fluorhydrique sont envoyes successive
ment et Ie front d'avancement de Ia reaction est con
trOie par des thermocouples repartis au creur du 
produit. 

Les operations decrites ci-dessus sont evidemment 
plus faciles a realiser a l'interieur des normes geome
triques correspondant a un enrichissement isotopique 
de 3%. La precipitation du diuranate d'ammonium 
fonctionne suivant le meme principe mais Ia filtra
tion est alors operee sur un filtre a tambour rotatif 
de 0,5 m2 de surface filtrante. Le gateau de filtration 
tombe dans un four cylindrique de sechage et calci
nation qui donne des granules d'U03• Ceux-ci sont 
reduits et fluores en continu dans un four en L de 
diametre interieur 100 rom et d'un principe analogue 
a ceux qui equipent l'usine de raffinage de l'uranium 
du Centre du Bouchet. 

Elaboration du metal 

L'elaboration de !'uranium metal s'effectue ensuite 
par calciothermie. Pour Ies lingots de fort enrichisse
ment isotopique, Iingots de I kg en principe, un 
appoint exterieur de calories est necessaire et il est 
fourni par un chauffage par induction a haute fre
quence, ce qui permet une bonne decantation du 
metal et un excellent rendement: de I' ordre de 99%. 

Retraitement des scories 

Les scories d'elaboration contiennent cependant 
des quantites non negligeables d'uranium - pouvant 
aller de I a 3% pour les lingots plus importants a 
faible enrichissement - et ii est indispensable d'en 
recuperer Ia matiere fissile. Pour cela, des appareils 
permettant le delitage des scories dans l'eau chaude, 
puis Ia dissolution nitrique de !'uranium, ont ete 
experimentes et mis au point. 

PRINCIPES DE REALISATION DES ATELIERS 

Les ateliers de traitement d'uranium enrichi sont 
implantes dans le Centre d'etudes nucleaires de Cada
rache. Us comprennent (fig. 4) un bloc commun ou 
sont reunis les vestiaires, bureaux et laboratoires, des 
services generaux classiques et quatre ateliers inde
pendants. L'ensemble est separe en deux zones suivant 
l'enrichissement isotopique en 235 U de Ia matiere a 
traiter: l'une de 0, 7 a 3% et I' autre de 3 a 93%. 

a) La zone a faible enrichissement isotopique com
prend une partie du bloc commun a !'atelier D. Celui
ci est destine a la recuperation de !'uranium d'enri
chissement isotopique inferieur ou egal a 3% en 235U 
a partir des dechets divers. II fonctionne suivant le 
schema general de raffinage de !'uranium par extrac
tion par le tributylphosphate en milieu nitrique. II 
comporte en fait deux chaines paralleles de traitement 
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Figure 4. Ateliers de traitement d'uranium enrichi 

dont l'une a un debit de l kg d'uranium a l'heure et 
('autre de 5 kg. L'appareillage satisfait aux normes 
geometriques de criticite pour un enrichissement iso
topique de 3% a l'exception des salles d'elaboration 
par calciothermie et de retraitement des scories dont 
Ia securite repose sur Ia masse d'uranium contenue 
dans Ia salle. 

b) La zone a fort enrichissement isotopique com
prend une partie du bloc commun et trois ateliers: 
A, B et C. Cette zone est entierement con9ue suivant 
les normes geometriques de criticite pour un enrichis
sement isotopique de 93,5% en 235 U. 

L'atelier A effectue Ia conversion a partir de l'hexa
ftuorure d'uranium, soit en uranium metal par reduc
tion directe par l'hydrogene ·en tetraftuorure, puis 
calciothermie (Ia capacite de traitement est de 3 kg 
par poste de travail de 8 h) soit en U30 8 par precipi
tation du diuranate d'ammonium, filtration, sechage 
et pyrohydrolyse. La capacite de traitement est ici 
de l kg d'uranium par heure. 

L'atelier B est destine a Ia recuperation par voie 
seche, par l'acide chlorhydrique, puis le fluor, de 
!'uranium contenu dans les dechets metalliques d'al
liages uranium-zirconium et uranium-aluminium. Les 

plans de cette chaine sont prets mais Ia realisation en 
a ete differee pour !'instant. 

L'atelier c recupere !'uranium contenu dans les 
dechets divers suivant le meme procede chimique. De 
nombreuses possibilites d'interconnections ont ete 
prevues entre les appareils pour permettre une adap
tation rapide aux differents types de dechets que !'ate
lier peut etre amene a traiter. Les operations chimiques 
ont ete etudiees afin de permettre un excellent rende
ment de recuperation de !'uranium. 

Dans toute cette zone, tous les appareils sont geo
metriquement SllrS. Aucun recipient ou appareil autre 
que ceux du procede ne peut entrer dans !'atelier. 
L'interaction entre tous les appareils du procede a 
ete evaluee en tenant compte d'une reftexion totale 
et en supposant les appareils remplis d'uranium a Ia 
moderation optima. Cette zone est entierement sepa
ree de Ia zone faible enrichissement et, en particulier, 
les reseaux de ventilation et d'effluents sont dis
tincts. 

Les preparations des reactifs necessaires a Ia marche 
de tous ces ateliers (A, B, C, D) sont effectuees a 
l'exterieur des ateliers dans les appentis qui courent 
le long des batiments des ateliers. 
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Les travaux ont c@mmence en mai 1962 et les ope
rations de traitement d'uranium enrichi en mai 1964; 
Ia surface couverte de ces ateliers est de 3 500 m2• Le 
cofit des immobilisations s'eleve a 1,05 million de 
francs dont 0, 7 million de f~ancs pour le batiment et 
les utilites et 0,35 million de francs pour le genie 
chimique. 

Ces ateliers devraient etre capables de couvrir les 
besoins de retraitement des dechets d'uranium enrichi 
et de conversion d'hexafluorure pour Ia France, et une 
partie des pays europeens, pour les prochaines annees. 
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A/61 France 

Research on processes for the conversion of 
uranium compounds with high isotopic en
richment: design and construction of a treat
ment plant 

By P. Nollet and P. Sarrat 

The enriched uranium treatment plants at Cada
rache have a double purpose: to convert uranium 
hexafluoride into metal or oxide; and to recover the 
uranium contained in the various scrap materials 
produced in the several metallurgical processes. 

The principles underlying the design and safety of 
these plants are described. Nuclear safety is based 
on the geometrical limitations of the processing 
vessels. 

To perfect the processes and techniques practised 
in the plants, many studies have been made since 
1960, some of which have led to original solutions of 
the problems encountered. 

Uranium hexafluoride with high isotopic enrich
ment is converted either by injecting the gas into 
ammonia or by an original process involving direct 
reduction to uranium tetrafluoride by hydrogen. 

The uranium in uranium-zirconium metal scrap can 
be recovered by dissolution in hydrochloric acid, 
followed by treatment of the uranium chloride with 
fluorine to obtain the uranium in the form of its 
hexafluoride. 

The uranium in various other scrap materials is 
recovered by a conventional refining process: roasting 
of the metallic scrap; dissolution of the oxide in 
nitric acid; purification by tributylphosphate solvent; 
precipitation with ammonia; calcination; reduction 
and hydrofluorination to produce uranium tetra
fluoride; .bomb reduction by calcium; and slag 
treatment. 

Two separate plants use this process: one handles 
uranium with an isotopic enrichment of up to 3%, 
the second the higher enrichments. 

The development of each step in this process, under 
conditions of strict nuclear safety, created some special 
technological problems, and led to the design of new 

plant, in particular a roasting furnace for metal 
turnings, a nitric acid dissolution unit, a continuous 
precipitator and eversafe filter and dryer for the 
ammonium diuranate, a reduction and hydro
fluorination furnace and a slag recovery plant. These 
apparatuses are described successively in the paper, 
together with the studies which preceded their devel
opment. 

The civil engineering works were begun in June 
1962, and the treatment plants were to start produc
tion in May 1964. 

A/61 ttlpaH4 HR 

V1ay'-leHHe MeTOAOB npeepaw.eHHfl Bbi
COK006oraw.eHHOrO ypaHa. OnHcaHHe 
KOHcrpyKUHH H pa6oTbl ycraHOBOK 

n. Honne, n. Cappa 

Y cTaHoBKH no rrepepa6oTxe o6orall(ennoro 
ypana B KaAapaiiie HBJIHIOTCH ABYXQeJieBhiMH: c 
OAHOH CTOpOHhl, OHH rrpeo6pa30BhiBaiOT reKCa
WTOPHA ypana B MeTaJIJI HJIH oKHCh u, c Apyroii 
CTOpOHhl, H3BJiel\aiOT ypaH, COAepmalll,HHCH B OT
XOAaX pa3JIHlfHLIX IIpOQeCCOB MeTaJIJiyprHlfeCKOH 
nepepa6oTHH. B AOKJiaAe uaJiaraiOTCH rrpHHQHIIhi, 
KOTOp~>IMH pyxoBoACTBOBaJIHCh rrpu KOHCTpyupo
BaHHH H o6ecrrelfeHHH 6e30IIaCHOCTH 3THX ycTaHO
BOK. HAepnaH 6eaorracnocTh o6ecrrelfHBaeTCH reo
MeTpueii rrepepa6aThiBaiOill,HX arrrrapaToB. Jl:JIH 
pa3pa6oTKH MeTOAOB H TeXHOJIOfHH pa60Thl 3THX 
YCTaHOBOI\ C 1960 fOAa IIpOBOAHJIHCh MHOrOlfHC
JieHHLie HCCJieAOBaHHH, IIpHlfeM HeROTOphie H3 HHX 
3aBepiiiHJIHCh OpHrHHaJihHhiMH pe3yJihTaTaMH. 

flpeBpalll,eHHe BhiCOR006oralll,eHHOrO reKCaWTO
pHAa ypaHa OCylll,eCTBJIHeTCH JIH60 HH/ReHQHeii 
ra30BOH Wa3hl B aMMHaK, JIH6o rryTeM IIpHMOrO 
BOCCTaHOBJieHHH BOAOPOAOM reHCaWTOpHAa ypana 
B TeTpaWTOpHA. 

Ypan, coAepmall(HHCH B ypaH-QHpRoHuenoM Me
TaJIJIHlfecxoM cxparre, H3BJie'l\aiOT o6muroM cRpana 
B IIOTOKe XJIOpHCToro BOAOPOAa C IIOCJieAyiOII(eii 
o6pa6oTxoii xnopucToro ypana WTopoM, lfT06hi no
JIYlfHTh ypaH B BHAe reKCaWTOPHAa. 113BJielfeHHe 
ypana, COAPpmalll,erocH B APYrHx OTXOAax, ocy-
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~eCTBJUieTCH o6Ll'IHbiM MeTO~OM paqJHHHpoBaHHH: 
o6mnr MeTaJIJIH'IeCKOrO CKpaua, paCTBOpeHHe IIO
JIY'IeHHOH OKHCH B a30THOH KHCJIOTe, O'IHCTKa TpH
OYTHJI«f>oclf>aTOM, ocam,IJ,eHne ,IJ,nypaHaTa aMMOHHH, 
KaJIL~HHIIpOBaHne, BOCCTaHOBJieHHe II rH~polf>TO
pnpoBaHne B TeTpalf>TOpii,Il, ypaHa, BOCCTaHOBJieHHe 
KaJIL~IfeM B 3aKpLITOM aBTOKJiaBe If pereHepa~lfli 
umaKa. 

Do aTIIM MeTo,IJ,aM pa6oTaiOT ,IJ,Be oT~eJILHLie yc
TaHoBKn: Ha O,IJ,HOH Be,IJ,eTCH nepepa6oTKa ypaHa 
c naoTOIIHLIM o6ora~eHneM ,IJ,o 3%, Ha ,IJ,pyroii -
c 6onee BLICOKIIM o6ora~eHneM. 
Heo6xo~nMocn o6ecue'IeHnH HAepHoii: 6eaouac

HOCTn Ha KaiH,IJ,OM H3 aTIIX 3TaiiOB upo~ecca C03-
,IJ,aJia cue~n«f>n'Iec"Kne TexHonorn'IecKne TPYAHOCTn 
If IIpHBeJia K C03,IJ,aHIIIO CIIe~HaJILHOH auuapaTypLI, 
a nMeHHo: ueqn ,IJ,JIH o6mnra MeTannn'IecKoii 
CTpymKn, ycTaHOBKH ,IJ,JIH paCTBOpeHHH a30TIIOii 
KIICJIOTOH, ycTaHOBKII ,Il,JIH HeupepLIBHOrO ocam,IJ,e
HIIH, «f>nnLTpa~nn n cyumn, oca,IJ,Kn ,IJ,nypaHaTa 
aMMOHIIH, Ue'IIf ,IJ,JIH BOCCTaHOBJieHHH If rn,IJ,polf>TO
pnpoBaHnH, ycTaHoBKn ,IJ,JIH pereHepa~nn umaKa, 
onncaHne KOTOpbiX, paBHO KaK n nccne,IJ,oBaHne B 
~eJIHX paapa60TKH 3TOH aunapaTyphi, IIp11BOP,HTCH 
B IIOCJie,IJ,oBaTeJILHOM IIOpH,Il,Ke. 

MHmeHepHoe upoeKTnpoBaHne ycTaHoBoK Ha
'IanocL B IIIOHe 1962 ro,IJ,a. Y CTaHOBI\11 ,IJ,OJiiHHbl 
BOHTII B CTpoii: B Mae 1964 ro,IJ,a. 

A/61 Francia 

Estudio de los procedimientos de tr:ansforma
ci6n de compuestos de uranio muy enrique
cidos - proyecto y construcci6n de una 
instalaci6n de tratamiento 

por P. Nollet y P. Sarrat 

Las instalaciones de tratamiento de uranio enri
quecido de Cadarache tieiien una doble finalidad: 
por un lado, transformar el hexafluoruro de uranio 
en metal o en 6xido y, por el otro, recuperar el 
uranio contenido en los diversos desechos que se 
originan en el curso de las operaciones de trans
formaci6n metalurgica. 
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Los autores exponen los princ1p10s · aplicados 
para proyectar dicha.s instalaciones e impartirles 
condiCiones de seguridad. La seguridad nuclear se 
basa en la geometria de los aparatos de tratamiento. 

A fin de perfeccionar los procedimientos tecno-
16gicos aplicados en dichas instalaciones, a partir 
del afto 1960 se emprendieron muchos estudios que, 
en algunos casos, han permitido hallar soluciones 
originales. 

La transformaci6n del hexafluoruro de uranio 
muy enriquecido se efectua sea por inyecci6n en 
fase gaseosa en amoniaco a bien por un procedi
miento original de reducci6n directa a tetrafluoruro 
de uranio, por acci6n del hidr6geno. 

Para recuperar el uranio contenido en los desechos 
metalicos de uranio-circonio, se recurre al ataque con 
acido clorhidrico, seguido de un tratamiento del 
cloruro de uranio con fluor, a fin de obtener e1 
uranio en forma de hexafluoruro. 

Por su parte, el uranio contenido en los desechos de 
diverso caracter se recupera mediante un procedi
miento clasico de refinaci6n basado en la tostaci6n 
de los desechos metalicos, la disoluci6n del 6xido 
obtenido en acido nitrico, la purificaci6n por extrac
ci6n mediante fosfato de tributilo, la precipitaci6n 
con ainoniaco, la calcinaci6n-reducci6n-fluoraci6n, 
la calciotermia y el tratamiento de las escorias. 

Se aplica este procedimiento en dos instalaciones 
separadas: en una se trata el uranio de enriqueci
miento inferior o igual a 3%, mientras que la otra 
se reserva para el uranio fuertemente enriquecido. 

Para poner en practica cada una de las etapas del 
procedimiento en condiciones de seguridad nuclear, 
fue preciso resolver problemas tecnol6gicas par
ticulares y proyectar dispositivos especiales, entre 
ellos: un horno de tostaci6n de virutas metaiicas, 
un aparato de disoluci6n en acido nitrico, un aparato 
continuo de precipitaci6n y un filtro secador para 
el diuranato de amonio, un horno de reducci6n
fluoraci6n y un aparato de tratamiento de escorias; 
los autores describen sucesivamente todos estos 
aparatos, asi como los estudios que precedieron 
a su construcci6n. 

Las primeras obras de ingenieria civil se iniciaron 
en junio de 1962 y la puesta en servicio de la instala
ci6n estaba prevista para mayo de 1964. 
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~eTannoKepaMM~ecKMM ypaH 

r. A. MeepcoH, r. n. Kyp6aTOB, Sl . .Q. naxoMOB, r. H. KanMHMH, 
E. B. P~6MH, r. n. 3aepea 

IIccJie)J;onaHHH MeTaJIJIOKepaMHlieomwii T8XHOJIO

ruu H3fOTOBJI8HHH ypaHOBLIX aarOTOBOK H H3)1;8JIHM 

Ilp0BO)J;HTCH B IIOCJI8)l;HHe fO)J;bl B pH,ll;8 CTpaH 

(CiliA, BeJIHKo6puTaHHH, <DpaHD;HH II ,n:p.) 1
-

7• 10• 

HeaanucuMo OT Toro, RaKHMH npeuMyiD;eCT'BaMII 

HJIH H8)J;OCTaTKaMH C IIpOH3BO,!IiCTB8HHOM TOliKH 

ap·eHHH o6Jia)J;aeT aTOT MeTo)J; cpanHuTeJIMIO c o6blli

Hoii T8XHOJIOfH8M OCHOBaHHOM Ha BOCCTaHOBHT8Jib

HOM • BbiiiJiaBKe II JIHTb8 ypaHa, IICCJI8)J;OBaHIIH M8-

TaJIJIOKepaMHli8CKOH T8XHOJIOfHH npe)J;CTaBJIHIOT 

COOOH caMOCTOHT8JibHLIH HayqHbiH HHTepec, TaR 

KaK OHH BbiHBJIHIOT pH)J; 06ID;HX tPH3HKO-XHMJiqe

CKIIX H MeTaJIJIOB8)J;liHCRHX 3aKOHOM8pHOCT8H, 

o6oraiD;aromnx Hanm aHaHHH o6 ypaHe u ero cno:ii

cTnax. 

nOJlY4EHVIE VICXO,D.HOrO nOPOWKA 
YPAHA 

B ny6JIHKan;nHx, nocnHID;eHHLIX noponmono:ii 

MeTaJIJiyprun ypana, o6paiD;aeT Ha ce6H nHHMaHHe 

npem,n:e ncero paaJIHliHLI:ii IIOJJ;XO)J; K •nM6opy THIIa 

H M8TO)J;a H3~0TOBJI8HIIH HCXO)l;HOfO IIOpOIIIKa ypa

Ha. B HeKoT.Opblx pa6oTax 1 HCIIOJibaonau nopo

IIIOK, IIOJiylieHHbiH rH,ll;pHpoBaHHeM KOMIIaKTHOfO 

JIHTOfO ypaHa C IIOCJie,n:yiOID;HM )J;erH,ll;pHponaHHeM 

nopomKoo6paanoro rH,ll;pH)J;a. TaKo:ii nopomoK co

CTOHT H3 MeJIKHX liaCTHD; HenpaBHJibHOH ~OpMbi C 

paaneTnJieHHo:ii nonepxnocnro. O,n:HaKo TaKo:ii na

puaHT Y,li;JIHHHeT ·TeXHOJIOrHIO, IIOCKOJibRY OH )J;0-

6aBJIH8T K CTaH,n:apTHOH TeXHOJIOfiiH IIp0H3BO)J;•CTBa 

JIHTOro ypaHa )J;OIIOJIHHTeJI:&Ho onepan;uu ru,n:pu

ponaHHH u )J;eru,ll;puponaHHH. I\poMe Toro, MeJIKO

aepHiflC'Tbiii: aRTH·BHbiH ;:('eru,n:puponaHHbiH IIOpOIIIO'K 

c paaneTnJieHnoii: nonep::rn:ocnro liaCTHD; o6Jia,n:aeT 

HCIIpHHTHhlM CBOHC'TBOM JICfKO OKHCJIHTbCH H B03-

ropa'TbCH Ha noa}lyxe. 

B )J;pyrux ny6JIIIKan;u.flx 2- 7 onu·caH MeTo,n: noJiy

lieHHH IIOpOIIIRa ypaHa BOCCTaHOBJICHHCM ero ,n:ny

OKH•CH KaJibll;HCM B npucyTCTBHH tPJIIOCa - XJIOpH

CTOfO KaJibD;HH. 3TOT 1CIIOC06 IIIHpOKO UCIIOJib3YCT,CH 

,U:.IIH IIOJIYlJ:CHHH IIOpOIIIKOB HCROTOpbiX TyronJiaB

KHX MeTaJIJIOB ( THTaHa, D;HpKOHHH, TOpHH II ,n:p.). 

Ilpone)J;eHue aTo~o npon;ecca ·nMme 'TOliKH nJian

JieHHH ypaHa UpHBO,U:HT K IIOJIYliCHHIO MeTaJIJIHliC

CKOfO IIOpOIIIKa, CQ.C'I\OHID;CfO H3 OIIJiaBJICHHbiX 

c<f>epiiliCCKHX liaCTHD; C rJia)J;KOH IIOBCpXHOCTbiO. 
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C ,n:pyro:ii •CTOpOHbi, H3BeCTHO, liTO ,n:o'6anKH XJIOpH

CTOfO KaJihD;IIH rrpu npone,n:eHHH npon;eoca noccTa

HOBJICHHH OKHCJIOB KaJibD;HCM Bbiiiie TCMIIepaTypbi 

IIJiaBJieHHH XJIOpHCTOfO KaJibD;HH 6JiaronpHHTCTBY

IOT o6paaonaHHIO 6oJiee KpynHI>Ix liaCTHD; nopomKa 

BOC'CTa:HaBJIHnaeMoro MeTaJIJia. Ha puc. 1 rroKaaa-

P·HC. 1. .nopo•WOK ypaHa, BOCCTaHOBne·HHbiM 6e3 ,qo6a•B·~H 
CaCiz (a) H c .qo6aaKoit CaCiz 

Hbl lia·CTHD;bi )J;nyx rrapTHii ypaHonoro nopomKa, 

BOC•CTaHOBJICHHbiX KaJibiJ;H8M H3 ,n:nyoRHCH 6ea )J;0-

6anKH XJIOpHCTOfO KaJibiJ;HH H C p;o6anKOH 6% -HOfO 

XJIOpHCTOfO KaJibD;HH B HCXO)J;HYIO IIIHXTy. 

TEPMOXVIMV14ECKVIEVICC11E,D.OBAHVIH 

B HaqaJie IWCJie)J;onaHu:ii anTOpbi nponeJIH Tep

MoXHMnqe.cKue pacqeTbi H <IKCIIepHMeHTaJibHbie 

OIIpC,li;CJICHHH B03MOii\HOH MaKCHMaJibHOH TeM

nepaTypbi, MoryiD;e:ii paannnaTI>CH n IIIHXTe aa CliCT 

Bbi)J;CJICHHH TCIIJia •peaKIJ;HH rrpH B3aHMO)J;8HCTBHH 

)J;BYOI<IICH ypaHa e KaJibD;HeM. 

TepMuqe.cKu:ii aHaJIH3 noKaaaJI, liTo 'CKaliOK TeM

nepaTypM, CBH)J;CTCJibCTBYIOID;HH 0 HaqaJie pa3BH

THH peaKIJ;HH C 3aMeTHOH CKOpOCTbiO, Ha6JIIOp;aeTCH 

rrpu paaorpene p;o 800° C. IloaToMy anTOpbi npoua

neJIH TepMOXHMllliHCKHM pameT ,U:JIH 800° C npH

MCHHT8JibHO K IIIHXTe 6ea ,n:o6aBKH XJIOpiiCTOfO 

KaJibD;HH. GTOT pa1clieT noKaaaJI, liTO npn 800° C 

no peaKu;uii UOz + 2Ca = U + 2Ca0 Bbi)J;CJIHeTCH 

45 650 IW.!t. EcJiu rrpe,n:noJIOii\HTb, liTo OTcyTcTnyeT 

IIOTepH TeiiJia BO BH8IIIHIOIO c:peJJ;y, TO yRa3aHHOe 
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KOJIJiqeCTBO TCllJia C Y'ICTOM TCllJIOCMKOCTH npo

AYKTOB peaKIJ;HH MOlliCT npHBCCTH R paaorpeBy 

illHXTbi ]J;O TC'MllepaTyphl 1330° C. 8KcnepHMCH

TaJibHO onpe,!!;CJICHbi 4JaRTH'IHC1\HC ·MaKCHMaJibHbiC 

TeMnepaTypnr, paannBarom;HeCH ·B peayJinTaTe 

peaKIJ;HH B n;eHTpe illHXTbi B 3aBHCHMOCTH OT Be

JIH'IHHbl aarpyaRH ( Ta6JI. 1). lllHxTa aarpymaJiaCb 

Ta6nHu,a 1. TeMnepaTypa, pa3BHBaiOL1.1aS1cS1 a wHxTe 

Bee 3arpy3KH, »z 

0,2 
2 
5 H Bl>lllle 

MaKeHMaJILHaR TeMnepaTypa 
B ~eHTpe lliHXThl, °C 

950 
1250 
1270-1300 

B THfJIH 113 HepmaBerom;eii CTaJIH, <lJyTepoBaHHble 

no BHyTpeHHeH llOBepXHOCTH ORHCbiO KaJib:qHH, 

o6orpeBaeMhie B aJieKTponeqrr. 

RaR 'BH,!I;Ho, aKcnepHMeHTaJII>Hhle ,!J;aH!llbie no.n;

TBepm.n;aroT TepMOXHMHqOC'KHe pac-qeTbi H n03BO

JIHIO'T ·C]J;eJiaTb BbJB•O,!I;, qTO nprr JII060H BeJIHqHHe 

3arpy3KH lWKJIIOqeHa ·Ona.CHOCTb CaMopaoorpeBa 

IDHXTbl Bhlme 1300° C. 

BJlJ;tflHJ;tE KOJlW-IECTBA !llllK>CA 
(CaCia) B WJ.1XTE HA 

rPAHY J10METPJ.14ECKJ.1VI COCTAB 
4ACTJ.1U nOPOWKA YPAHA 

KaR yme ynoMli'HaJIOCh, ,!J;OOaBKH XJIOpH'CTOro 

KaJibiJ;HH npHBO,!J;HT R yRpynrreHHro qacTHIJ; o6pa

ayrom;erocH IIOpornKa MeTaJIJia. MexaHH3M aroro 

BJIHHHHH, paHee paCCMOTpeHHhlH ]J;JIH aHaJIOfH'IHbiX 

peaRIJ;HH 8•9, 3aKJIIO'laeTCH B OCHOBHOM B CJiep;yro

m;eM. 
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PHc. 2. rpaHynoMeTpH4eCKHe cocTaBb1 nopoWKOB ypaHa 
(aec. Ofo pa3nH4Hb1X cjlpaKU,HH) B 3aBHCHMOCTH OT COAeplKa

HHSI CaCI2 IB WH•XTe {1 ,5; 3; 6; 12; ~4; 37%) 

1. PacnJianJieHHnrii: xJiopncThlii: KaJibiJ;Hii: pacTBO

pHeT qaCTb OKHCH KaJibD;HH, o6pa3yrom;eftcH B pe-

3YJib'l'aTe peaKD;RH, H TeM caMhlM '!aCTH'IHO OCJia6-
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JIHeT BJIHHHHe nnepTHOH Tyi'OIIJ!a'BROH ORliCH 

RaJibiJ;HH, paa,~J;eJIHrom;eii: '!aCTHD;hi o6paayrom;erocH 

MeTaJIJia H npenHTCTByrom;eii HX yRpynHeHIIIO. 

2. B pacnJiaBJieHHOM XJIOpHCTOM KaJibD;HH 'la

CTH'IHO paC'T'BOpHeTCH KaJibD;HH, a TaKllie II )l;By

ORHCb yparra. 

II03TOMY HaJIIIqHe pacnJiaBa UKTII'BH3HpyeT 

B3aHMO,!I;eHC'l'BHe KaJibD;IIH 'C ypaHOBbiMll COe,!J;IrHe

HHHMH, a TaKme nepenoc ypa'im qepea pacnJiaB, 

qTo TaKme 'CIIOC06CTBYHT yKpynHeHHIO CI'O '!aCTIIIJ;. 

Ha pn.c. 2 noKa3aHbi peayJinTaTbi aKcne:pHMeHTOB 

no rrayqeHHIO BJIHHHIIH KOJIHqeCTBa XJIOpHCTOfO 

KaJibD;HH B illiiXTe Ha rpaHyJIOMC'TpH'ICCRHH COCTaB 

noJiyqarom;erocH nopomKa yparra (npH 50%-HoM 

H36hrTKe KaJibD;HH npOTli'B TeopeTH'l8CKH Heo6xo

,!I;HM01'0). Ra·K BHfl:HO, H3MeHeHHeM KoJirrqecTBa 

XJIOpnlCTOfO KaJibiJ;HH M·OlliHO Be•CbMa rrr6KO BJIHHTb 

Ha rpaHyJIO:MHTprrqHCKHH COCTaB ypaHOBOfO llO

pornKa. HanprrMep, H3 IIIIIXThi, •C.O,!I;epmam;eii 1,5-

3% XJIOpHCTOfO KaJibD;H.fl, llOJiy'laiOTCH llOpOIDRH 

yparra, B ROT·OpbiX npaKTH'leCKH OTCy'l\C'TByiOT KaK 

M•eJIK03epHHCTaH illJiaMOBaH <f>paK!!HH (·C pa3Mepa

MH qaCTHD; MelllbiDe 0,005-0,010 .~), TaR H 

KpyiiHhie .KOpOJihKH pa3MepaMH 6oJinme 0,15-

0,2 MM. TaMe nopornKH, cocroHm;He H3 THmeJihiX 

fJia}J;KHX c<f>Hpii'leCKHX lJaCTHIJ; MC'TaJIJia, JICfKO OT

)J;eJIHIO'TCH OT rro60lJHbiX llpO)J;YKTOB pea.KIJ;HH 

( OKII'Cb KaJibiJ;HH, XJIOpHCTblll 1\aJihD;HH H H36hiTOK 

KaJihiJ;HH) o6paOO'TKOH BO,!I;OH II pa30aBJieHHOH 

a30THOH .KUCJIOT•OH {KOT·OpaH, .KaK H3HeCTHO, BeCh

Ma MC',!I;JIOOHO paCTBOpHeT ypaH). 

IlpaBHJibHaH tPOpMa 'laCTUD; MeTaJIJia H pa3HO

o6pa3HhlH .rra6op 'la•cTHD; no BeJiuqurre 6Jiaro

npiDITCTBYIOT BeCbMa IIJIOTHOH y.KJia)J;Ke. 0THOCII

TeJibHaH nJIO'l1HOC~b ,!I;OC·THfaeT OKOJIO 60% npH 

CB0'60,!I;HOH HaCbiiiKe. 'Y T.pHCRa OTHOCUTeJibHO MaJIO 

ynJIOTHHeT nopornoR ( Ta6JI. 2). 

Ta6nHU,a 2. HacbmHoi1 aec nopowKoa ypaHa 

I\OJIHqeCTBO 
CaCI1 B mHxTe, % 0 1,5 3 6 12 24 37 

HacLinnoii Bee 9,9 11,5 10,9 11,0 12,0 12,7 13,7 
6e3 yTpacKH 

HacLirrnoii: Bee 10,7 11,8 11,9 12,0 12,3 13,2 14,1 
c YTPIICROH 

B aasnciiMOCTH oT y.n;eJibHOii: TIOBepxHOCTH no

pomRa H YCJIOBUH ero o6pa6.oTRH 3a C'leT TOHROH 

ORIOOHOH nJieHRH, noRpbiBarom;eft 'la:C'THIJ;bl MeTaJI

Jia, CO,!!;epiRa'HHe npHMeCH RHICJIOpo.n;a B HeM CO

CTaBJIHeT 0,2-0,3% (rrJIH OKOJI•O 1% UOz). ToJI

m;nrra OKHCHbiX nJieHOR B 3aBHCUMOICTH O'T CTeiTe!Hll 

ORHCJieHHOCTH UOpOrnRa COCTaBJIHeT 0,0025-

0,005 MM. 'YMeHnilleHHe TOJIIIJ;HHhl ORHCHhlX nJie

HOR ,!I;OCTHraeTCH yRa3aHHOH Bhlille o6pa6oTROH 

nopornRa pa36aBJieHHOH a30THOH RHICJIOTOH. 

rOPfl4EE nPECCOBAHJ;tE 

BMcORHii: rracnmrroii: Bee nopomKa C03)1;ae'!' B03-

MOllmOCTH ero 6DicTporo ymwTHeHH.fl npH rop.fi'IHM 
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PHc. 3. TpaaneHbiH MHKpoWnH!p ropJ~I.IenpeccoaaH
Horo o6pa34a (X200) 

r. A. MEEPCOH et al. 

PHC. 4. fpaHHI.Ibl Me>KAY 'laCTHI.IaMH B ropJ~'Ienpec
COBaHHOM Meranne nOA 3neKTpoHHbiM MHKpOCKOnOM 

(XSOOO) 

PHc. 5. MHKpownH!p ropJ~'IenpeccoaaHHoro o6pa34a nocne 4HK
nH'IecKoH repMoo6pa6orKHi He rpaaneH (XSOO) 

PHC. 6. ropH'IenpeccoBaHHbiH o6pa3e4, OTO>K>KeHHbiH npH 950°C; 
He rpaaneH (X 200) 
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rrpe•CCOBaHHH H II03BOJIHeT ocy~e<CTBJIHT:b 3TOT 
rrporr;ecc B OTRphiThiX CTaJILHhiX rrpecc-qJOpMax rrpn 
rrpe,n;napnTeJILHOM CMR'IHBaHnn noponma 6enan
HOM HJIH yaiiT__,CIIHpHTOM •C rr;eJIJ.IO BhfTeCHeHHH 
noa,n;yxa na rrop Mem]l;y '!a·cTnrr;aMn .rroporrma n 
nporr;ecce rro,n;orpena npn ropH'IeM rrpecconannn. 

XnMn'!e•cRne anaJIH3hl rroRaaaJin, 'ITO rr.pnMeCL 
yrJiepo,n;a B o6paarr;ax, rro,n;neprnynix rop.I:PieMy 
rrpecconannro, ne .rrpenhlmaeT 0,04-0,06%, ICJie]);o
naTeJIJ.HO, HCIIOJih30BaHne yRaaaHHhiX iRH)J;RHX 
yrJieBO,!I;OpO)J;OB )J;JIH CMa'!HBaHHH IIOpOIDRa BIIOJIHe 
)J;OIIYCTHMO. llpu p;aBJieHHH OROJIO 5 T/CM2 rrpn 
500° C yp;aeTCH rrpaRTH'IeCRH rroJIHocnro yrrJioT
HHTL MaTepnaJI )J;O 6ecrropHCTOrO COCTOHHHH. 

Ha puc. 3 rroRaaaH MHHpomJiu<J> cTpyRTyphl ro
pH'!errpecconannoii ypaHonoi'I aaroTOBRH. Bu,n;na 
6ecrropnCTaH CTpy;RTypa tC IIJI•OTHO rrpnJieraiO~HMH 
p;pyr H ,n;pyry '!acrnrr;aMu ncxo,n;Horo nopomRa, 
Ram,n;aH H3 ROTOp:biX COC'l'OHT H3 MHOrHX RpHCTaJI
JIIITOB. Ha puc. 4 rroRaaan aJieRTponorpa<J>u'!ecRnii 
CHIIMOR HeTpaBJieHOI10 illJIH<J>a rOpH'Ieiipe.OCOBaHHO
ro o6paau;a Ha y'laCTRe Mem'!a•cTH'!Hoii rpaHHII;LI. 

fopH'!errpe·cconaHHhle o6paan;hl, o6Jiap;aro~ue 
RnaauuaoTorrHoii MeJI'ROHpncTaJIJIII'IOORoii ICTPYKTy
poii, npaKTII'!eCKII He II3MeHHIOT paaMepoB H <J>op
Mhl B peayJIJ.TaTe IJ;IIRJIII'!eCKOro H3MeHeHH.II TeM
rrepaTyp B a-o6JiaC'TH. llOCJie 1000 II;HKJIOB H3Me
HeHHH TeMrrepaTyphl B ;npe,n;eJiax 20-500° C 
p;naMeTp o6paau;a ynoeJIH'IIIJICH na 0,4%, a BhiCoTa 
yMeHJ.muJia.cJ. na 0,25%. MuRpocT.pyRTypa o6paa
rr;a, no,n;nepranmerocH rr;nKJIH'IOCRoii TepMoo6pa-
6oTRe, no'J\aaaHa na puc. 5. Y CTOH'IHBOCTJ. <J>opMO
paaMepon ropH'IerrpecconaHHhlx o6paau;on rrop;
TBepm,n;aeTCH TaKiRe H pa,i];:UaiJ;IIOHH:biMH HCIIhiTa
HIIHM:U. 

0]l;HaRo ¢uauRo-MexaHn'!ecRne cnoiicT·na ropH
'!enpecconaHHLIX aaDOTOBOR (Ta6JI. 3), CBH3aH!H:ble 
c HaJIH'IHeM B nx cTpyKType ceTKH oKneHhlx rrJie
HOR, He,D;OCTaTO'IH:bl ]l;JIH IIpOTIIB.O,IJ;eHCTBHH 60JI:b
illHM TepMH'I·eCKHM HaiipHiReHHHM, ROTOpLie MOryT 
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Ta6nHL\a 3. HeKoTopble caoi1cTBa ropll4enpeccoaaHHbiX 
3arOTOBOK 

Y,JJ.CJihHLiii sec, e,'cM3 

18,7-18,9 

TermorrpoBOJl:HOCTh ').., 
1w.ajc.u. ce,;,. oc 

500 
550 
600 
640 

80 

5 

Toep/IOCTh 
H B• ><ejc.M2 

250-260 

,D,o 150° C 
0,065 

IIpoqHoCTh 
npn paCTIIlHC· 

HIIII OB• 
><e/.M.M' 

,D,o 40 

300° c 
0,07 

CreneHh o6>HaTnii, % 

89 ~~ '7 

8 10 
7 8,3 
6 7,2 
5,8 6,8 

0THOCII· 
TCJihHOC 
YIIJI11HC· 

HIIC &, % 

,D,o 0,15 

500° c 
0,077 

95,8 

13,3 
11,8 
10,5 
10,3 

IIHOr,D;a pa3BHBR'TJ.oCH B ypaHOBhiX H3,D;eJIHHX IIpH 
nx 3KCIIJiyaTarr;nn_. IIccJie,n;onaH:bl ,a;na rryTn o6pa-
6oTKII ropH'IerrpecconaHHLIX aaroTonoK c rr;eJihiO 
paapymeHHH CIIJlOillHOCTH 01\IICH:biX IIJieHOK: Tep
MH'!eCROH o6pa60TROH H o6pa6oTROH p;anJieHIIeM 
(Bhi,D;aBJIHBaHHeM) B CO'IeTaHIIH C TepMn'leCKOH 
o6pa6oTRoii. 

TEPM~4ECKAH 05PA50TKA 
liayqaJIOC:b BJIHHHHe OTiRHra B -y-<J>aae, a TaRme 

aaRaJIKH II3 v- JI ~-<J>aaJ.I. Ha pHtC. 6 IIORaaaH 
HeTpanJie.Hhiii mJiu<J> ropH'!errpe·ccona.nnoro o6paa
u;a, OTOiR/1\ennoro npn 950° C. Bn,n;no, 'ITO n pe
ayJILTaTe OTiRIIra CIIJIOIDHaH ICeTKa ORHCHbiX IIpO
CJIOeK paapymnJiaeb n rrpenpaTnJiaCJ. B oT,n;eJIJ.Hhle 
TO'!e'!HJ.Ie ·BKJIIO'IeHII.II ORHCJIOB. 3-fo HBJieHHe 
MOiRHO o6'J.HCHHT:b MHrpan;neii H RoaryJIHII;Heii 
OKHtCHhiX BKJIIO'!eHHH HCJie]l;CTBHe TIOBhlilleHHOH 

Ta6nHL\a 5. Cao.lfcraa MeTannoKepaMH4eCKoro ypaHa a 3aBHCH·MOCTH OT ycnoaHi1 TepMoMexaHH4ecKoi1 o6pa6oTKH 

PacTH>HeHne 

YcJIOBHII oOpa6oTim 
&, % &, % 

fopaqee npeccoBaHHC , 20-40 0,15 53-64 0 
fopaqce npeCCOBaHHC -j- 50 38 2-3,5 

-j- j-OTlRilT -j- ~-3al\li.JI· 
Ha 

fopllqee npeCCOBaHHC -j- 75-85 36,5-38 15-20 86-86,5 460-545 
-j- j·OTlRHI' -j- ct·Bhl)l;aB-
JIHBaHHC -j- ~-3aRaJIRa 

fopaqee npeccoBaHHC -j- 75-85 10-15 
-j- ct·Bhl)l;aBJIHBaHHC -j-
+ ~-3aRamta 

fopaqee npCCCOBaHHC -j- 78-85 46-52 8,6-13 85,4-86,6 640-670 
-j-ct-BMJJ;aBJIHBaHHC -j-
-j- j·OTlRHI' -j- ~-3aRaJI· 
Ra 
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paCTBOpiiMOCTH RIICJIO})O~a B y-y.paHe II ero ~II<fJ
<flyaiieH rrpii 950° C. 

3aRaJIRa IIOCJie OTmiira II3 y- IIJIH ~-<fla3LI, 
a TaRme II •C IIOCJie~yiOID;HM OTmiii'OM B a-<flaae B 

~OIIOJIHeHIIe R pa3phiBY 'CIIJIOillHOCTII ORIICHhiX IIJie

HOR IIpiiBO~HT R o6pa30BaHIIIO MeJIR03epHIICTOH 

RBa31III30Tporrnoil: cTpyRTYPhi (puc. 7). 

P11c. 7. TpaaneHbiH· wn•11!fl rop,.'lenpeccoa&H•HOro ypaHa, 
OTO>K>KeHHOro np11 900-950° C, 3aKa•neHHO•rO np11 75Q-

7900C 11 OTO>K>KeHHOrO np11 600°C (X200) 

113 Ta6JI. 5 BII~HO, 'ITO orommeHHhiH II 3aRaJieH

HhiH MeTaJIJI o6Jia~aeT ooJiee BhicoRoii rrpo'IHOCThiO 

li IIJiaCTII'IHOCThiO ( <Jn '""' 50 K?-/.MJrt2 II {) ~0 3,5%) 
ITO CpaBHeHliiO C IICXOI(HhiMli rOpH'IerrpeCCOBaHHhi

Mli aarOTOBRtUIII. 

05PA50TKA ~ABnEH~EM 
(Bbi~ABn~BAH~E) C nocnE~YtOLUEV1 

TEPM005PA50TKOV1 

11crroJih30Banlie ropH'IerrpeccoBaHHhiX MeTaJIJIO

RepaMIIlJeCRIIX aarOTOBOR ~JIH BLI~aBJIIIBaHIIH H3 

HIIX npyTROB C IIOCJie~yrom;eil: TepM006pa60TROH 

IIpiiBO~IIT R ~Q.CTHmeHIIIO BhiCORHX MeXaHHlJOCRIIX 

CBOHCTB MeTaJIJia. 06pa60TRa ~aBJieHIIeM, pa3py

maH CIIJIOillHhie Mem'IaCTHtfHLie ORHCHhie TIJieHRH 

H npeBpam;aH IIX B MeJIRHe II30JIIIpOBaHHhle BRJIIO

'IeHIIH, HBJIHeTCH 6oJiee a<fJ<fleRTIIBHOH, 'leM OIIli

CaHHaH Bhiille O~Ha TepMIIlJeCRaH o6pa60TRa. 

fl pe~me-CTBYIOID;HH OTmiir B y-<flaae, ROTOpLIH, 

RaR yRa3aHO Bhiille, paapymaeT CITJIOillHOCTh ORIIC

HhiX TIJieHOR, 06Jier'laeT ~eHoCTBIIe o6paOOTRII ~aB
JII:miieM B BanpaBJieHIIII IIOBhiilleHIIH MeXaHlllJe

CRIIX CBOHCTB MeTaJIJI.,a, <RaR ITORa3aHO Ha p1IC. 8. 
B pe3yJihTaTe BLI~aBJIIIBaHHH npyTRa na ropH'Ie

rrpeccoBaHnoil: aaroTOBRII, npe~BapnTeJihHO oTom

mennoil: B y-o6JiaCTH, yme rrocJie 70% -Horo o6-

maTIIH C IIOCJie~yrom;eil: TepMOOOpa60TROH ll;OCTII

raeTCH IIpOtJHOCTh OROJIO 75 ne/MM2 rrpn y~JIIIHeHIIII 
10-12%. B TO me BpeMH BLI)l;aBJIHBaHIIe npii Tex 

me YCJIOBIIHX H3 aarOTOBRH, He IIO~BepraBmeHCH 
.npe~BapnTeJihHOMY y-<OTmiiry, npiiBO)l;HT R noBLI

meHIIIO rrpo'IHOCTH JIHillh ~o 45-50 ne/MM2. O~na
Ro ITOBhlillHHHe CTeTieHII o6maTHH IIpii BLI)l;aBJIH

BaHIIH )l;O 95% IIpiiBO)l;HT 'R ~OCTIImeHIIIO O)l;IIHa

ROBhiX MaRCHMaJihHhiX CBOHCTB ( <JB = 80 Ke/MM2 H 

6 = 15%) RaR c npe~BapiiTeJibHI>IM y-oTmnroM, 

r. A. MEEPCOH et al. 

TaR H 6e3 Hero, 'ITO o6'hHCHHeTCH aifHI>eRTHBHLIM 

paapymeHIIHM II II3MeJihlJeHHeM ORII'CHhiX 'BRJIIO'Ie

HHH rrpn BLicoKoii cTerrenn o6maTIIH. 

B Bh~aBJIHHHhiX o6paa11ax peHTreHOBCKIIe H·C

cJiell;oBaHHH IIORa3hiBaiOT TeRCTypy C OChiO (010), 
rrapaJIJieJihHOH narrpaBJiennro BLI)l;a'BJIHBaHHH. Ha

rpeB B ~--00Jia•CTH (700° C) JIHRBII~IIpyeT TeKCTypy. 

3aRaJIKa H3 ~-OOJiaCTH npHBO)l;IIT K MeJIK03epHH

CTOH RBaannaoTporrnoii cTpyRType, a IIHKJIHlJecRaH 

Tep.Moo6pa6oTRa rrpii 20-500° C TaKnx aaRaJieH

HLIX o6pa3IIOB He IIpHBO~.HT K H3MeHeHHHM 4topMhl 

n paaMepoB, TaK me KaR II ~JIH ropH'IerrpeccoBaH

HhiX o6pa3IIOB. 

B TaoJI. 4 noKa3aHhi neJilllJHHbi ~aBJieHHH Bbi

~a·BJIHBaHHH 1Ip1I 3RCTpy~npoBaHHH IIpyTROB H3 

ropH'IerrpeccoBaHHbiX aaroTOBOR rrj>II paaJIIIlJHbiX 

TeMnepaTypax II crerrenHx o6maTIIH. B Ta6JI. 5 
IIOKa3aHbl CBOHCTBa Bbi~aBJieHHhiX H TepMoo6pa6o

TaHHLIX o6pa3IIOB. B peayJinTaTe co'IeTaHHH onpe

I(eJieHHhiX ycJioBnii Bhi)l;aBJIHBaHHH n TepMoo6pa-

6oTKH )l;OCTHraiOTCH BLICORHe IIpO'IHOCTHhie H TIJiaC

THlfeCRHe CBOHCTBa IIpii RBa3HH30TpOIIHOH II MeJIK0-

3epHliCTOH CTPYRType, o6ycJIOBJIHBarom;e:ii CTa61IJih

HOCTb B OTHOilleHIIH TepMII'IeCRHX IIHRJIOB H )l;eii-

40r-----~-----+------~----+-----~ 

60 60 70 80 90 E:'% 100 
I' 

P11c. 8. 3aai1CI1MOCTb npeAena npo4HOCTI1 np11 pac
u>KeHI111 BbiAaaneHHoro MeTannoKepaMI1'1eCKoro 
ypaHa OT cTeneH11 o6>KaTI1" (e) 11 ycnoa11H TepM11'1e-

CKOH o6pa60TKI1: 

J- y-OTlRJH, 'U-BhlA3BJIHB3HHe, I~-33K3JIKa; 
2 - a-BhiA3BJIHB3HHe, ifl-33K3JIK3 

CTBIIH o6JiylfeHHH. Hpo'IHOCTb )l;OCTHraeT <JB = 80-
85 ne/MM2, yp;JIIIHeHIIe 6 = 15-20%, yroJI npll 

Rpy'leHHH ~0 640-670°, 



SESSION 2.1 . P/336 

MeTO;:J; nopomKoBoii MeTaJIJiyprn:H II03BOJIHeT 
TaKme Bll)l;OH3MeHHTh 'CBOH'CTBa ,MeTaJIJia IIyTeM 
yBeJIH'leHHH KOJIH'leCTBa )l;HCIIepCHOHHO pacrrpep;e
JieHHhiX B HeM yrrpO'IHHIO~llX OKHCHDIX BKJIIO'le
HHH, a TaKme nyTeM BBep;eHHH JII06Dix Jiern:pyro
~Hx p;o6aBOK B liCXOf];HhlH IIOpOillOK. 
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ABSTRACT -R.ESUME-AHHOTAUIII.fi-R.ESUMEN 

Uranium prepared 
techniques 

By G. A. Meerson et al. 

A/336 USSR 

by powder metallurgy 

The preparation of uranium by powder metallurgy 
techniques, and its thermomechanical treatment, 
have been under study for many years in a number 
of countries. 

The powder metallurgy method makes it possible, 
by controlling the particle size of the starting powder, 
to influence both the grain size of the metal in solid 
bodies made of uranium and the number of oxide 
inclusions and the way in which they are distributed 
through the metal. The inclusions are introduced 
into the structure of the solid metal from oxide films 
formed on the starting-powder particles. 

The network of oxide films pervading the structure 
of dense sintered or hot-pressed billets reduces their 
ductility and strength. Study of this point was one of 
the aims of the work described in this paper, which 
gives the results of experiments carried out on metal 
obtained by hot-pressing uranium powder. 

Billets produced by hot pressing in stainless steel 
dies are practically non-porous. Its high stability 
under cyclic temperature changes results from the 
fine-grained quasi-isotropic structure of the hot
pressed metal. 

Variation of the conditions of thermomechanical 
treatment of hot-pressed billets causes a change in 
their structure, eliminates the embrittling effect of the 
oxide inclusions and enables the properties of the 
solid metal to be varied over a wide range. 

Tables and figures presented in the paper show the 
effect of the amount of flux (CaCl2) in the charge 
(002 + Ca) on the uranium-powder particle-size 
distribution, as well as on the shape of the particles, 
on the structure of the metal, on the way in which 

the oxide inclusions are distributed, and, finally, 
on the mechanical properties of uranium prepared by 
powder metallurgy techniques as a function of thermo
mechanical treatment conditions. 

A/336 URSS 

Preparation d'uranium par metallurgie des 
poudres 

par G. A. Meerson et al. 

Les recherches sur l'uranium fritte et son traite
ment thermomecanique se poursuivent depuis de 
nombreuses annees dans differents pays. 

Dans la methode de la metallurgie des poudres on 
peut, en reglant la dimension des particules de la 
poudre de depart, agir sur la grosseur des grains dans 
les pieces fabriquees en uranium de meme que sur la 
quantite et le caractere de la distribution des inclu
sions d'oxydes introduites dans la structure metallique 
compacte sons la forme de films d'oxydes revetant les 
particules de la poudre initiale. 

Le reseau de films d'oxydes integre a la structure 
.des pieces compactes frittees ou pressees a chaud 
-diminue leur plasticite et leur solidite. Ce probleme 
constitue l'un des objets des travaux decrits dans le 
memoire. Les auteurs donnent les resultats d'etudes 
sur le metal obtenu par pressage a chaud de poudre 
d'uranium. 

Le pressage a chaud de la poudre dans des matrices 
en acier inoxydable donne des billettes pratiquement 
non poreuses. La structure a grains fins quasi
isotrope du metal presse a chaud lui assure une bonne 
tenue aux variations cycliques de temperature. 

La variation des conditions du traitement thermo
mecanique des billettes pressees a chaud produit une 
modification de leur structure, elimine !'influence 
fragilisante des inclusions de films d'oxydes et permet 
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de modifier dans de larges limites les proprietes du 
metal compact. 

Les tableaux et les figures du memoire montrent 
!'influence de Ia quantite de fondant (CaCI2) dans Ia 
charge initiale (U02 + Ca) sur Ia composition granu
Iometrique de Ia poudre d'uranium reduit, Ia forme 
des particules de poudre, Ia structure du metal, Ia 
distribution des in~usions d'oxyde et les proprietes 
de l'uranium fritte en fonction des conditions du 
traitement thermomecanique. 

El uranio metaloceramico 

por G. A. Meerson et a/. 

A/336 URSS 

Se han realizado investigaciones sobre el uranio 
metalocenimico y su elaboracion termomecfmica. 
durante muchos aiios, en diver~os paises. 

El metodo de la metalurgia de polvos, mediante 
el control de las dimensiones de las particulas del 
polvo de partida, permite inftuir, tanto en el tamaiio 
de grano de las piezas de uranio, como en Ia cantidad 
y en la naturaleza de Ia dispersion de las inclusiones 
de oxidos, introducidas en Ia estructura del metal 
compacto por las peliculas de oxido de Ia particulas 
del polvo de partida. 

r. A. MEEPCOH et al. 

La red de peliculas de 6xido que atraviesa Ia 
estructura de los materiales sinterizados reduce su 
plasticidad y su resistencia. El estudio de este pro
blema constituye uno de los temas del presente 
trabajo. En Ia memoria se describen las investiga
ciones sobre el metal obtenido a partir del material 
preparado por presion en caliente del polvo de 
uranio. 

Por prensado del polvo en caliente, en moldes de 
acero, se obtienen materiales pnicticamente sin 
poros. La estructura de grano fino, casi isotropa, del 
metal prensado en caliente, le proporciona su gran 
estabilidad frente a las variaciones dclicas de Ia 
temperatura. 

La variacion de las condiciones de elaboracion 
termomecanica de los materiales obtenidos por 
prensado en caliente produce Ia variacion de su estruc
tura, elimina Ia tendencia a la fragilidad que producen 
las peliculas de oxido y permite variar las propiedades 
del metal compacto dentro de amplios limites. 

La tablas y las figuras de Ia memoria muestran 
Ia inftuencia de Ia cantidad de fundente (CaCI2) 

de la carga inicial (U02 + Ca) sobre Ia composicion 
granulometrica del polvo de uranio reducido, Ia 
forma de las particulas del polvo, Ia estructura del 
metal, Ia dispersion de las inclusiones de oxido y 
las propiedades del uranio metaloceramico en funcion 
de las condiciones de elaboracion termomecanica. 
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Diffusion bonding of uranium and magnesium by means of 
intermediate layers 

By V. Kraus* 

The immiscibility of uranium and magnesium in 
the solid state excludes the possibility of their direct 
diffusion bonding. Joints of uranium and magnesium 
of a certain strength obviously could be obtained 
by means of the pressure welding technique; however, 
a large amount oflocal deformation would result which 
is not always permissible for practical applications. 

The research carried out was aimed mainly at 
verifying the possibility of diffusion welding of 
uranium and magnesium by means of thin inter
mediate layers of a third metal. The shear strength 
of the welds was tested at room temperature and 
temperatures around 500 °C and the stability of the 
welds in the course of prolonged annealing at these 
temperatures was examined. 

MATERIALS AND EXPERIMENTAL PROCEDURE 

The selection of metals for use as intermediate 
layers, was restricted by two fundamental require
ments: 

(a) A relatively low absorption cross section for 
thermal neutrons; 

(b) Metallurgical affinity to uranium and magne
sium, which would permit the assumption of inter
diffusion. 

The following metals were thus selected for the 
intermediate layer: aluminium, copper, nickel and 
zirconium. 

All materials used were of high purity grade 
(>99.85%). Uranium and magnesium were in the 
form of cylinders, 6 mm in diameter and 2 to 8 mm 
high; aluminium and zirconium intermediate layers 
were formed from metal foils; copper and nickel 
layers were obtained by electroplating the uranium. 
The thickness of the copper, nickel and zirconium 
intermediate layers was about 15 fl., and the aluminium 
intermediate layers 8 and 42 fl. thick. The adhesion 
of electroplated copper and nickel layers to the 
uranium cylinders was enhanced by short-time 
vacuum annealing (about l h) at 600 °C. 

Weld surfaces were mechanically polished, the 
last operation being fine grinding with abrasive 
paper. Samples were then degreased in absolute 
ethyl alcohol. 

The assemblies, uranium-intermediate layer-magne
sium, were pressed in special containers under a 
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specific load of 1 000 kgfcm2 (in this operation, the 
height of magnesium cylinder was reduced by about 
5%); this initial pressure was fixed in the containers 
by means of a threaded sleeve. 

Diffusion welding of the samples in the containers 
was carried out in a tube furnace at temperatures 
of 400 to 600 °C (according to the type of inter
mediate layer) usually for a time of 2 h, in vacuum 
or in a stream of argon. The temperature was con
trolled to within ± 5 °C. 

After diffusion welding, part of the samples were 
subjected to prolonged heating. The uranium
intermediate layer-magnesium weldments were sealed 
in steel tubes filled with technical argon, and these 
tubes were then annealed in a chamber furnace 
for 810 h at 500 °C. 

Heat treatment of the samples was followed by 
measurement of the shear strength of the bond and 
metallographic observation of the weld zone. 

The shear strength was measured by means of 
a special arrangement (Fig. 1) on a tensile test machi!le 
of 0.5 ton maximum load. The magnesium cylinder 
was ·clamped in the measuring arrangement and the 
free uranium cylinder was radially loaded by a 
movable jaw, whose edge was placed against the 
weld boundary. The strength of some of the samples 
was measured at 500 °C; a divided heating furnace 
with protective atmosphere was used for this purpose, 
the clamping arrangement with samples and thermo
couple being inserted into this furnace. 

Measurements were repeated, usually three to 
five times, for constant diffusion annealing para
meters. The strength values given are the arithmetic 
mean of all measurements carried out under the 
same conditions. The mean scatter of the values 
observed was relatively high, generally in the range 
of 20-30%. 

RESULTS OF EXPERIMENTS 
Uranium-aluminium-magnesium bonds 

Even during initial sorting experiments, substantial 
differences were observed in the results, depending 
on the thickness of the aluminium foil used. Shear 
strength tests of the welds were therefore carried out 
for two thicknesses of the foil, 8 and 42 fl.· 

Results of cold strength measurements of welds 
after 2 h of diffusion annealing and after prolonged 
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Figure 1. Apparatus for diffusion bond shear strength measure
ments 

annealing for 8)0 h at 500 °C are given in Table 1, 
and strength values at 500 °C after the same heat 
treatment are given in Table 2. The results indicate 
that thin aluminium intermediate layers (8 fl.) form 
more stable welds of uranium with magnesium than 
do the thick layers. The reason for this was found 
by microscopic investigation. 

On diffusion at temperatures above 410 °C, growth 
of the layer of uranium-aluminium intermetallic 
compounds is very rapid. The reaction of a thin 
aluminium layer with uranium predominates over 
its interaction with magnesium. The appearance of 
the weld zone after two or more hours of diffusion 
annealing at temperatures above and below the 
eutectic point of the aluminium-magnesium system 
(437 °C) is the same (Fig. 2), and does not vary 
even in the course of prolonged annealing at 500 °C. 

Table 1. Cold shear strength of uranium-aluminium
magnesium bonds after diffusion welding for 2 h and 

prolonged annealing for 810 h at 500 oc 
Aluminium Temperature Shear strength (kg/em') 
inter layer of 
thickness diffusion After After 

(!L) welding welding prolonged 
("C) annealing 

8 410 314 
465 461 483 

42 410 127 122 
465 675 544 
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Table 2. Shear strength ot uranium-aluminium-magne
sium bonds at 500 oc after diffusion welding for 2 h 

and prolonged annealing for 810 hat 500 oc 
Aluminium 
intl!rlayer 
thickness 

(!L) 

8 

Temperature 
of 

diffusion 
welding 

(•C) 

415 
465 
495 

465 
495 

Shear strength (kg/em') 

After 
welding 

54 
55 
61 

After 
prolongt;d 
annealing 

72 
70 

42 ~ 30% of samples lost cohesion during heating 
up to the test temperature 

The single component of the diffusion zone is in this 
case a layer of stable intermetallic compounds of 
uranium and aluminium. The cohesion of this layer 
with uranium is greater then with magnesium; in 
strength tests, rupture always took place near the 
boundary of the layer with magnesium. 

Aluminium intermediate layers of greater thick
ness ( 42 (.1.) contain larger amounts of free aluminium: 
by· sub-eutectic welding (i.e., below 437 °C), layers 
of solid solutions and intermetallic phases are formed 
and at welding temperatures above 437 °C a layer 
of a eutectic alloy is formed at. the ·aluminium
magnesium interface in addition to a layer of uranium
aluminium intermetallic compounds. The strength 
of the weld is in these cases given mainly by the 
properties of the aluminium-magnesium phases: the 
strength of the eutectic alloy is far greater than that 
of layers formed by sub-eutectic treatment. At 
temperatures above 437 °C the strength of the bond 
is of course minimal, due to the presence of a liquid 
phase. On prolonged heating around 500 °C, the 
aluminium portion, which has not reacted with the 
uranium, passes gradually into a solid solution with 
magnesium. It is interesting, that this process does 
not essentially influence the shear strength of the 
welds, as shown in Table 1. 

Uranium-copper-magnesium and uranium-nickel
magnesium bonds 

Results of experiments with copper and nickel 
intermediate layers are similar; shear strength values 
under differing conditions of diffusion treatment and 
measuring conditions are given in Tables 3-6. 

The results show that shear strength increases 
with the temperature of diffusion annealing, especially 
when welding is carried out under the eutectic point 
of the CuMg2-Mg or Mg2Ni-Mg systems (485 or 
507 oq. At sub-eutectic diffusion welding tem
peratures, interaction of the intermediate layer with 
magnesium prevails-the rate of the diffusion reaction 
of copper and nickel with magnesium is evidently 
substantially greater than with uranium. With diffu
sion treatment at super-eutectic temperatures, the 
region around the boundary of the intermediate 
layer with magnesium melts, and then solidifies as 
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Figure 2. Diffusion bond between uranium and magnesium formed 
by an Sp. thick aluminium intermediate layer after annealing for 

1 h at 435 oc (unetched, x 380) 

Table 3. Cold shear strength of uranium-copper
magnesium and uranium-nickel-magnesium bonds after 

diffusion welding for 2 h 

Temperature of 
diffusion 
welding 

(OC) 

440 
450 
460 
475 
490 
515 
530 
570 

Shear strength (kgfem') 

U-Cu-Mg 
bonds 

130 
169 
178 
204 
298 
40o 
385 

U-Ni-Mg 
bonds 

173 
276 
286 

397 

Table 4. Cold shear strength of uranium-copper
magnesium and uranium-nickel-magnesium bonds after 
diffusion welding for 2 h and prolonged annealing for 

Temperature of 
diffusion 
welding 

(OC) 

470 
535 

810 hat 500 oc 
Shear strength (kg/em') 

U-Cu-Mg 
bonds 

608 
552 

U-Ni-Mg 
bonds 

571 
606 

Table 5. Shear strength of uranium-cof'per-magnesium 
bonds at 500 oc after diffusion welding for 2 h and 

prolonged annealing for 810 h at 500 oc 
Temperature of 

diffusion 
welding 

(OC) 

455 

530 

530 

Shear strength (kg/em') 

After welding 

All samples lost co
hesion during heat
ing up to the test 
temperature 

Half of samples lost 
cohesion during 
heating up to the 
test temperature 

After prolonged 
annealing 

27 

Figure 3. Diffusion bond uranium-zirconium-magnesium after 
annealing for 4 h at 550 oc (unetched, x 460) 

Table 6. Shear strength of uranium-nickel-magnesium 
bonds at 500 oc after diffusion welding for 2 h and 

prolonged annealing for 810 hat 500 oc 
Temperature of 

diffusion 
welding 

(OC) 

475 
530 

530 

Shear strength (kgfmm') 

After welding 

25 
61 

After prolonged 
annealing 

74 

a eutectic alloy forms. On prolonged heating to 
around 500 °C the behaviour of both intermediate 
layers differs according to the temperature of the 
eutectic point. The uranium-copper-magnesium joint 
is already above the CuMg2-Mg eutectic point 
at 500 °C. Since copper (and nickel) does not form 
solid solutions with magnesium, the volume of the 
eutectic alloy does not decrease in the course of 
annealing as in the case of aluminium layers. The 
eutectic alloy, however, penetrates rapidly into the 
magnesium along grain boundaries. During this 
process, the thickness of the eutectic alloy layer 
decreases at some points of the weld boundary to 
a minimum, and at these points magnesium adheres 
directly to a thin UCu5 layer. This may explain 
the fact which is evident in Table 5, that during 
prolonged annealing the uranium-copper-magnesium 
joints attain some hot strength. In the case of uranium
nickel-magnesium joints, eutectic Mg2Ni lamellae 
coagulate during the course of annealing at 500 °C 
into smaller or larger rounded particles, which, 
however, penetrate into the magnesium far deeper 
than the original thickness of the eutectic alloy 
layer. When the temperature of 507 °C is exceeded, 
penetration of the molten eutectic alloy into magne
sium may be expected, as in the case of the copper 
interlayer. 

Uranium-zirconium-magnesium bonds 

Since phase transformations only take place in 
the uranium-zirconium and magnesium-zirconium 
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systems at temperatures above 600 °C, and inter
diffusion of these metals is relatively slow, it was 
possible to study the treatment of uranium-zirco
nium-magnesium welds over a wider range of tem
peratures and times. Shear strength values are shown 
in Tables 7-9. 

Table 7. Cold shear strength of uranium-zirconium
magnesium bonds after diffusion welding under various 

conditions 

Diffusion welding Shear 
strength 

Temperature Time (kg/em') 
("C) (h) 

500 2 55 
550 2 115 
575 2 162 

585 3 207 
5 245 

17 322 

590 I 153 
2 192 
4 245 

24 331 

Table 8. Cold shear strength of uranium-zirconium
magnesium bonds after diffusion welding for 2 h and 

prolonged annealing for 810 h at 500 oc 
Temperature of 

diffusion welding (0 C) 

550 
570 

Shear strength 
(kg/em') 

314 
282 

Table 9. Shear strength of uranium-zirconium-magne
sium bonds at 500 oc after diffusion welding for 2 h 

and after prolonged annealing for 810 h at 500 ac 
Temperature of 

diffusion 
welding 

(OC) 

550 
570 
590 

570 

Shear strength (kg/em') 

After welding 

46 
44 
37 

After prolonged 
annealing 

50 

From Table 7, a distinct dependence of shear 
strength on duration and temperature of the diffusion 
treatment was observed. No separate phases were 
observed in the weld zone in microsections; inter
action of zirconium with uranium and magnesium 
evidently was limited to the formation of solid 
solutions, as was also indicated by microhardness 
measurements. A typical cross section of the weld 
zone is shown in Fig. 3. In strength tests, rupture 
usually occurred along both weld boundaries, i.e., 
the uranium-zirconium and magnesium-zirconium 
boundaries (at higher temperatures and longer 
durations of diffusion annealing, the portion of rupture 
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along the zirconium-magnesium boundary was slightly 
greater). This shows, that the strengths of diffusion 
bonds ·of uranium-zirconium and magnesium-zirco
nium are close. 

·TIME-TEMPERATURE DEPENDENCE OF THE BOND 
STRENGTH 

The experiments s::arried out-especially with the 
uranium-zirconium-magnesium bonds, which were 
investigated over a wider range of diffusion welding 
conditions-have shown the dependence of the 
shear strength of the bond on the temperature and 
duration of the diffusion treatment. 

Two stages are usually distinguished [1] when 
explaining the mechanism of diffusion welding: 

(a) When the welded pair are compressed, surface 
irregularities are flattened, primary points of contact 
are formed, their area depending on the magnitude 
of the applied pressure. However, the deformation 
caused, does not exceed the value at which spon
taneous welding of the pair would occur in the case 
under consideration. 

(b) In the subsequent heating period, the diffusion 
of material forms transition regions between the 
crystal lattices at their points of contact and real 
welding is accomplished. Gaps between primary 
contact bridges are at the same time filled with 
diffusing atoms and thus the welded area gradually 
increases in size; macroscopically this means that 
the axial or shear strength of the weld increases. 

A relation based on this conception of the mecha
nism of diffusion welding has been derived, describing 
the dependence of the bond strength on the time and 
temperature of the ·diffusion treatment. In this deriva
tion, some simplifying assumptions have been made: 

(a) In the course of the diffusion process no 
Kirkendall porosity occurs and no brittle inter
metallic phase is formed, which would decrease the 
strength of the joint. 

(b) In the temperature range under investigation, 
no phase changes occur in the system, which would 
influence the kinetics of the diffusion process (i.e., its 
activation energy does not vary). 

(c) For the formation of transition regions and for 
filling the gaps between crystal lattices to be joined, 
a certain amount of material is required, which is 
transported by diffusion into the neighbourhood of 
the interface. The amount of material, which is 
instrumental in attaining and further increasing the 
cohesion of the joint, may be expressed in terms of 
the amount of the diffusing component in a thin 
layer of discrete thickness I on the weld boundary 
(of unit area q = I cm2). Thus 

I 

s=f cdx 
0 

(I) 

where c is the concentration of the diffusing substance 
in the vicinity of the weld. The limiting amount of 
substance, which will fill all the cavities by diffusion 
transport into the weld zone, and form a weld along 
the whole boundary area (and thus lead to maximum 
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Table 10. Dependence of the diffusion bond relative strength on the magnitude of K.y-; 

0.05 0.0282 0.70 0.3870 1.7 
0.10 0.0564 0.75 0.411.0 1.8 
0.15 0.0846 0.80 0.4338 1.9 
0.20 0.1128 0.85 0.4556 2.0 
0.25 0.1410 0.90 0.4761 2.2 
0.30 0.1693 0.95 0.4956 2.4 
0.35 0.1975 1.00 0.5140 2.6 
0.40 0.2256 1.1 0.5476 2.8 
0.45 0.2537 1.2 0.5776 3.0 
0.50 0.2816 1.3 0.6042 3.2 
0.55 0.3090 1.4 0.6281 3.4 
0.60 0.3359 1.5 0.6494 3.6 
0.65 0.3619 1.6 0.6687 3.8 

strength of the joint) is then given by the limiting 
relation 

Smax = c'l 
where c' is the limiting concentration of the diffusing 
component. 

(d) Depending on the duration of the diffusion 
process (t) and the distance (x) from the boundary 
(for x>O), the concentration of the diffusing sub~ 
stance in the vicinity of the weld varies according 
to the relation 

c = c' [ 1 - erf ( 2y~Dt) ) J (2) 

D being the coefficient of diffusion at the given 
temperature. 

(e) It is assumed, that the strength of the joint (t) 
is a function of the amount of substance which passes 
into the weld zone by diffusion and that this function 
can be approximated to a parabolic relation: 

(3) 

n and a being constants. 
(f) The deformation, which takes place during the 

initial compression of the pair to be welded, ·is far 
smaller than the threshold deformation, under 
which spontaneous pressure welding takes place. 

By combining Eqs. (1) and (2) the amount of 
material which has diffused into a layer of thickness 
1 (for q = 1 cm2) is obtained: 

I 

s = c'f [ 1 - erf ( 2v~Dt) ) J 
0 

'( Dt)! ( I .) 
2c ,--;-- I . 2y(Dt) . 

where 

1( 2y~Dt) ) = l 1 - exp(- 4~t ) ] + 

(rc)t 2v~Dt) [I - erf ( 2v~Dt) ) J · 
With respect to Eq. (3), the following 

for the strength of the weld: 

( 
Dt \ ' I ' 

-.n = 2ac' --;--)I ( 2v(Dt)) 

(4) 

applies 

(5) 

0.6860 4.0 0.8604 12 0.9530 
0.7018 4.5 0.8757 14 0.9598 
0.7160 5.0 0.8879 16 0.9648 
0.7291 5.5 0.8980 18 0.9687 
0.7520 6.0 0.9063 20 0.9718 
0.7715 6.5 0.9136 30 0.9810 
0.7882 7.0 0.9197 40 0.9859 
0.8027 7.5 0.9250 50 0.9887 
0.8153 8.0 0.9297 60 0.9908 
0.8265 8.5 0.9337 70 0.9918 
0.8364 9.0 0.9375 80 0.9931 
0.8453 9.5 0.9407 90 0.9936 
0.8532 10.0 0.9437 100 0.9944 

and for the maximum strength of the joint 

~ax = a c' I (6) 

By introducing and inserting a single parameter 
for I and D 

K = (2yD)fl (7) 

the relation for relative strength is finally obtained: 

( 
-r )n Kyt ( I ) 

-.max = vrc I Kylt (8) 

The form of the dependence of relative strength 
on Kyt is shown in Table 10. It appears that for 
short durations of diffusion treatment, namely 
t< ~ 0.4/ K2, 1(1/Kvt) is approximately equal to 
unity and, therefore, the strength depends on time 
according to a simple exponential relation 

-.n = const vt (9) 

The dependence of K on temperature follows 
from the temperature dependence of the diffusion 
coefficient, i.e., 

D = D0 exp [-Q/(RT)] 
so that by inserting Eq. (7), the relationship 

K = K0 exp [-Q/(2RT)] (10) 
is obtained. 

Equations (8) and (10) thus give the dependence 
of the relative strength of the weld on the duration 
and temperature of the diffusion treatment, as long 
as the assumptions listed above are fulfilled. 

The strength of a diffusion bond, uranium·inter· 
mediate layer-magnesium, is determined by the 
strength of the weaker joint of one of the two pairs. 
The valid1ty of Eq. (8) for the time-temperature 
dependence of this type of diffusion bond also may 
be assumed therefore. 

The data on uranium-zirconium magnesium bonds 
given in Table 7 were interpreted according to the 
theoretical derivation of the time-temperature de· 
pendence of the diffusion weld strength. By calcula
tion and graphical comparison of the theoretical 
dependence given by Eqs. (8) and (10) with experi
mental results, the constants of these equations 
were determined for welds formed in the temperature 
range 500 to 590 °C: 
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n=I 
"t"max = 415 kgfcm2 

K0 = 5.7 X 102 

Q = 37 500 cal/g atom. 
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The comparison, shown in Fig. 4, indicates that 
there is good agreement between experimental results 
and the theoretically derived dependence. 
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Figure4. Comparison of measured uranium-zirconium-magnesium 
cold shear bond strength (experimental points) with the theo
retical time-temperature dependence given by Eq. (8) (continuous 

curve) 

DISCUSSION 
The results of cold shear strength measurements 

of uranium-intermediate layer-magnesium welds have 
shown that all the materials selected for investigation 
as possible intermediate layers were satisfactory, 
their cold shear strength decreasing in the order: 
copper, nickel, aluminium, zirconium. Sufficient 
strength at 500 °C has been found only for welds 
with aluminium layers 8 [1. in thickness, with zirco
nium, and with nickel layers: in the latter, however, 
heating to the nickel-magnesium eutectic temperature 
(507 °C) and above leads without doubt to a loss of 
cohesion, as in the case of thicker aluminium layers 
and copper layers. 

The requirement of long-time stability at a temper-
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ature of around 500 °C has been fulfilled adequately 
only by the 8 f1. aluminium intermediate layers, and 
by zirconium layers. In the case of copper and 
nickel, both cold and hot strength values increased 
noticeably after prolonged annealing for 810 h at 
500 °C. At the same time, however, the unfavourable 
influence of the insolubility of these metals in solid 
magnesium became evident, the eutectic alloy pene
trating deep into the magnesium along grain bound
aries, thus endangering its mechanical and corrosion 
properties. 

The theoretically derived time-temperature depend
ence of the strength of the diffusion bond corresponds 
well with the results obtained by measuring the 
strength of uranium-zirconium-magnesium welds, 
carried out with a large number of samples for 
various times and temperatures of diffusion annealing. 
It would be interesting to verify its validity also for 
other welds formed by the diffusion method, also 
possibly for the density and strength· of parts pressed 
from powders as a function of the conditions of the 
sintering process. 

CONCLUSIONS 
The diffusion welding of uranium and magnesium 

by means of thin intermediate layers of metals, having 
a low absorption cross section for thermal neutrons 
has been investigated. Metals included in the work 
were aluminium, copper, nickel and zirconium. 
Results have shown, that a stable diffusion bond 
with sufficient shear strength up to temperatures of 
about 500 °C may be obtained by means of thin alumi
nium intermediate layers (8 [1.), and zirconium layers. 

The experiments performed have shown the depend-. 
ence of the shear strength of the bond on the temper
ature and duration of the diffusion treatment. A rela
tion has been derived, describing the time-temperature 
dependence of the bond strength based on the as
sumption that the strength of the weld depends 
on .the diffusion transport of a certain amount of 
material required to form a cohesive transient region. 
The validity of this relation has been verified for 
the shear strength of the uranium-zirconium-magne
sium bond, which was studied over a wide range of 
temperatures and times of diffusion treatment. 
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Liaison metallurgique par diffusion entre 
!'uranium et le magnesium au moyen de 
couches intermediaires 

par V. Kraus 

Etant donne que l'uranium et le magnesmm ne 
sont pas miscibles a l'etat solide, il n'est pas possible 

de lier ces deux metaux sans provoquer une forte 
deformation aux joints. 

Le memoire decrit les resultats d'experiences de 
soudure par diffusion de l'uranium et du magnesium 
au moyen de couches intermediaires minces. On a 
choisi a cet effet des metaux a faible section efficace 
d'absorption pour les neutrons thermiques, notam
ment le zirconium, l'aluminium, le nickel et le cuivre, 
dont les proprietes metallurgiques laissaient prevoir 
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une interaction par diffusion avec !'uranium et le 
magnesium. Le zirconium et !'aluminium ont ete 
utilises sous forme de feuilles; le nickel et le cuivre, 
sous forme de depot electrolytique sur !'uranium. La 
couche intermediaire avait normalement une epaisseur 
de 15 fL environ. On a soude les echantillons uranium
couche intermediaire-magnesium par diffusion a une 
pression initiale constante et a diverses temperatures 
et avec diverses durees du recuit. On a controle Ia 
qualite de Ia soudure en mesurant sa resistance au 
cisaillement (a Ia temperature ambiante et a haute 
temperature) et en appliquant les methodes de 
metallographie. 

Lors de Ia diffusion du zirconium dans !'uranium 
et le magnesium a des temperatures de 500 a 590 °C, 
on a observe surtout Ia formation de solutions solides 
limitees d'uranium et de magnesium dans le zirconium. 
Apres recuit, Ia resistance im cisaillement a atteint 
jusqu'a 300 kgfcm2 et davantage (a la temperature 
ambiante). Cette resistance s'est maintenue meme 
apres un chauffage prolonge (810 h) a 500 °C. La 
resistance de la soudure uranium-zirconium-magne
sium a atteint environ 45 kgfcm2 a 500 °C. Cette 
resistance n'a pratiquement pas varie non plus apres 
le recuit prolonge mentionne ci-dessus. 

Des couches intermediaires d'aluminium ont donne 
des resultats differents selon l'epaisseur de Ia feuille 
employee. Pendant ce traitement par diffusion a une 
temperature de 410 a 500 °C, Ia formation de com
poses intermetalliques d'uranium et d'aluminium est 
tres rapide. Avec une couche intermediaire d'alumi
nium de 8 fL d'epaisseur, Ia reaction entre !'aluminium 
et !'uranium s'acheve avant meme qu'une interaction 
notable ne se produise entre !'aluminium et le magne
sium. Les soudures obtenues par cette methode pre
sentent une resistance au cisaillement de pres de 
500 kgfcm2, ' qui ne varie pas apres un chauffage 
prolonge. La resistance a 500 °C a atteint dans ce cas 
des valeurs allant jusqu'a 70 kg/cm2• En employant 
des couches intermediaires d'aluminium plus epaisses 
(42 fL), on a observe Ia formation, a la surface de 
contact avec le magnesium, de plusieurs couches de 
solutions solides et de phases intermetalliques; a une 
temperature de soudage superieure a 437 °C, il se 
forme une couche d'eutectique. Dans ce cas, on deter
mine la resistance de Ia soudure essentiellement d'apres 
les proprietes de ces phases. Ala temperature ambiante, 
les couches de diffusion sous-eutectiques offrent une 
resistance au cisaillement d'environ 130 kgfcm2 ; 

l'eutectique, une resistance superieure a 500 kgfcm2• 

A 500 °C, cependant, Ia resistance est minimale par 
suite de Ia presence d'une phase liquide. Apres un 
chauffage prolonge a 500 °C, une partie importante de 
!'aluminium qui n'a pas reagi avec !'uranium forme 
une solution solide avec le magnesium sans que cela 
affecte sensiblement Ia resistance de Ia soudure. 

Les soudures uranium-magnesium obtenues au 
moyen de couches intermediaires de nickel et de 
cuivre ont des proprietes fort semblables. Apres un 
chauffage de courte duree a une temperature inferieure 
au point d'eutexie (507 °C pour le systeme nickel-
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magnesium et 485 °C pour le systeme cuivre-magne
sium), on obtient des couches de diffusion ayant une 
resistance au cisaillement d'environ 200 kg/cm2• Lors
que le recuit se fait a une temperature superieure au 
point d'eutexie, il se forme surtout un eutectique dont 
Ia resistance atteint 400 kg/cm2 a Ia temperature 
ambiante. Un chauffage prolonge a environ 500 oc 
ameliore encore quelque peu cette resistance, mais 
l'eutectique penetre rapidement dans le magnesium le 
long des joints de grains et compromet ainsi grave
ment les proprietes du materiau de gainage. 

Ces resultats montrent qu'il est possible d'obtenir 
par diffusion des liaisons magnesium-uranium suffi
samment solides et durablement stables au moyen de 
couches intermediaires minces d'aluminium (environ 
8 [L) et de zirconium. 

Les experiences ont confirme que Ia resistance de Ia 
liaison depend de la temperature et de Ia duree du 
traitement de diffusion. En supposant que cette resis
tance ne puisse etre obtenue que s'il y a transfert par 
diffusion de Ia masse necessaire a Ia formation d'une 
region intermediaire cohesive entre les deux reseaux 
cristallins a lier, on a etabli une relation qui exprime 
les variations de Ia resistance de Ia liaison en fonction 
du temps et de Ia temperature. On a verifie experi
mentalement la validite de cette relation en l'appli
quant a Ia resistance au cisaillement du systeme ura
nium-zirconium-magnesium qui a ete etudie dans de 
plus grands intervalles de temperature et de duree 
du traitement de diffusion. 

A/~26 4exocnoeaKHR 

.l\HQlrtJY3HOHHaA CBapKa ypaHa H Mar
HHH nocpeACTBOM npOMemyT04HbiX 
CJlOeB 

B. Kpayc 

BcJieACTBHe B3aHMHoii uecMenmnaeMocni ypa

ua II MarHJUJ B TBCJlAOM COCTOHHHH COC~I,l!HCHIIl' 

:n·nx MCT(}JTJIOB 6e3 BbiCOKOH /l:CcpopMaiJ,Jflf MCCTa 

Cll,CIIJICHUH OKa3h!BaCTC1I HCB03MO/RHbiM. 

B uacTOHIIJ,l'M ,D,OKJJa,D,e onncbiBaiOTCH peaym,nt

Thi :mcnepnMCHTOB IJO P,Hcpcpy3MOHHOH CBapKe 

ypaHa M MariiMH C ITOMO~hiO TOHKHX npoMemy

TO'lHblX cJioen. B Ka'!eCTBe MaTepHaJJa npoCJJOCI\ 

BhJ6npaJJHCb MeTaJJJJbl C HH3KHM CC'lCHMCM 3aXBa

Ta TCIJJJOBbiX ueiiTpOHOB: Il,HpROHMii., aJJIOMifHIIi'l, 

Hlii-\CJ!b H ~le,D,b, MCTaJJJJyprH'ICCIHie CBOMCTBa IW

TOpbiX IT03BO.TJHIOT ·npe,D,IIOJiaraTb HaJIJJqMe CITOCOO

HOCTH ,!!,HcpcpyaHOHHOrO B3aHM01lCMCTBHH RaT\ C 

ypaHOM, TaR H C MarHHC~r. Ll,upROHHii H aJJIO~HI
HHM ITpHMCHHJIJICb B BH,!I,C <fJOJJbi'H, Hlll\CJ!b II Ml')\h 

HaHOCHJIHCb Ha ypan 3,11('1\TpOJJHTH'ICCHHM MCTO

,'l:OM. ToJJIIJ,Hna npoMCil\YTO'IHoro cJJoH cocTaBJJH.na 

o6bl'mo OROJJO 15 .ltx:. 06pa3IJ,bi (ypan - npoc.'loii~ 
1\a- Marnuii.) IIOABCpramr /l:Hcpcpy3HOHHOH CBHJlHC 

11pH ITOCTOHHHOM HCXO/\IIOM 1\aB.JICHlnf II pa3.lll1'1-

llbiX TCIIHICpaTYJlaX H BJll'~ll'HJl OT/RJIJ'a. l\a'ICCTBO 
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coe;::umemm oupe;:~,eJIHJIOCL no npoqnocnt cu,eHJJe
IIHH Ha C;:J,BHf HpH J\OMHaTHOii: Jl JJOBLJUICIIIIOii 
TCMJJepaTypax U MCTa,'JJIOrpa<Jllf'lCCI\JIM MCTON>M. 

llpu Baau11moii AIHp<pyann u,np:nomm, ypana II 

liiafHHH npu TellrnepaTypax 500-590° C B03HU
:naiOT fJIIlBHLIM o6pa30M orpaHJI'JCIIJJbiC TBCpALIO 
paCTBOpbi ypaHa JI MUI'HlfH B ll,Hj)l\OHJHJ. flor.TJC 
;:J,H«fl«flyauonnoro OTII\nra npoqnoCTL CI~CJIJICHHH ua 
Cfl,BUf /J;OCTIIraJia 300 K<'/CM 2 U 60JibJllC (npn I\0~1-
HaTHOM TCMUepaType). ::ha npO'IIIOCTb CIJ,eTI:IC
HHH COXpUHHCTCH p,ame ITOCJIC AJIJITCJibiiOI'O 01'
mnra (810 tt) npn 500° C. llpo•mocn coetumenuH 
U- Zr- Mg npn TeMnepaTypc 5000 C- OJ\O:ro 
45 K2/C.M2, :na lljJO'JIIOCTb npu l),JIIITCJILHOM OTII\Il
rC TaiOnC 3IIH 1IIITCJILIIO HC MCIIHCTCJl. 

AJIIOMunueBI.re npocJioii:nu ll,aBaJiu paaHLie pe
ayJILTaTLI B 3UBHCHMOCTH OT TOJIIIJ,IIHbl IIpiiMCHCH
HOH «floJir.ru. llpu Au«fl«flyauonnoii o6pa6oTKe B 
AHarraaone 410-500° C rrpoucxoAIIT oqeur. 6r.rcT-
poe o6pa30BaHHe HHTCpMeTaJIJIIJqecKHX COCAII-
HCHIIH ypana c aJIIOMIIHHeM. AJIIOMnnueBaH 
IIpOCJIOHKa TOJIIIJ,HHOH 8 MX: rrpopearupyeT IIOJI
HOCTJ>IO C ypaHOM panr.rne, qeM rrpOH30MI'l,CT 3Ha
qHTCJihHOe B3aHMOfl,ei1cTBHe UJIIOMHHHH C MafHH
eM. Ta:noe coeAnnenne AaeT rrpo•moCTb na Cfl.Bllr 
rroqTIJ 500 X:2/CM2, KOTOpaH IIpii fl,JIIITCJibHOM OT
mnre He MCHHCTCH. flpoqHOCTb IIpii 500° C i'J,OCTn
raeT 70 .,.e/c.M2• AJIIOMIIHIIeBr.Ie rrpocJioiiKII 6oJIL-
rneu TOJIIIJ,HHhl ( 42 .M,l'i,) C03fl,aiOT Ha rpaHHIJ,C 
c MarnneM PHA CJioeB TBCPALIX pacTBopoB H un
TepMeTaJIJinqecKnx COCAHHCHIIi1; CCJIII TCMIIepaTy
pa An«fl«flyanonnoro oTmnra Bhirne 437° C, To Boa
nu:naeT CJIOH ::IBTCI\THqeci\OfO CTIJiaBa. flpoqnoCTb 
Cll,CIIJICHHH orrpel'l,eJIHCTCH rrpemAe BCero CBOHCT
BaMH aTnx «flaa. B XOJIOAHOM cocTOHHHH AO<IBTe:n
Tifqec:nue An«fl«flyauonnr,re CJIOH AaiOT rrpoqnocTh 
Ha CABHf OJ\OJIO 130 1'i,2/CM2 , ::IBTCKTHqeCKHii 
CIIJiaB- BbiiiiC 500 X:2/CM 2• flpH TCMIIepaType 
500°C, KOHeqno, npoqHOCTb COCAHHCHHH IfHqTom
ua Ha-aa naJIIfqna 11\IIAKoii <f!aahi. llocJie AJIH
TCJILHoro OTffiHra npll 500°C 6oJihlliaH qaCTb UJIIO
MHHHH, HC B3UHMOACMCTBYIOIIJ,ero C ypanoM, rrepc
XOI'J,HT B TBCPAhlii paCTBop c MarnneM 6ea cyiiJ,eCT
Bennoro BJIIIHHHH Ha npoqnoCTb CIJ,CIIJICIIJHI. 

CnoiiCTBa coefl,HHenuii ypana c MarnneM no-
cpeACTBOM HJtl\CJICBblX II 1\fCI'l,HbiX 11pOMCIHYT01UILIX 
cJioeB oqeiih 6mrarm 11,pyr K Apyry. llocJie :npaTKO
BpeMennoro An!J>«flyauonnoro oTmnra IIpu TCMtJe
paType nnme aBTeKTHqec:noii (50TC AJIH cncTeMLI 
Ni - Mg n 485° C AJIH CHCTeMbl Cu- Mg) o6pa
ayiOTCH AH<fJ<f!yanonHhie CJIOH c npo•mocTLIO na 
CABHr OI\OJIO 200 .,.e/cM2, upu TeMnepaType oTm»

ra BbiUIC 3BTCKTifqCCKOM B MCCTC KOIITai{Ta IIpe
o6Jiall,aCT ::IBTCKTll'fCCI\IIii CIIJiaB C npoqHOCThiO 
npn HOMHaTnoii: TeMnepaType AO 400 1'i,OJ/c.M2• B pe
ayJILTaTe AJIHTCJILHOfO OT/1\Hfa npu TCMIIepaType 
OKOJIO 500° C npoqHOCTh HeCKOJibKO IIOBbllllaCTCH, 
no aBTeKTnqec:nuM: cnJiaB rJiy6oKo npommaeT B 
Manmii no rpanHIJ,aM aepen, qeM MomeT CYIIJ,CCT
Benuo yxyAIDHTb na~J,emnocTr. noKpbiTUH. 

8TH peayJIJ>TaTbl IIOKU3biBUIOT, qTO fl,OCTaT01fHO 
rrpoquoe H ycToiiquBoe AII<f!«flyanonnoe CIJ,CIIJieHml 
ypana c MarnneM Momno noJiyqnTb npn rroMOIIJ,H 

TOHKHX aJIIOMHHHCBhiX ( OKOJIO 8 MK) JIJIU ll,HJlKO
HHCBhiX IIpOMCII\YTOqJIJ>IX CJIOCB. 

llpoBefl,eHHLie orrr.ITLI IIOATBCPAHJIH aaBHCH
MOCTb npoqHOCTH Cll,CIIJieHHH OT TeMnepaTypr.I Jl 

npofl,oJimnTeJir.nocTn ll,H«fJ«flyanonnoM: o6pa6oTKU. 
Ha ocnoBanuu npeAIIOJiomenHH, qTo npoqnocTJ. 
CIJ,eiiJICHliH 3aBHCHT OT AH«fl«flyaliOHHOfO nepeno
ca orrpeAeJiennoll: Maccr.I, neo6xOAHMoii AJIH coa
AaHnH nepCXOAHOfO CJIOH MClliAY COCAHHCHIIHMU 
KpliCTUJIJillqecKHX pelliCTOK, BbiBCfl,CHa «flop
MyJia 3UBHCHMOCTII npoqHOCTH COCfl,HHCHliH OT Bpe
MCHH II TCMIIepaTypbl. flpaBHJIJ>HOCTJ> BhiBCAeHHO
ro COOTHOIIICHHH llpOBepena OllbiTHbiM IIYTCM AJIH 
cncTeMbl U- Zr- Mg B rnupoKoM IJ,Harraaone 
TCMnepaTyp H BpeMeHH IJ,H«fl«flyanOHHOH o6pa6o-r
KH. 

A/526 Checoslovaquia 

Soldadura por difusi6n de uranio y magnesio 
por medic de capas intermedias 

por V. Kraus 

Debido a la falta de solubilidad mutua en estado 
solido entre el uranio y el magnesio, la soldadura 
de estos metales es imposible a no ser que se sometan 
conjuntamente a un tratamiento que produzca sobre 
ambos una gran deformacion. 

La presente memoria describe resultados previos 
de Ia soldadura por difusion de uranio y magnesia 
por medio de capas intermedias delgadas. Para 
formar estas capas intermedias se eligieron metales 
que tengan bajas secciones eficaces de absorcion 
para neutrones termicos; tales como circonio, alu
minio, niquel y cobre, cuyas propiedades metalur
gicas los hacen aptos para que se produzca difusion 
tanto con el uranio como con el magnesio. El circonio 
y el aluminio se emplean en forma de hojas, el niquel 
y el cobre se depositan electroliticamente sobre el 
uranio. El espesor de la capa intermedia es general
mente de unas 15 micras. Las muestras de uranio
capa intermedia-magnesio, fueron soldadas por 
difusion bajo Ia misma presion inicial variando la 
temperatura y el tiempo de recocido. La calidad de 
Ia soldadura se determino midiendo, a temperatura 
ambiente y a temperaturas elevadas, la resistencia al 
cizallamiento y empleando metodos metalognificos. 

Durante el proceso de interdifusion del circonio 
con uranio y magnesia, en el intervalo de temperaturas 
de 500 a 590 °C, domina la formacion de soluciones 
solidas limitadas de uranio y magnesia en circonio. 
La resistencia el cizallamiento a temperatura ambiente, 
tras un recocido de difusion, dio valores de 300 kg/cm2 

o aun mas. Esta resistencia se conservaba aun 
despues de un calentamiento muy prolongado (810 h) 
a 510 °C. La resistencia a 500 °C de Ia soldadura 
uranio-circonio-magnesio, era de 45 kgfcm2 aproxima
damente, la cual se mantenia practicamente constante 
tras el recocido de larga duracion citado mas arriba. 

Las capas intermedias de aluminio dieron resul
tados diferentes de acuerdo con el grosor de la hoja 
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empleada. Cuando el tratamiento de difusion se 
realiza en el intervalo de 410 a 500 °C, Ia formacion 
de compuestos intermetalicos de uranio y aluminio 
es muy nipida. Una lamina intermedia de aluminio 
de 8 micras de grosor reacciona por entero con el 
uranio antes de que de Iugar a una interaccion 
estimable con el magnesia. Las soldaduras obtenidas 
por este sistema muestran una resistencia al cizalla
miento de casi 500 kgjcm2, sin que cambie tras un 
recocido de larga duracion. La resistencia a 500 °C 
alcanzo en este caso valores cuyo limite superior era 
70 kgjcm2• Las laminas de aluminio mas gruesas 
(42 micras) dan Iugar a varias capas de soluciones 
solidas y fases intermetalicas en Ia interfase con el 
magnesia; cuando Ia temperatura de soldadura es 
superior a los 437 °C se obtiene una capa de eutectico. 
La resistencia de las soldaduras viene determinada 
en este caso por las propiedades de estas fases. Las 
capas de difusion subeutecticas muestran, a tem
peratura ambiente, una resistencia de 130 kgjcm2 

aproximadamente. La aleacion eutectica tiene una 
resistencla superior a los 500 kg/cm2• Sin embargo, 
a 500 °C la resistencia al cizallamiento se hace minima 
debido a Ia presencia de una fase liquida. Tras un 
tratamiento prolongado a 500 °C gran parte del 
alumini<:> que no ha reaccionado con el uranio pasa 
a formar solucion solida con el magnesia, sin afectar 
esencialmente Ia resistencia de Ia soldadura. 

La.s caracteristicas de las soldaduras de uranio con 
magnesia empleando niquel y cobre como capas de 
difusion son muy similares. Tras un recocido breve 
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por debajo de Ia temperatura eutectica (507 °C para 
niquel-magnesio y 485 °C para cobre-magnesio) se 
obtienen soldaduras con una resistencia a! cizalla
miento de 200 kgjcm2 aproximadamente. Con recoci
dos realizados a temperaturas hipereutecticas se 
produce una aleacion eutectica, que alcanza resisten
cias, a temperatura ambiente, de 400 kg/cm2• Un 
tratamiento de larga duracion a 500 °C aumenta 
todavia mas esta resistencia, pero Ia aleacion eutectica 
penetra rapidamente a lo largo de los hordes de 
grano del magnesia y afecta fuertamente a las propie
dades de las vainas. 

Estos resultados muestran que se pueden obtener 
soldaduras de uranio con magnesia, suficientemente 
estables y resistentes por medio de capas intermedias 
delgadas de aluminio y circonio. 

Los experimentos llevados a cabo muestran que 
existe dependencia entre Ia resistencia y Ia temperatura 
y duracion del tratamiento de difusion. Suponiendo 
que Ia resistencia de Ia soldadura dependa de Ia trans
ferencia por dffusion de una determinada masa 
para que se forme una region intermedia coherente 
entre las estructuras cristalinas adyacentes, se ha 
obtenido una relacion que muestra Ia dependencia 
existente entre Ia resistencia y Ia temperatura y 
duracion del tratamiento. La validez de esta relacion 
se comprobo experimentalmente para el caso de Ia 
resistencia al cizallamiento de Ia union uranio
circonio-magnesio, que se estudio con tratamientos 
de difusion mas amplios en lo que a temperatura 
y tiempo respecta. 
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~-cpa3ax ypaHa 

A. A. 5o'tBOp, B. r. Ky3Hei.\OBO, B. c. Cepreea, CD. n. 5yTpa 

PeayJinTaTni IICCJie,[l,oBaHIUI caMOAII<}l<}lyaiiii ypa

Ha BnepBnie 6niJIII coo6IIJ,eHni HaMII Ha Bropoii 

MOlli,[l,yHapO,ll,HOH KOH<}JepeHIJ,IUI IlO MIIpHOMY IIC

IIOJih30BaHIIIO aTOMHOll ;mepriiii B llieHeBe 1958 r., 

Ha Koropoii aBTopnr ,[l,anHoro Jl,OKJia,[l,a .~oJiomiiJIII 

pe3yJinTaTDI IICCJIO,[I,OBaHIIH CaMO,[I,II<}J<}Jy3IIII B Ky-

6n'leCKOW y-<}Ja3e ypaHa, a raKme rrpiiBeJm aHaqe

HIIH K03<}J<}JliiJ,liOHTOB CaMO,ll,II<}J<}Jy3IIII II 3Ha'l8HII8 

anepriiii aKTIIBau,nu 1. II 03Jl,Hee 6LIJIII orry6JIIIKOBa

Hhi pa60Thl 2• 3, pe3yJinTaTbi KOTOpDIX HaXO,[I,HTCH B 

XOporueM COrJiaCIIII C npiiB8,[l,OHHhiMll B ,[I,OI\Jlafl,8. 

Pe3yJILTaTnr uccJie,[l,oBaHHH caMO,ll,H<}l<}ly3HII B a- n 

p-<}la3ax 6LIJIII ony6JIHKOBaHhi B pa6orax 5~9 . 
HIIaKaH cnMMerpuH peweTKII a-ypaHa no3BOJIH

Jia cp:eJiaTn npep:rroJiomeHue o 3aBHCHMOCTII cKopo

cru caMo,ll,n<}l<}ly3IIII or KpHcTaJIJiorpa<}lnqecKoro 

narrpaBJieHnH. BnepBLie raKoe npe,ll,nOJiomeHHe 

0 3aBIICIIMOCTII CKOpOCTll caMOp:II<}J<}Jy3IIll OT Kpii

CTaJIJIOrpa<}JII'l8CKOrO HanpaBJI8HliH B a-ypaHe 6biJIO 

BhiCKa3aHo CeiirJieM II OnnncKnM •. Ha ocnoBaHIIII 

TOOpOTII'lOCKOrO anaJIII3a KpiiCTaJIJIII'lOCKOH perueT

J(II a-ypaHa OHII npiiWJIII K BbiBO,ll,y, 'ITO KOa<}J<}Jn

l_\li8HThl caMO,ll,H<}J<}Jy3IIII no OCHM a, b II C 6y,ll,yT 

OTHOCIIThCH KaK 1 : 0 : 0,8. 
Mcxo,ll,H II3 TaKoii 3aBncnMocrn Koa<}l<}lnu,neHTa 

c aMoAn<!J<}ly3nn, IIMII 6LIJI npe,[I,Jiomen ,ll,n<}l<}lyanon
HLr~i MexaHH3M pap,Hau;Honnoro pocTa ypana. 06 

;mcnepiiMOHTaJihHOM .HCCJIO,[I,OBaHIIII CaMO,[I,II<}J<}Jy3III:! 

B a-ypane coo6IIJ,aJiocn panee 5· 6• 9. PeaH.nK n 

CeiiTJI 5 nccJIO,ll,OBaJIII caMo,ll,n<}J<}lyaniO na MonoKpn

craJIJiax no rpeM rJiaBHLIM KpncTaJIJiorpa<}lnqecKnM 

nanpaBJIOHHHM. Roa<}l<}liiL\Henr caMo,[l,n<}J<}lyaiin on

pe,ll,OJIHJICH no CKOpOCTH H3MOHOHIIH a-aKTHBHOCTH 

Ha IIOBOpXHOCTII MOIIOKpHCTaJIJIOB B npou,ecce OT

lliHra (a6cop6IJ,HOHHbiH MOTO!J:). ll Ka'IOCTB8 pa,ll,HO

aKTHBHOrO HH,ll,IIKaropa cJiymnJI U233. 11HTOHCHB

HOCTh a-H3JIY'IOHIIH C IIOBOpXHOCTII o6pa31_\a onpe

!J:OJIHJiaCb rryTeM IIOAC'IOTa 'lliCJia Tp8KOB a-'laCTlii_\ 

Ha <pOT03MYJibCIIH. J1Mn 6LIJIII noJiy'leHhi CJie,[l,yi0-

11_\HO aHa'lemiH Koa<}l<}lau,IIeHTOB: D(loO\ = 1,8 X 
X 10~ 14 c.M2/cer;,; D(oiOl = 0,72 · 10~ 14 CM2!cer;,; 
D(oo 1) = 0,66 · 10~ 14 cM2/cer;,. 

({aK OTMe'laiOT aBTOpbi, pa3HHIJ,a B 3Ha'leHHHX 

JiemuT B npe,ll,eJiax owa6Ku H3MepeHuH. AAAa 

H ~~p. 6 npOBOAIIJIII Mayqeuue Ha nomiKpHCTaJIJili40-

CI\OM a-ypaue. B Ka'leCTBe IIHAIIKaropa CJiymnJI 

U235. IloJiyqeHa TeMnepaTypHaH 3aBHCIIMOCTh KO

a<}l<}lui_\IIOHTa CaMOAII<iJ<}Jy3IIH, KOTOpaH IIMOOT BII/1, 

D = 2·10~3 exp (4000/RT). 
Ha ocHoBaHuu aBTopa,[I,IIOrpa<}luqecKux accJieLJ,o

BaHIIH ,[I,OJiaeTCH yKa3aHII8 0 npe1IMYII~OCTB8HHOH 

caMOAII<P<PY31III rro rpaHHIJ,aM aepeH ( oco6eHHo npn 

T8MIIepaTypax HHllie 600° C). 3aBIICHMOCTh K03<}J

<}JHIJ,H8HTa CaMOLl,H<}J<}Jy3HH OT KpHCTaJIJIOrpa<}Jnqe

CKOrO HanpaBJI8HHH, KaK II B pa6oTe 5, He nO,[I,

TBepm,ll,a8TCH. Pa3JIH'liie B Koa<}l<}liiU,HeHTax caMo

p,n<}l<}Jy3HH no rJiaBHhiM KpHCTaJIJIOrpa<}JII'l8CKHM 

HanpaBJieHIIHM ycraHOBHJIH PoTMaH II p,p. 9. ITo IIX 

AaHHLIM aHaqeniie Koa<}l<}JIIu,neHTa no HanpaBJie

HIIHM (100) II (001) OIJ;HHaKOBO H paBHO 1,95 X 
X 10~ 13 cM2/cer;,, TOr,[l,a KaK rro HanpaBJieHHIO 

(010) p,aeTCH B8JIH'lliHa 10~ 14 CM2!cer;,, 
Pe3yJinTaTLI nccJiep,oBaHIIH caMo,ll,n<}J<}ly3HH B 

~-<}la3e coo6IIJ,aiOTCH B pa6oTax A,[l,p,a 7 II PoTMaHa 8. 

B pa6oTe 7 rrpHBO,ll,IITCH reMnepaTypHaH 3aBncn

MOCTL Koa<P<Pnu,neHTa caMOAIIlP<lJY3HII D = 1,35 X 
X 10~2 exp ( 42 000/RT), B pa6oTe 8 Ha OCHOBaHIIll 

aHamt3a KpiiBhiX IIpOHIIKHOBOHIIH H aBTOpaLJ,HO

rpaMMhl C 0,[\HOfO o6pa3IJ,a aBTOpbi npHXO,ll,HT K Bhi

BOP,y, 'ITO CaMOP,H<}J<}Jy3HH B p-ypaHe H8H30TpOnHa. 

TaKIIM o6pa30M, B JIHTepaType o xapaKTepe caMo

p,n<}l<}Jy3HII B a- H p-ypane cyiiJ,eCTBYIOT npOTHBO

pequBhie p,annLre. 

B HaCTOHIIJ,OM P,OKJiaAe OCHOBHOe BHHManne yp,e

JIOHO II3Y'IOHHIO 3aBHCHMOCTH CKOpOCTH CaMop,H<}J

<fly3HII OT KpucTaJIJiorpa<}luqecKoro HarrpaBJieiiHH 

B o6eux HH3KOTeMrrepaTypHLrx <}laaax ypaHa MeTo

Jl,OM aBTOpap,uorpa<fJHH, TaK KaK 3TOT MeTOP, npH 

COOTBOTCTByiOIIJ,OM o<}JopMJieHIIH ,[l,aOT HaH60Jiee Ha

rJIHP,HhiO pe3yJinTaTLI. 

8KCnEPVIMEHTAJ1bHblllt METO,ll, 

Ilpe,ll,BapiiTeJibHDie HCCJIOAOBaHIIH caMO;rJ;H<}J<}Jy-

31lli B nOJIIIKpliCTUJIJIH'lOCKOM a-ypaHe noKa3aJIH, 

'ITO KOa<fJ<}JHIJ,HeHT npH 650° C COCTaBJIH8T MeHee 

10~11 CM2/cer;,. B CBH3H co cpaBHHTOJinHO HH3KHM 

3Ha'IeHHeM KOa<}J<fluiJ,IIeHTa CaMOP,H<p<}Jy3Hll 6LIJI HC

nOJib30BaH MOTO,[I, ,AII<}l<}ly3HII 113 TOHKOrO CJIOH B no

Jiy6ecKOHO'lHOe npOCTpaHCTBO. IlpH 3TOM pac'leT 

ROa<}J<}JHIJ,HOHTa npOH3BO,[I,liJICH no CKOpOCTH H3Me

HOHHH a-paP,IIOaKTHBHOCTII Ha nOBOpXHOCTH o6pa3-

IJ,a B npou,ecce oTmHra (a6cop6IJ,HOHHLIH MeTO!l), 

a TaKlliO no aBTOpap,HorpaMMaM, CHHThiM C noBepx

HOCTU o6pa3u,a. MeTOJl,hi pacqera Koa<fl<}liiu,ueHTa 

CaMOP,HlP<iJY3Hli 110 U3MOHeHUIO a-aKTHBHOCTH II no 

aBropa,ll,IIOrpaMMaM ,[l,aHLI B npHJiomeHHU. B Ka'le

CTBe pap,uoaKTUBHoro HHP,uKaropa cJiymuJI U233• 
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Ilpu p,H<fl<}Jy3UU 113 TOHKOrO CJIOH OCHOBHaH 

oum6Ka npH H3MepeHHH Koa<}lqmu,HeHTa MomeT 

6LITb CJIOP,CTlliiOM OKHCJieHHH noBepXHOCTHOfO CJIOH. 
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Y'IHThiBaa 6oJiniiiYIO CKJIOHHOCTh ypaHa K oKHCJie

HHIO, 6niJia H3fOTOBJieHa ycTaHOBKa, B KOTOpO:ii: Ta

KHe orrepall,HH, KaK HaHeceHne TOHKoro CJIOH M3b

Torra Ha rronepxHOCTh o6pa31J,OB, oTmHr H H3Mepe

HHe a-aKTHBHOCTH B rrpoll,ecce OTiKHra, rrpOBO,[l;HTCH 

oe3 HapyrneHHH BaKyyMa B cncTeMe. BaKyyM rrpu 

npone,a;eHHH ncex orrepall,H:ii: rro,a;,a;epmHBaJicfl: pan-

PHc. 1. npHHU,HnHallbHall cxeMa ycTaHOBKH Allll onpeAelle
HHSI K03cpcpHU,H6HTa CaMOAHcpcpy3HH a6cop6U,HOHHbiM Me

TOAOM: 

] - BOJibcppaMOBUH C!IIIpaJih; 2- o6pa3ell,; 3 - !IITOK J(;IH 
aarpy3KH o6pa31J,OB B IIe'!h; 4 - rreqb; 5- Cll,IIHTIIJ!JIHTOp; 

6 - cpoTO:JJieKTpOHHblll YMHOll\HTCJib 

HhiM 4-6·10-7 .M.M pr. cr. IIpHHIJ,HIIHaJibHaa cxeMa 

ycTaHOBKH rrpHne,a;eHa Ha puc. 1. BHyTpH Koprryca 
pa3MCIIJ,eHo npncnoco6Jienne ,[l;JIH repMH'!CCKoro 

paciihiJiemm U 233 c BOJin!f>paMono:ii: cnnpaJin H ne'Ib 

,rJ;JIH OTmnra. B ,a;ne Kopnyca BMonrnponanhr JIIOMn

no!J>op n !f>oToyMnomHreJib ,a;Jia perHcTpalJ,HH a-n3-

Jiy'IeHHH. 3arpy3I\a o6pa31J,OB B IIe'Ib H HX Bhlrpy3-

Ka IIpOH3BO}l,flTCfl IIITOI\OM, KOTOpbiM BBO,[l;HTCH B 

cncTeMy qepe3 BHJihCOHOBCKoe yrrJJOTHeHHe. 06pa3-

J~hl oTmnraJJHCh npn 640° C, p,mrreJJLHOCTb onrmra 

COCTaBmiJia 10-50 'l. 
MccJJe,a;onaHHR rrponop,nJin na MOHOKpncTaJI

Jiax, IIOJIIIKpliCTaJIJIH'ICCKHX o6pa3Il,aX C KpyiTHLIMli 

COBCpiiiCHHLIMli 3CpHaMli H IIOJIHJ{pliCTaJIJili'ICCKJIX 

oopa31J,aX c yKpyrrHeHHblMli HeconepmeHHLIMU 3Cp

HaMli. Bee o6pa31J,LI roTOBJIJIJI JI3 MCTaJIJia, xnMn

'lCCKMi-i cocTan KOToporo rrpnne,a;en n TaoJJ. 1. 
HecosepmemiLJC MOHOKpucTaJIJILI noJiy•raJin Me

TO}l,OM !J>a30BOii rrepeKpliCTaJIJIH3alJ,IIJI. JilaK 1101\a-

3LIBaiOT Jiay;wpaMMLI, MOHOI\pHCTaJIJibl COCTOHT H3 

OT,[l,eJILHLIX cy63epeH, pa3opneHTalJ,lifl KOTOpbiX He 

npeBLIIIIaeT 3°. 3aKaJIKa MOHOKpliCTaJIJIOB li3 ~-tiJa-
3bl li llOCJie,rJ;yiOIIJ,Hii OTiKHr npn 620-640° C IIpii-
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Ta6mtu,a 1. XHMH4ecKHH cocTas ypaHa,. npHMeHliBwerocll 
B HCCileAOBaHHliX 

8JieMeHT Fe Si Mn Cu AI Ni c 

COiWP- 8,1·10-31,1·10-2 10-4 1,6·10-4 1Q-3 3·10-3 g.1Q-3 
maHMe, 

sec. % 

BO,[J;HJIII K o6pa30BaHHIO IIOJIHKpHcTaJIJIOB C Kpyrr

HLIMH 3epHaMII. Pa3MepLr OT,rJ;eJihHbiX 3epen ,a;ocTn

raJin 2-3 .M.M. 3epna npe,a;cTaBJIHIOT co6o:ii: conep

IlleHHhre MOHOKpiiCTaJIJILI, OpiieHTHpOBaHHLie caMhi

MH pa3JIH'IHLIMJI KpHCTaJIJIOrpa!flH'ICCKHMII HarrpaB

JICHllflMII OTHOCIITeJibHO BHeiiiHe}r IIOBepXHOCTH 

o6pa31J,a. KpncTaJIJiorpatlJnqecl{yiO opnenTnponKy 

MOHOKpiiCTaJIJIOB li OT,[l;eJibHhiX 3epeH B IIOJIHKpH

CTaJIJiaX onpe,a;eJiamr no JiaysrpaMMaM o6paTHOH 

C'beMKH. 06pa31J,bl MOHOKpHCTaJIJIOB II IIOJIHKpH

CTaJIJIOB c coneprnenHLIMJI 3epHaMn npe}l,cTaBJIHJIU 

co6o:ii: riJiacTIIHKH pa3MepoM 5 X 5 X 0,5 .M.M. Ilo

nepxnocTL o6pa31J,OB nepe,a; HaHeceHneM H30Torra 

8JieKTpOI10JIIlpOBaJIII B 8JleKTpOJIIITe COcTaBa: 

H2CrO,- 10 .MA; CH3COOH - 10 .MA; H20-

20 .MA. 

IIocJie oTmiira, B npoll,ecce KOToporo H3MepaJin 

a-aKTilBHOCTb C IIOBepXHOCTli o6pa31J,a, B IIOJIHKpH

CTaJIJIU'IeCKHX o6pa3Il,aX HCCJie,[l;OBaJIII pacrrpe,a;eJie

HIIe H30TOIIa IIYTCM IIOCJie,[l;OBaTeJILHOrO y,a;aJieHHH 

CJIOeB C IIOBepXHOCTli II CHHTHH aBTOpa,a;norpaMM. 

ToHKne CJIOII TOJIIIJ,HHo:ii: 0,5 + 1 .Mt> cnnMaJin aJieK

TpOJIIITH'IeCKII B 3JieKTpOJIHTe, COCTaB KOTOpOrO 

npnne,a;en BLrrne. IIpn CHHTIIH anTopa,a;norpaMM no

nepxnocTL o6pa31J,a npiiBO,rJ;IIJJH B nenocpe,a;cTnen

HLrfr KOHTaKT c 3MYJihCIIe:ii: !floTOITJiaCTHHKH. J1c

nOJib30BaJIIICL MeJIK03epHIICThie 3MYJibCHH C 60;rih

IIIliM co,a;epmanneM raJioii,a;Horo cepe6pa. ToJIIIJ,IIHa 

8MY JlbCIIOHHOfO CJIOfl ITJiaCTIIHOK He npeBLIIIIaJia 

10 .MK-. flJIOTHOCTb noqepneHHH II3MepHJIII Ha MIIK

po!f>OTOMeTpe. 

8KCnEPVIMEHTAJlbHblE PE3Y Jlb TATbl 

CaMOAH¢cpy3Hfl B a-ypaHe 

Orrpe,a;eJieHHe Koa!f>!fliiiJ,IIeHTOB caMo,a;n!f>tlJy3nn 
Ha MOHOKpiiCTaJIJiaX no II3MeHeHIIIO a-aKTllBHOCTII 

B npOII,eCce OTiKIIra noKa3aJIO, 'ITO 110 KpiicTaJIJIO

rparlm'!eCKH.l\1 nanpaBJICHHRM (100) II (001) 3Ha

qeniie Koa!J>tiJnll,IIeHTa o,D,nnaKono II panno 4-6 X 
X 10-13 c.M2Jcen. llo HanpanJieHliiO (010) neJIII'III

ny K03tPWIIIJ,UeHTa caMOAIItPWY3IIH 3TIIM MeTO,[l;OM 

onpe,a;eJIIITL He Yl'\aJIOCL, TaR KaK B npoll,ecce oT

mHra 113MelleHHe a-aKTliBHOCTII B MOHOKpiiCTaJIJie 

C 3TOW OpiiCHTHpOBKOH 3a yKa3aHHOe Bbiiiie BpeMH 

OTiKHra ne Ha6JIIO,rJ;aJIOCL. Pe3yJihTaThi, noJiy'IeH

HLie 3TIIM Mero,a;oM, xoporno corJiacyiOTCH c ,a;an

HLIMII pa60Thl 9. EoJiee IIO):Ipo6no Ha HllX OCTa

naBJliiBaTLCJI ne 6y,D,eM. 

fl pH pa3pa60TKe MeTO,[l;a aBTOpa,a;norpatPIIIl 

ncxo,D,IIJIH H3 cJiep;yiOIIJ,IIx coo6pamenHii. Ecm1 n 

I(piiCTaJJJIII'ICCKoii pemeTKe a-ypaHa cyiii,ecTByeT 

3aBHCHMOCTL CKOpOCTII CaMOJ\IIWWY3HII OT KpncTaJI-
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rnyoHHa npOHHKHOBeHHR ---
PHc. 2. CxeMa H306pa>KeHHll aaropaAHorpaMM npH HanH4HH 

aHH30TpOnHH CaMOAHip<f>y3HH: 
- B 3epHe 1; --- B 3epHe 2; -·-no rpaHnr~aM 3epeH 

JIOrpaqJH'IeCROro HanpaBJieHHH (aHH30TpOnHH Ca
MOAHip<f>yaHH), TO nOCJie OTmHra pacnpeAeJieHHe 
H30TOna B pa3JIHlJHO OpHeHTHpOBaHHLIX aepnax 
nOJIHRpHCTaJIJIH'IeCROrO o6pa3Qa 6yAeT pa3JIHlJHO. 
qeM MeHLIIIe ROa<f><f>HQIIeHT CaMOAII<f><f>y3IIII, TeM 
Ha MeHLIIIYIO rJiy6IIHY npOII30MAeT AII4><f>Y3IIH H30-
TOna, a Ha aBTopap;HorpaMMe, noJiyqenno.H c HC
XOAHOM noBepxnocTH noJIHKpHCTaJIJIHlJeCKoro 
o6pa3Qa nocJie OTmHra, 8TO aepHO 6yAeT AaBaTL 
6oJILIIIyiO nJIOTHOCTL noqepneHIIH. CxeMaTHlJecRn 
8TO llOKa3aHO Ha piiC. 2, rAe llpeACTaBJieHLI ROH
QeHTpaQHOHHLie RpHBLie 1, 2 AJIH aepen n rpannQLI 
aepen n noJiy'laeMLI:ii npH aToM xapaRTep aBTopa
AIIorpaMM. ,l].o oTmHra noBepxnocTL o6pa3Qa 6yAeT 
noRa3LIBaTL paBHOMepnyiO nJIOTHOCTL no'lepHeHIIH 
( noaHQHH I) , nocJie OTmHra aBTopap;IIorpaMMa c 
aTo:ii me noBepxno0TII 6yAeT nMeTL BHA II. 3epno 1 
AaeT 60JILIIIYIO nJIOTHOCTL noqepHeHIIH, TaR RaR 
B HeM anaqenne Roa<f><f>IIQHenTa caMolJ,n<f><f>yaiiii 
MeHLIIIe, lJeM B aepne 2. EcJIII TenepL c noBepxno
CTH 06pa3Qa y)J,aJIHTL CJIOH II CHUMaTL aBTOpaAHO
rpaMMLI C BHOBL noJiyqaeMLIX noBepXHOCTe:ii, TO 
rro)J,o6noe pacnpeAeJieHHe IIJIOTHOCTU noqepnenua 
B aepnax 1 u 2 6y)J,eT na6JIIOAaTLCH npuMepno )J,o 

TOlJRH nepeceqeHHH ROHQeHTpaQUOHHhiX RpHBLIX. 
,l].aJiee RapTHHa p;oJimHa H3MeHHTLCH Ha o6paTHYIO 
(noaHQHH III), TaR RaR ROHQeHTpaQna B aepne 1 
Ha 8TOM paCCTOHHHH OT UCXOAHOM IIOBepxHOCTH CTa
HOBUTCH MeHLIIIe, lJeM B aepne 2. EcJiu no rpann
QaM aepeH CROpOCTL CaMOAII<f><f>yauu 6yp;eT 60JIL
IIIe, nemeJiu no aepnaM, TO na 6oJILIIIo:ii rJiy6une 

MaRCHMaJILHYIO nJIOTHOCTL noqepHeHHH 6YAYT IIO
Ra3LIBaTL rpaHUQLI aepen (noaHQIIH IV). TaKoe 
pacnpep;eJienue nJIOTHOCTH noqepneHHH na aBTopa
lJ,IIorpaMMax 6yAeT HBJIHThCH y6eAHTeJILHLlM AOKa-
3aTeJILCTBOM aHH30TpOnHH CaMO)J,H<f><f>yauu B 
a-ypane. 

Ha pHc. 3 npHBeAeHLI aBTopa)J,HorpaMMLI noJIH
KpHcTaJIJIHlJecKoro o6paaQa nocJie OTmHra. AnTo
paAHOrpaMMa a llOJiy'leHa C HCXOAHOM IIOBepXHO
CTH, 6 II 8 - llOCJie CHHTHH CJIOeB TOJI~HHOH 1,5 
u 8 MK- cooTBeTCTBenno. Ran neTpy)J,no BH,UeTL, 
pacnpeAeJienue nJIOTHOCTH noqepHeHHH Ha 8THX 

aBTOpaAHOrpaMMaX COOTBeTCTByeT OnHCaHHOH BLT
me cxeMe. 3epno 1 na pHc. 3, a AaeT MaRcuMaJIL
nyiO nJIOTHOCTL noqepneHHH, TOrAa KaK yme Hll 
rJiy6HHe 1,5 .MN, (puc. 3, 6) H30TOn B aTOM aepHe 
npaKTHl£eCKH OTCYTCTByeT. ::ho CBHAeTeJILCTByeT 
0 HH3ROM 3Hal£eHIIH Roa<f><f>HQIIeHTa CaMOAII<f><f>y3IIII 
B aToM aepne. IloAo6naa I<apTima na6JIIOAaerca II 
B Apyrux o6paaQax. 

Ha puc. 4 n 5 npuBeAeHLI anTopaAIIOrpaMMLI 
nommpiiCTaJIJIIIlJeCRIIX o6pa3QOB C COBepiiieHHLIMII 
aepnaMu (a-5 II a-6). XapaKTep pacnpep;eJieHIIH 
IIJIOTHOCTII noqepneHIIH B HIIX TaROH me, KaR II Ha 
puc. 3. B Ta6JI. 2 noMe~enLI BLil£IICJieHHLie no 
3BTOpaAIIOrpaMMaM Roa<f><f>HQIIeHTLI caMO,!I;II<f><f>yaun 
)J;JIH OTAeJihHLIX aepeH o6pa3Qa a-5 II RpUCTaJIJIO
rpa<f>ulJeCR>W opuenrupoBKII aepen. Ha puc. 6 npu
Bep;enLI JiayarpaMMLI neKoTopLIX aepen. Ha aBTO· 
pap;uorpaMMaX puc. 4 BII)J;HO, 'ITO HaiiMeHLUiaH 
rJiy6uHa npOHIIKHOBeHIIH U30TOHa Ha6JIIOp;aeTCH B 
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PHc. 3. AaropaAHOrpaMMbl nonHKpHcrannH4eCKoro o6pn4a nocne OT>KHra npH 640°C a Te4eHHe 10 4: 

a- C HCXOII;HOH IIOBepXHOCTH; 6- Ha rJiy6HHe 1,5 .M.M; 6- Ha r.rry6HHe 8 .M.M 

3epHaX 2 II 8. 8TH 3epHa OpHeHTJipOBaHbi IIJIOCKO

CTbiO (010) napaJIJieJibHO IIOBepxHOCTII o6pa3u;a. 

Ha116oJibiiia.H rJiy611Ha HaoJIIO,uaeTCH B aepHe 3, 
OplleHTIIpOBaHHOM IIJIOCKOCTbiO (001) napaJIJieJibHO 

nosepxHOCTJI. XoTH MeTo,uoM 113MeHeHIIH a-aKTIIB

HOCTII ObiJIO noJiy'leHo O,UIIHaKosoe aHa'leHIIe Koalfl-

Ta6n114a 2. 3Ha4eHHA K03cflcflH4HeHTOB caMOAH!flcf!Y3HH 

HoMep aepeH 

2 
8 
1 
5 
7 
6 
4 
3 

no pa3nH4HbiM KpHCTannorpacflH4eCKHM 
HanpaaneHHAM a u-ypaHe 

Rp HCTaJIJwrp Mmqe
CKoe HanpaaneHne 

(010) 
(010) 
(021) 
(240) 
(130) 
(153) 
(111) 
(001) 

RosiPIPHI\HeHT caMoi(HIP
cpyanli: D, cM'jce>: 

~10-lf• 
~10-1> 

6 3-10-14 
6'4-10-14 

' 10-13 
1 '6 -10-13 
1 8-10-13 
2:1-10-13 

«fJHQHeHTOB CaMop,ll«fJ«fJY31111 IIO HanpaBJieHIIHM 

(100) II (001), O)J,HaKO Ha aBTOpap,IIOrpaMMaX 

pHC. 5 BII)J,HO, 'ITO II IIO 3TIIM HanpaBJieHHHM r.rry

OHHa npOHIIKHoBeHnH 1130Tona HeCKOJihKO pa3JIU

'IaeTc.H. KoJIII'IeCTBeHHO pa3JIII'IIIe B Ko3«fJ!fl11u;neu

Tax caMOp,ll«fJ«fJy3nH ue onpep,eJieHo. 8TnM MeTo

p;oM, TaK me KaK II IIO 113MeHeHIIIO a-aKTIIBHOCTH, 

BeJIII'IHHY K03WWHIJ;IIeHTa IIO HanpaBJieHIIIO ( 010) 
onpep;eJIHTb He yp;aJIOCb BCJiep;CTBHe MaJIOH rJiyOH

Hbi IIpOHUKHOBeHIIH l130TOIIa. llpnOJIIImeHHaH 

ou;eHKa p;aeT BeJIH'IIIHY 10-14 CM,2/ce.,., AHaJIHTH'Ie

CKa.H 3aBHCHMOCTb a-aKTHBHOCTU Ha IIOBepXHOCTII 

3epHa, a CJiep;oBaTeJibHO, 11 IIJIOTHOCTH IIO'IepHeHHH 

OT 3TOfO aepHa B 3aBUCHMOCTH OT paCCTOHHHH OT 

HCXOII;HOH IIOBepxHOCTII ,uaeTCH B IIpHJiomeHHH. 8TO 

ypaBHeHIIe II03BOJIHeT rpalfln'!eCKH paCC'IHTaTb K0-

3WWHIJ;HeHT CaMop;nlfllfly31111 B pa3JIH'IHbiX aepHaX 

IIO IIJIOTHOCTH IIO'IepneHHH, KOTOpMI HMH C03p;aeT

CH ua asTopap;norpaMMax. 

AuaJIH3 asTopap;llorpaMM, noJiy'IeHHbiX co MHO

rHx o6pa3IJ;OB, II03BOJI.HeT cp;eJiaTb BbiBO!l;, lJTO RO-

3WWHIJ;HeHT caMOAHWWY3HH IIO KaKoMy-JIHOO Rpli

CTaJIJIOrpalfln'IeCKOMY HanpaBJieHHIO 3aBHCIIT OT 

yrJia Mem,uy )l;aHHbiM HanpasJieuneM n ocbiO (010) 
H B nepBOM IIpHOJIUmeHUH He 3aBHCHT OT yrJIOB 

c OCHMH ( 1 00) n ( 001). MHHJIMaJibHa.H BeJIH'IHHa 

K03WWHIJ;HeHTa HaOJIIO)l;aeTCH IIO HanpaBJieHHIO 

(010), MaKCli.MaJibHa.H- IIO HanpaBJieHHHM ( 100) 
n (001). BeJin'IHHa KOilWWIIIJ;HeHTa no 3THM Ha

npaBJieHHHM, paBHaH 2 ·10-13 CM,2/ce.,., xoporno co

BIIa)l;aeT c noJiy'lenuoil: B pa6oTe 9 ( 1,95 X 
X 10-13 cM2!ce1i). _ 

B Ta6JI. 2 npHBe)l;eHbi 3Ha'leHHH Ko31fllflnu;HeH

TOB caMOP,HWWY3HH B a-ypaue no pa3Jili.'IHbiM KpH

CTaJIJiorpalfln'!eCKli.M HanpaBJieHH.HM. llpHBe)l;eHHble 

aBTOpa,ll;ii:OrpaMMbi CBH)l;eTeJibCTBYIOT 0 npenMyiiJ;e

CTBeHHOH caMO,ll;HWWY3Hll. IIO rpaHHIJ;aM aepeu 

H cyoaepeH, a TaKme 0 3aBHCHMOCTH CKOpOCTll. 

CaMO,UHWWY3HH IIO rpaHIIIJ;aM OT B3aHMHOH OpHeH

TaiJ;ll.li aepeH. TiocJiep;Hee BbiTeKaeT H3 pnc. 3, 6 
11. 3, 6. fJiyOHHa IIpOHli.KHOBeHli.H 1130TOIIa IIO rpa

Hli.IJ;aM cy6aepeH BHYTPH 3epHa 1 ropaap;o MeHbiiie, 

'!eM no rpaHHu;e noro 3epua c coce)l;HHMH aep

HaMH. 

CaMOAHlPlPY3Hfl B ~-ypaHe 

MccJiep;osaHHe caMo).(H«fJ!flyaHH B 13-ypaHe nposo

AHJIH TeMII me MeTop;aMH, 'ITO 11. B a-ypaHe. Ha 

p11.c. 7 npHsep,eHhi asTopap,HorpaMMhi o6paau;a, OT

mHrasrnerocH np11. 720° C B Te'leHHe 3 tt. XapaKTep 

3THX aBTOpap,norpaMM .TaKoii me, KaK 11 B cJiy'lae 

a-ypaua. 8TO CBM)l;eTeJibCTByeT 00 aHH30TpOIIll.ll. 

11 npeiiMyiiJ;eCTBeHHOH caMop,nlfllflyaHH IIO rpaHH

u;aM aepeu B 13-ypaHe. TiocKoJibKY HCCJie)l;oBaHne 

npOBO)l;li.JIOCb Ha <Jli.CTOM ypaHe, B KOTOpOM j3-lflaaa 

npH KOMHaTHOH TeMnepaType He WHKCHpyeTCH, 

HanpaBJieHHH C MaKCli.MaJibHOH H MHHli.MaJibHOii 

BeJIH'IIIHoil: Ko31fllf!Hu;nenTa caMop,nlfllflyanH onpe

)l;eJIHTb He y)l;aJioCb. BeJIH'IMHa Koalfllflnu;HeHTa )J,JIH 

OOJiaCTH TeMrrepaTyp 700-750° C, IIOJIY'!eHHa.H IIO 

H3MeHeHHIO a-aKTli.BHOCTH B rrpou;ecce OTmnra, Jie

mHT B npep,eJiax 2 -7- 6 ·10-11 cM2jce.,., 
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PHc. 4. AaropaAHorpaMMbl nonHKpHcrannH'!ecKoro o6pa34a a-5 c coaepweHHbiMH 3epHaMH nocne or>KHra 
npH 640°C B Te'leHH& 40 11: 

a - C IICXOf];HOH rroBepxrrocTR; 6- rra rJiy6nrre 0,7 MM; B- rra my6nrre 3 MM; 

z - rra rJiy6nrre 7 MM 

06cymAeHHe pe3yllbTaTOB 

llpnBe,L~,eHHhle ;:mciTepnMeHTaJibHhie peayJibTaTbl 
y6e,L~,HTeJibHO CBH,ll,eTeJibCTBYIOT 0 HaJinqnn aHH30-
TpOITHH caMO,ll,ncpcpyann B a- n ~-cpaaax ypaHa. 
B a-ypaHe CI<OpocTb caMo,L~,ncpcpyann ITO KaKoMy
Jin6o KpncTaJIJiorpacpnqecKoMy HaiTpaBJieHniO OIT
pe,L~,eJI.HeTC.fl yrJIOM Mem,ll,y 3THM HaiTpaBJieHHeM 
H OCbiO (010) H B ITepBOM ITpH6JIHif\eHHH He 3aBH
CHT OT yrJIOB ITO OTHOITieHHIO K OC.fiM a H C. i:ho 3Ha
qnT, qTo ITO KpncTaJIJiorpacpnqecKnM HaiTpaBJie
HH.HM, Jieif\aiiJ;HM Ha ITOBepXHOCTJI KOHyca C OCbiO 
(010), 3HaqeHH.fl K03cpcpHD;HeHTOB CaMO,ll,Hcpcpy3HH 
6y,L~,yT O,ll,HHaKOBhi. MnHnMaJibHoe aHaqeHne Koacp
cpnu;neHTa Ha6JIIO,L~,aeTC.fl B HaiTpaBJieHHH (010), 
ITpn6JinmeHHa.H o'IJ;eHKa ,L~,aeT BeJinqnHy D ~ 
~ 10-15 cM,2/ce,. ITPH 640° C. llo HaiTpaBJieHH.HM 
(100) n (001) D = 2·10-13 cM,2/ce,.. i::ha BeJin
qnHa xopomo corJiacyeTc.H c ITOJiyqeHHoii: B pa6o
re 9, r,L~,e oHa ou;eHnBaeTc.fl paBHOii: 1,95 X 
X 10-13 c.M2/ce,.. HaJinqne aHnaoTpOITHH li rpaHnq
Hoii: caMo,[J;ncpcpy3HH ,[J;eJiaeT Koacpcpun;neHT caMo
,ll,Hcpcpyann oqeHb qyBCTBHTeJibHbiM K CTPYI<Type 
o6pa3D;OB. qeM MeJILqe CTPYKTypa, TeM 6oJibiiiHii: 
BKJia,ll, B ,ll,llcpcpy3JIOHHbiii: ITOTOK BHOC.fiT rpaHHD;hl 

• • 

• 
I 

• 

·' 

• 
•• 

aepeH. TaKa.H me aasncnMoCTb Ha6JIIO,L~,aeTC.fl 
n ITpn ITOHHmeHnn TeMITepaTypLI. CTpyKTypHa.H 
3aBHCHMOCTb KOacpcpHIJ;HeHTa caMO,ll,Hcpcpy3HH He 
noaBOJI.HeT oiTpe,L~,eJIHTb aHeprnro aKTnsau;nn Ha ITO
JIHI\pHcTaJIJinqecKnx o6paau;ax, KoTopa.H co,L~,ep
maJia 6hl KaKoii:-Jin6o cpnanqecKnii: CMhlCJI. B cJiy
qae HCCJie,ll,OBaHH.H Ha MeJIK03epHHCTbiX o6paan;ax 
;meprn.H aKTnsau;nn MomeT B KaKoii:-To cTeiTeHn 
xapaKTepnaoBaTb TOJibKO rpaHnqHyiO ,L~,ncpcpyanro. 

PHc. 5. AaropaAHOrpaMMbl nonHKpHcrannH'I&eKoro o6pa34a 
a-6 c coaepWeHHbiMH 3eptiitMH 

nocne OT>KHra npH 640°C a re'leHHe 30 11: 

a- rra r.rry6nrre 1,7 MM; 6- rra rJiy6Rrre 7 MM 

• 

. .. 

• .. 

PHc. 6. JlaprpaMMbl 3epeH 2 H ~ o6pa;n~a a-5 
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PHc. 7. AaropaAHorpaMMbl o6pa3t.~a, onKHraawerocll npH 720°C 8 re'lettHe 3 '1: 
a- C HCXOAHOH IIOBepXHOCTH; 6 - Ha rJiy6HHe 4 MM; 6- Ha r;ry6HHe 12 MM 

llo~yqeHHOe B pa6oTe 6 3Ha~eHHe 3HeprHH aKTH
BaD;HH, paBHOe 40 KlWJt/Z • aTOM, O~eBH,IWO, COOT
BeTCTByeT AaHHOMY c~y~aro, TaR KaK CYAJI no npn
BeAeHHOH aBTOpaAHOrpaMMe HCC~eAOBaHHe npono
AH~OCh Ha Me~K03epHHCTOM ypaHe. 

Heo6xoAHMo OTMeTHTh, ~To nay~eHne caMo
AH!f>lf>yann n a-ypaHe npeACTaB~JieT 6o~hiiiHe 
:mcnepnMeHTa~hHhle TPYAHOCTH. TipemAe ncero 
3TO CBJI3aHO C CH~hHOH OI\HC~JieMOCThiO ypaHa. 
Cnoco6HOCTh ypaHa K aKTHBHOMy naaHMOAeii:cTBHIO 
c raaoM Mor~a JIBHThCJI OAHOH na npn~HH Toro, ~To 
n pa6oTe 5 He 6hl~a o6HapymeHa aHH30TponHJI 
caMoAnif>lf>yann n a-ypaHe. 

TaKHM o6paaoM, peay~hTaThi, no~y~eHHhie 
B npe~CTaB~eHHOH pa6oTe, y6eAHTe~bHO IIOATBep
»<AaiOT Ha~H~He 3aBHCHMOCTH Koalf>lf>nn;neHTa 
caMoAnl]>lf>yann n a- H ~-ypaHe OT KpncTa~~orpa
qm~ecKoro Hanpan~eHHJI. 3Tn peay~hTaThi Mor~H 
6bl CBHAeTe~LCTBOBaTL B no~L3Y npeA~OmeHHOrO 
B pa6oTe 4 AHif>lf>yaHOHHOrO MexaHH3Ma paAHa
D;HOHHOrO pocTa ypaHa, OAHai<O peaKoe yne~n~eHne 
ROalf>lf>nn;HeHTa paAHaD;HOHHOrO pOCTa npH HH3KHX 
TeMnepaTypax, no~y~eHHoe n pa6oTe 10, He n03BO
~JieT CAe~aTb TaKoii: BhiBOA. 

B noc~eAHee npeMJI noc~e HeKoToporo yconep
meHCTBOBaHHJI MeTOAHKH 6hmH H3MepeHbi K03cP
If>nn;HeHTbi caMo~nlf><f>yann a-ypaHa no Hanpan~e
HHJIM, nepneHAHKY~JipHhiM n~OCKOCTJIM, 6~H3KHM 
K n~OCKOCTJIM (100) H (001), B HHTepna~e TeMne
paTyp 560-660° C. Tio~y~eHHhie peay~hTaThi 
Aa~n B03MOa<HoCTh onpeAe~HTh aHeprHIO aKTHBa
n;nn CaMOAHif><f>y3HH no 3THM Hanpan~eHHJIM, paB
HyiO 67 + 2,5 ~'>1>aJt/e ·aTOM. TeMnepaTypHaH aann
cnMOCTh Koa<f><f>nn;neHTa caMOAn<f><f>yann no yKa
aaHHhiM HanpanJieHHJIM OIIHChlBaeTCH ypaBHeHHeM 
D = 9,1·102 exp ( -67 000 I RT) cM2/ceK. BhmB
JieHa TeH)J;eHD;HH CHH7ReHHH 3HeprHH aKTHBai.J;HH no 
Mepe yMeHbmeHnH yrJia Me»<AY AaHHhiM Hanpan
JieHneM n HanpanJieHneM (010). 

nPI-'IJIO>-HEHI-'IE 

METO,D,bl PAC4ETA KOSttHtJI-'!U.I-'IEHTOB 
CAMO,D,I-'!tt:ntJY31-'11-'1 

n pn nayqeHHH AH<f><f>yann a6cop6n;noHHhlM MeTO
AOM Ha nonepxHoCTh ncc~eAyeMoro o6paan;a HaHo
CHT TOHKHii: CJIOH paAHOaKTHBHOrO H30TOna. B npo
n;ecce OTa<Hra ~aCTb H30TOna YXOAHT B rJiy6h 
o6paan;a, B peayJihTaTe ~ero a-paAnoaKTHBHOCTh Ha 
IIOBepXHOCTH yMeHbmaeTCH. lfaMeHeHne paAHO
aKTHBHOCTH CO BpeMeHeM 6yAeT OnHChiBaTbCJI 
ypanHeHneM 

A/A0 = erj(e)---1~ (1-e-t"), 
e Vn 

(1) 

r)l.e A- pa)l.noaKTHBHOCTh noaepxHOCTH nocne 
oTmnra B Te~eHne apeMeHn t; A 0 - ncxo)J,HaH 

A. 
pa)J,HOaKTifBHOCTh; e = -.r- ; /.- )J,JIHHa npo-

2 r Dt 
2 t 

6era ~:X-~acTnn;; erf (e)=.,,- ~e-x'dx. 
r n 

0 

YpanHeHne (1) cnpaneAJIHBO B TOM cJiy~ae, Kor
Aa H3MepeHHe aKTHBHOCTH npOH3BOAHTCJI B TeJieC
HOM yrJie, paBHOM 2n. B HameM cJiy~ae perncTpa
n;nn a-H3~y~eHHJI npOH3BO~HTCJI B TeJieCHOM yrJie 
< 2n n, cJieAOBaTeJihHO, ypanHeHne (1) He MomeT 
6biTh HCnOJih30BaHO. lfaMeHeHne a-aKTHBHOCTH Ha 
noaepxHoCTH o6paan;a 6yAeT perncTpnponaThCJI 
C~eTHOll CHCTeMOH TOJihKO 'TOrAa, KOrAa MaKCH
MaJibHhiH yroJI BhiXOAa a-~aCTHD; Ha IIOBepXHOCTH 
o6paan;a cTaHeT MeHbme yrJia c~eTa (pnc. 8). 
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PHc. a. CxeMa K BbiBOAY pac'I&THOro ypaaHeHHJI: 
1 - o6paaen;; 2 - CD;HHTHJlJl.IITOp 

P/333 

YpaBHeHHe B aToM cJiy'lae ITPHMeT BHA 

a "a~t~~t~ 

A= ~c(x, t) dx + ~ c (xt)(1- ~ )dx, 
1 0 

I'Ae a - paCCTOJIHHe OT ITOBepXHOCTH o6paa~a, ITpH 

KOTOpOM MaKCHMaJibHhiH yi'OJI BhiXOAa a-'laCTH~ 
(yrOJI a Ha pHC. 8) 6yAeT paBeH yrJiy C'leTa 9; 

Aatfltfl - acpcpeKTHBHaJI AJIHHa ITpo6era a-'laCTHU 

B o6paan;e; 

x' 
Ao ---

A= Ak; k = cose; c(xt) = ~r- e 4DI • 
r n.Dt 

A/Ao={erf(P)- P~n (e-q'-e-P')}, (2) 

rAe p = _1._ . = k1. . 
2 VDt ' q 2 VDt 

Pac'leT KoacpcpH~HeHTa caMOAHcpcpyaHH ITO ypaB

HeHHIO (2) ITpOH3BOAHTCJI rpacpH'IeCKH ITO ::lKCITe

pHMeHTaJibHO IToJiy'leHHoMy aHa'leHHIO A I A 0• 3cp

cpeKTHBHaJI AJIHHa rrpo6era orrpeAeJIJIJiach aKcrre

pnMeHTaJihHO. 

A. A. 50YBAP et al. 

MeTOA asropaAHOrpa~HH 

EcJIH B pemeTKe a-ypaHa Ha6JIIOAaeTcJI aaBHCH

MOCTh CKOpOCTH CaMOAHcp«Jly3HH OT KpHCTaJIJIOrpa

cpH'IeCKOrO HarrpaBJieHHJI, TO Ha aBTOpaAHOrpaMMe, 

CHJITOH C ITOBepXHOCTH ITOJIHKpHCTaJIJIH'IeCKOrO 

o6paan;a rrocJie OTiKHra, OTAeJihHhie aepHa 6YAYT 

p;aBaTb pa3JIH'IHYIO ITJIOTHOCTh ITO'IepHeHHJI. IlyTeM 

YAaJieHHJI cJioen oiTpe,n;eJieHHoll: TOJI~HHhl c ITO

uepxHOCTH MOiKHO 6yAeT IIOJIY'IHTh ITOJIHYIO Kap

THHY pacnpeAeJieHHJI H30TOITa B OTAeJibHhiX aep

llax. llaMeHeiiHe aKTHBHOCTH Ha ITOBepXHOCTH OT

AeJibHOrO aepHa, a CJieAOBaTeJibHO, H ITJIOTHOCTH 

ITO'IepHeHHJI OT ::lTOrO aepHa B 3aBHCHMOCTH OT pac

CTOJIHHJI OT ITepBOHa'laJibHOH ITOBepXHOCTH 6yAeT 

OITHChiBaTbCJI ypaBHeHHeM 

a~ ~ 

AfA0 = ~ c(xt)(t- ~ )dx;c(xt)=v:o/- 4
v

1
, 

a 

AfAo=(t+ ~){[erf(z+P)-erf(z)]-

- p ~Ji (e-z'-e-(Z+P)')}, (3) 

rAe a - paCCTOJIHHe HCCJiep;yeMOH UOBepXHOCTH OT 

rrepBoHa'laJihHoll:; 

a 
Z= • 

2 VDt ' 

IloJiy'IHB cepnro aBTopaAHorpaMM c nonepxHo

cTell:, paCITOJIOiKeHHhiX Ha pa3JIH'IHOM paCCTOJIHHH 

OT HCXOAHOH UOBepXHOCTH, ITO ITJIOTHOCTH UO'IepHe

HHJI rpa«<JH'IeCKR ITO ypaBHeHHIO (3) ITpOH3BO,O:HTCJI 

pac'leT Koa<fJ<fJH~HeHTOB CaMO,O:HtP<fJY3HH B OT,D;eJib

HhiX aepHax. 
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ABSTRACT -RESUME-AHHOTAUII1.si-RESUMEN 

Self-diffusion in ex- and ,8-uranium 

By A. A. Bochvar et a/. 

A/333 USSR 

The main object of the work reported in this paper 
was to study the anisotropy of self-diffusion in a- and 
~-uranium. 

Owing to the readiness with which uranium oxidises, 
experiments designed to study self~diffusion in the 
a- and ~-phases present considerable difficulties. 
Conditions have to be established under which 
oxidation of the surface layer of the specimen is kept 
to a minimum throughout the experiment; In addition, 
the method of measuring the self-diffusion coefficient 
must be sensitive enough to enable the differences in 
the coefficients in different crystallographic directions 
to be observed. 

With this end in view, a procedure was developed 
for depositing an active isotope on the surface of the 
specimen, followed by diffusion annealing, and for 
measuring the a-activity during the annealing process 
in a high vacuum (4 to 6 x 10-7 mm Hg) without 
the vacuum being broken between the individual 
operations. Uranium-233 was used as marker. The 
self-diffusion coefficients were calculated from the 
change in the a-activity of the specimen during 
annealing (an ads~rption method) and from auto
radiographs taken from the surface of the specimens 
after annealing. 

The anisotropy of a-uranium self-diffusion was 
studied in single crystals and in coarse-grained poly
crystal specimens the grains of which were themselves 
perfect single crystals. The crystallographic orientation 
of the single crystals and individual grains was 
determined from back-reflection Laue patterns. In the 
case of ~-uranium, the experiments were carried out 
on polycrystal specimens alone. 

The difference in the density of the blackening 
according to the orientation of the grains, in both 
the a- and ~-phases, is clearly visible in the auto
radiographs produced by the polycrystal specimens. 
This is conclusive proof of the anisotropy of self
diffusion in the two phases. In this connexion, it is 
to be noted that in none of the studies on self-diffusion 
in uranium published hitherto has the autoradio
graphic method afforded convincing proof of the 
anisotropy of self-diffusion in both phases. In the 
present study, autoradiographs were obtained for the 
first time that show the dependence of the self
diffusion coefficient on crystallographic direction. 

As a result of the work done, it was established that 
in a-uranium the self-diffusion coefficient was identical 
along the (100) and (001) crystallographic axes, being 
equal to 2 x 10-13 cm2/s to a first approximation, 
whereas in the (010) direction it was at a minimum, 
and, at an approximate estimation, less than I0-15 

cm2/s. In the other crystallographic directions, the 
coefficient is a function of the angle between a given 

direction and the (010) axis. Self-diffusion occurs 
preferentially along the grain and sub-grain bound
aries, where it is also anisotropic, being a function 
of the mutual orientation of adjacent grains. 

The crystallographic directions corresponding to 
the maximum and minimum values of the coefficient 
of self-diffusion in ~-uranium have not yet been 
determined. But in this phase, too, self-diffusion 
occurs preferentially along the grain boundaries. 

A/333 URSS 

L'autodiffusion dans !'uranium ex et ,8 

par A. A. Bochvar et a/. 

Le but principal de cette etude etait la connaissance 
de l'anisotropie de l'autodiffusion dans les phases a 
et ~ de l'uranium. 

Etant donne que !'uranium est facilement oxydable, 
les experiences sur l'autodiffusion dans ces phases 
presentent de grosses difficultes. 11 fallait trouver des 
conditions telles que l'oxydation des echantillons en 
surface soit reduite au minimum durant toute }'expe
rience. D'un autre cote, la methode de determination 
des coefficients d'autodiffusion doit etre suffisamment 
sensible pour qu'on puisse differencier les coefficients 
des differentes directions cristallographiques. 

A cette fin, on a mis au point une methode de depot 
de !'isotope sur la surface des echantillons, de recuit 
par diffusion et de mesure de l'activite alpha au cours 
du recuit, sous vide pousse (4 a 6 x I0-7 mm Hg) 
sans rupture du vide entre les differentes operations. 
L'uranium 233 servait de traceur radioactif. On a 
calcule les coefficients d'autodiffusion d'apres la 
variation de l'activite alpha des echantillons au cours 
du recuit (par la methode de !'adsorption) et d'apres 
les autoradiogrammes obtenus a la surface des 
echantillons apres le recuit. 

On a etudie l'anisotropie de l'autodiffusion en 
phase a sur des monocristaux et sur des echantillons 
polycristallins dont les grains, assez gros, etaient des 
monocristaux parfaits. L'orientation cristallogra
phique de monocristaux et de grains pris separement 
etait determinee a l'aide de diagrammes de Laue avec 
reflexion vers l'arriere. Dans l'uranium ~.on a effectue 
les experiences sur des echantillons polycristallins. 

On observe tres distinctement sur les autoradio
grammes des echantillons polycristallins la difference 
de densite de noircissement due aux differences 
d'orientation des grains aussi bien dans la phase a que 
dans la phase ~. ce qui est une preuve convaincante de 
l'anisotropie de l'autodiffusion dans ces phases. 11 
faut noter que, dans aucune des etudes publiees sur 
l'autodiffusion dans !'uranium, !'utilisation de la 
methode d'autoradiographie n'avait donne de preuves 
certaines de l'anisotropie de l'autodiffusion dans les 
phases a et ~-
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Au cours du travail presente ici, on a obtenu pour 
Ia premiere fois des autoradiogrammes qui montrent 
que Ie coefficient d'autodiffusion depend de Ia direc
tion cristallographique. 

II resulte de I' etude effectuee que, dans !'uranium ex, 
Ies coefficients d'autodiffusion dans Ies directions 
(100) et (001) sont, en premiere approximation, iden
tiques et de l'ordre de 2 x I0-13 cm2/s et que celui 
dans Ia direction (010) est le plus petit, inferieur a 
10-15 cm2/s environ. Pour ce qui est des autres direc
tions, le coefficient d'autodiffusion depend de !'angle 
qu'elles font avec l'axe (010). On a etabli qu'il existe 
une autodiffusion preferentielle aux joints des grains 
et des sous-grains. L'autodiffusion aux joints est 
egalement anisotrope et depend de I' orientation 
mutuelle des grains environnants. 

Pour !'uranium [1, les orientations cristallographi
ques a coefficient d'autodiffusion minimal et maximal 
n'ont pas ete determinees. On observe egalement une 
autodiffusion preferentielle aux joints des grains. 

A/333 URSS 

La autodifusi6n en las fases ex y f3 del uranio 

por A. A. Bochvar et a/. 

El objeto fundamental de Ia presente memoria 
es el estudio de Ia anisotropia de Ia autodifusi6n en 
las fases ex y [1 del uranio. 

A causa de Ia gran tendencia a Ia oxidacion del 
uranio, la realizacion de los experimentos para el 
estudio de Ia autodifusion en dichas fases presenta 
considerables dificultades. Han de establecerse las 
condiciones en que sea minima Ia oxidacion de Ia 
capa superficial de las probetas durante todo el 
transcurso de Ia experimentaci6n. Ademas, el metodo 
para determinar los coeficientes de autodifusion 
debe proporcionar una sensibilidad suficiente para 
poder observar las diferencias de los coeficientes 
en las distintas direcciones cristalograficas. 

Con este fin se ha elaborado una tecnica para 
realizar Ia operacion de depositar el isotopo en Ia 
superficie de las probetas, el recocido de difusion 
y Ia medici6n de Ia actividad ex durante el proceso de 
recocido en alto vacio (4 a 6 x I0-7 mm Hg), sin 
alterar el vacio entre las distintas operaciones. Como 

A. A. 504BAP et al. 

marcador se ha utilizado uranio-233. El calculo de los 
coeficientes de autodifusion se ha· basado en Ia varia
cion de Ia actividad ex de las probetas durante el recocido 
(metodo de adsorcion) y en las autorradiografias que 
se obtienen de Ia superficie de las probetas despues 
del recocido. 

Para el estudio de Ia anisotropia de Ia autodifusion 
en el uranio ex se han utilizado monocristales y 
pro betas policristalinas de granos gruesos que. pare
dan monocristales perfectos. La orientaci6n cristalo
grafica de los monocristales y de los distintos granos 
se determinaba mediante lauegramas de retroceso. 
Para los experimentos correspondientes al uranio [1 
se emplearon probetas policristalinas. 

En las autorradiografias de las probetas poli
cristalinas se observa claramente Ia diferencia de Ia 
densidad de ennegrecimiento correspondiente a los 
granos con distinta orientacion, tanto en Ia fase ex 
como en Ia [1, lo que es una demostraci6n concluyente 
de Ia anisotropfa de Ia autodifusion en dichas fases. 
Es necesario indicar que en ninguno de los trabajos 
publicados sobre Ia autodifusion en el uranio, Ia 
aplicacion del metodo de autorradiografia conducfa 
a pruebas concluyentes de Ia anisotropia de Ia auto
difusion en las fases ex y [1. En el presente trabajo 
se han obtenido por primera vez autorradiografias 
que muestran como varia el coeficiente de auto
difusion segun Ia direccion cristalografica. 

Como resultado de Ia investigaci6n realizada se 
ha determinado que, en el uranio ex, en las direcciones 
cristalognificas [100] y [001] el coeficiente de auto
difusi6n es, en primera aproximaci6n, el mismo e igual 
a 2 x 10-13 cm2/s, y en Ia direccion [010] es mfnimo y 
se estima, aproximadamente, menor que I0-15 cm2/s. 
En las demas direcciones cristalograficas, el coeficiente 
de autodifusion depende del angulo que forma Ia 
direccion dada con el eje [010]. Se ha comprobado 
Ia autodifusion preferente a lo largo de los hordes de 
los granos y de los subgranos. La difusion a lo largo 
de los hordes de grano tambien es anisotropa y 
depende de Ia orientacion relativa de los granos 
adyacentes. 

No se han determinado las direcciones cristalogra
ficas a las que corresponden los valores maximo y 
minimo del coeficiente de autodifusion en el uranio [1. 
Tambien en este caso se observa una autodifusion 
preferente a lo largo de los hordes de los granos. 
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-M CBOMCTBa TpOMHbiX cnnaaoa 

T. A. 6aAaeaa, r. K. AneKceeHKO, P. lA. Ky3Heu.oaa 

B HacToHm,eM ,n;oKJia,n;e paccMaTpnBaiOTCH aKcne
pnMeHTaJibHhle IWHHhle aBTopoB no cTpoeHniO 
TpOHHhlX CnJiaBOB C TOpHeM B TBep,D;OM CO
CTOHHHH B CHCT()Max: TOpHii - IJ;HpKOHHH - TH
TaH, Topnii - IJ;IIpKOHIIH- u;epnii, TOpnii - D;llp
KOHIIH - Hno6nii, TOpnii - IJ;IIpKOHIIH - MOJIII6-
,n;eH. ¥ ,D;eJIHeTCH BHIIMaHne II3ylJeHUIO MeTaCTa6UJib
HhlX «J>aa, ycJIOBIIHM IIX o6pa30BaHIIH II CBH31I 
co cBoiicTBaMn cnJiaBoB. PeayJihTaThl nccJie,n;oBa
HnH npe,n;cTaBJieHhl rJiaBHhlM o6paaoM no ,n;aHHhlM 
peHTreHOBCKOrO II MnKpOCTpyKTypHoro aHaJIII30B, 
a TaKme TBep,D;OCTII Ha aaKaJieHHhlX nOCJie ,ll;JIII
TeJibHOH Bhl,n;epmKn o6paau;ax. 

BMecTe c paHee onyfiJinKoBaHHhlMH ,n;aHHhlMH no 
,D;IIarpaMMaM COCTOHHHH TpOHHhlX CIICTeM Topnii
IJ;HpKOHIIH - ypaH 1 II TOpHii - IJ;IIpKOHIIH -
Hno6nii 2, cTpoeHniO cnJiaBoB Topnii - u;npKo
Hnii - yrJiepo,n; no paapeay Topnii - Kap6n,n; 
u;npKoHnH 2, Topnii - 6epnJIJIHii - ypaH 1 no 
paapeay ThBe13 - UBe13 , Topnii - :KpeMHnii -
ypaH 2 no paapeay ThSi2- USi2, a TaKme pe
ayJibTaTaM H3ylJeHIIH HeKOTOpbiX MeXaHIIlJeCKIIX 
II KOpp031IOHHhlX CBOHCTB aTIIX CnJiaBOB 2 Ha
CTOHIIJ,ee nccJie,n;oBaHne ,n;aeT npe,n;cTaBJieHne o xa
paKTepe B3aHMO,n;eiiCTBHH TOpHH B TpOHHhlX CnJia
BaX C pH,n;OM Han6oJiee HHTepeCHhlX aJieMeHTOB, 
a TaKme n03BOJIHeT OTMeTHTb HeKOTOphle oco6eH
HOCTII IIX CBOHCTB. Ilpn Bhl6ope CHCTeMhl npHHH
MaJiaCb BO BHHMaHHe B03MO/KHOCTb o6paaoBaHHH 
o6mnpHhlX o6JiacTeii TBep,n;hlx pacTBopoB c TopneM, 
yJiy'lmeHnH ero KoppoanoHHhlX cBoiicTB, a TaKme 
OTHOCHTeJibHO MaJiaH BeJIHlJHHa aaXBaTa TenJIO
BhlX HeiiTpOHOB JiernpyiOIIJ,HMII aJieMeHTaMII. 

1. CII!CTEMA TOPII!Vl- UIIIPKOHII!Vl
TIIITAH 

CncTeMa Topnii - u;npKoHnii - TnTaH xapaK
repnayeTCH HaJIIIlJIIeM npn BhlCOKIIX TeMnepaTy
pax, B TOM lJIICJie npn 1000° C, mnpoKoii o6JiacTn 
TBep,n;hlX pacTBOpOB Ha OCHOBe o6'beMHOIJ;eHTp1IpO
BaHHOH Ky6nlJeCKOH pemeTKH ~Th-Zr-Ti· (ho 
o6ycJIOBJieHo cym,eCTBOBaHIIeM HenpepbiBHhlX pH
,ll;OB TBep,n;hlX paCTBOpOB Mem,n;y ~-MO,n;n«J>nKaiJ;IIH
MII MeTaJIJIOB B ,n;BOHHhlX orpaHIIlJHBaiOIIJ,HX CH
CTeMaX Topnii - IJ;HpKOHIIH II IJ;HpKOHHH - TII
TaH. Topnii n TnTaH, KaK naBeCTHo, o6paayroT 
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Mem,n;y co6oii ,n;narpaMMY npocToro aBTeKTHlJecKoro 
THna C BeCbMa orpaHnlJeHHhlMH 06JiaCTHMII TBep
,n;hlX paCTBOpOB. ~Th-Zr-Ti - TBep,D;hlll paCTBOp 
B ,n;aJibHeiimeM o6oaHalJaeTCH KaK ~zr, ecJin oH 
co,n;epmnT 6oJiee 50 aT.% u;np:KoHnH; co)l;epmam,nii 
MeHee 50 aT.% IJ;HpKOHHH II npHMhlKaiOIIJ,HH no 
COCTaBaM K ,n;BOHHOH CHCTeMe Topnii - IJ;HpKOHHH 
o6oaHalJaeTcH :KaK ~Th; co,n;epmam,nii MeHee 
50 aT.% IJ;HpKOHHH H npnJieraiOIIJ,Hll K CTOpOHe 
IJ;HpKOHHH - THTaH o6oaHalJaeTCH KaK ~Ti. 

Oco6eHHOCTbiO cncTeMhl HBJIHeTcH Ta:Kme HaJin
lJHe o6JiacTn pacna,n;a Ha ,n;Ba TBep,n;hlx pacTBOpa 
~Th-Zr + ~Zr C o,n;nHaKOBOH KpHCTaJIJIHlJeCKOH 
pemeTKOH, HO pa3JIHlJHhlM Co,n;epmaHneM KOMno
HeHTOB. (ha o6JiaCTb pacna,n;a npn BhlCOKHX 
TeMnepaTypax orpaHnlJHBaeT o6JiaCTb ~Th-Zr-Ti
TBep,n;oro pacTBopa, KaK aTo BH,n;Ho Ha puc. 1, 
r,n;e npe,n;cTaBJieHhl naoTepMnlJecKne celJeHHH ,n;na
rpaMMhl COCTOHHHH CHCTeMhl Topnii - IJ;HpKOHHH -
THTaH npn 930, 900, 800 n 600° C; rpaHHIJ;hl «J>aao
BhlX o6JiaCTeii npn 1000° C HaHeceHhl nyHKTHp
HhlMH JIHHIIHMH Ha npoeKIJ;HH ,n;narpaMMhl COCTOH
HHH CHCTeMbl (pnc. 2). llpn noHH/KeHHH TeMnepa
Typhl ,n;o 930° C (eM. pnc. 1, a) o6JiaCTb ~Th-Zr-Ti
TBep,n;oro pacTBOpa yMeHbmaeTCH aa ClJeT CJIHHHHH 
o6JiaCTH pacna,n;a ~Th-Zr + ~zr B TpoiiHoii cn
cTeMe c o6JiaCTbiO pacna,n;a ~Th-Zr + ~zr B ,n;Boii
Hoii CHCTeMe Topnii- IJ;HpKOHHH. llpn 900° C 
(eM. pnc. 1, 6) mnpoKaH ,n;Byx«J>aaHaH o6JiaCTb 
CXTh + ~Zr-Ti npoxo,n;nT OT ,n;BOHHOH CHCTeMhl TO
pnii- u;npKOHHH ,n;o ,n;BOHHOH CHCTeMhl Topnii -
THTaH. llpn aTOll TeMnepaType B TpOHHOH CHCTeMe 
yme He cym,ecTByeT o6JiacTn pacna,n;a ~Th-Zr + 
+ ~zr, lJTO yKa3biBaeT Ha TO, lJTO B paiioH HH3KHX 
TeMnepaTyp o6JiaCTb pacna,n;a ~Th + ~Zr H3 ,ll;BOHHOH 
CHCTeMhl TOpHii - IJ;HpKOHHH B TpOHHYIO TOpnii -
IJ;HpKOHIIH - TIITaH He pacnpOCTpaHHeTCH. 

llpn 800° C (eM. pnc. 1, e) o6JiacTb Pzr-Ti
TBep,n;oro pacTBopa aaMeTHo cymaeTCH, a npn 
600° C (eM. pnc. 1, e) 6oJibillHHCTBO H3ylJeHHhlX 
CnJiaBOB HaXO,n;HTCH B ,D;Byx«J>a3HhlX o6JiaCTHX 
aTh + CXzr, CXTh + Pzr-Ti H aTh + CXTi• rpaHHIJ;bl 
Tpex«J>aaHhlX o6JiacTeii Ha naoTepMn'lecKnx celJe
HHHX ,n;narpaMMhl COCTOHHIIH Topnii - IJ;HpKO
HHH - TnTaH npn 800 n 600° C HaMelJeHhl nyHKTn
poM, noCKOJibKY B 3THX o6JiaCTHX KOHIJ;eHTpau;nii 
HCCJie,n;oBaJIHCb Jlllillb OT,D;eJibHhle cnJiaBhl. Ilpn 
500° C Bee nay'leHHhle cnJiaBhl Haxo,n;HTCH B ,n;Byx-
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cpa3HOM COCTOHHHH CXTh + CXzr-Ti; HMeiOTCH JIHIIIb 
aecnMa orpanuqeanhle o6JiacTH TBep~hlx pacTBo
poB CXTh H CXzr-Ti, TeCHO npHJierarom;ue K ~BOHHhlM 
CHCTeMaM TOpHH-D;HpKOHHH H D;HpKOHHH-THTaH. 

RpucTaJIJIHqecKaH CTPYKTypa cnJiaBoB, aaKa
JieHHhlX C pa3JIHqHbiX TeMnepaTyp B HHTepBaJie 
1000-600° C, noKaaana na uaoTepMuqecKHX ce
qenunx ~uarpaMMhi cocToHHHH (eM. puc. 1). 
B cnJiaaax ~Th-Zr-Ti-TBep~oro pacTaopa, 6ora
ThlX D;HpKOHHeM H THTaHOM, OHa XapaKTepuayeTCH 
reKcaronaJihHOH pemeTKoil: CXzr HJIH cxTi, npe~
cTaBJIJIIOID;HX co6oii nepecx,nn;ennhle ~BYMJI ~py
ruMH KOMnOHeHTaMH TBep~ble paCTBOphl Ha OC
Ho:.,e reKcaroHaJihHOH pemeTKH COOTBeTCTBeHHO 
CXzr HJIH ctri. HaJiuque reKcaronaJibHOH pemeTKH 
B aTHX cnJiaaax o6ycJioBJieHo ~ -+ ex '-npeapam;e
tmeM, H~YID;HM B HHX B MoMenT aaKaJIKH. B cnJia
Bax ~zr-TBep~oro pacTBopa c 15 aT.% THTaHa + 
+ 70 aT.% D;HpKOHHH, 25 aT.% THTaHa + 65 aT.% 
D;HpKOHHH H 40 aT.% THTaHa + 44 aT.% D;HpKO
HHH, 6JIH3KHX no COCTaBy K npe~eJibHOMY HaCbiiD;e
HHIO, nocJie aaKaJIKH c 1000-900° C na6Jiro~aeT-

en o6'beMnon;enTpupoaannaH Ky6uqecKaH pemeTKa 
~zr-TBep~oro pacTBopa. B cnJiaaax, aaKaJieHHhlX 
H3 o6JiaCTH ~Th-, a TaK/1\e ~zr-TBep~hlX paCTBO
pOB C 50 H 60 aT.% D;HpKOHHH H CO~epmam;HX 
Me nee 3 aT.% THTaHa, cpHKCHpyeTCH rpanen;eHTpHpo
BaHHaJI Ky6uqecKaH pemeTKa ctrh BCJie~cTBHe 
Konn;enTpan;uonnoro pacna~a, na6Jiro~aeMoro 
TaKme B ~BOHHhlX cnJiaBax Topu:ii - n;upKOHHH 
3THX me KOHD;eHTpan;HH 1. 

B cooTBeTcTBHH c KpHcTaJIJIHqecKHMH pemeT
KaMH 3aKaJieHHhiX H3 06JiaCTH ~Th-Zr-Ti-TBep
~OrO paCTBopa CnJiaBOB B ~Byxcpa3HbiX o6JiaCTHX 
~Th-Zr + ~zr H ctrh + ~Zr·Ti na6Jiro~aiOTCJI rpa
nen;eHTpHpoBaHHble Ky6uqecKHe pemeTKH cxr11 
H o6'beMHOD;eHTpHpOBaHHbie Ky6uqeCKHe pemeTKH 
~zr, a TaKme ctrh, ~zr H reKcaronaJihHaJI pemeTKa 
CXTi· CnJiaBhl 3THX o6JiacTeil:, 6oraThle TopueM, 
HMeiOT pemeTKy ctTh; B 06JiaCTH CXTh-Zr + ~Zr 
cnJiaB c 60 aT.% n;upKOHHJI no paapeay, ceKy
m;eMy D;HpKOHHeBbiH yroJI CHCTeMbl C COOTHOIIIe
HHeM Th : Ti = 1 : 1, HMeeT o6'beMnon;enTpupo
Bannyro Ky6uqecKyro pemeTKY ~zr; B o6JiacTH 
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a:Th + ~zr-Ti cmxaBLI, Jiemam;ue Ha paapeae, 
CeKyru,eM D;HpKOHHeBLIH yroJI CHCTeMLI C COOTHOIIIe
HHeM Th : Ti = 1 : 1, II co~epmam;ue p;o 55 aT.% 
THTaHa, HMeiOT ,D;Be peiiieTKH c.tTh II c.tTi• C yBeJIH
qeHHeM CO~epmaHHH THTaHa B CIIJiaBaX ;}TOH o6-
JiaCTH lf>uKCHpyeTCH JIHIIIb peiiieTKa c.tTI· 

lJpH aaKaJIKe CnJiaBOB H3 o6JiaCTH ~zr-TBepp;o
ro pacTnopa c 800° C He yp;aeTCH lf>uKcHponaTh 
o6'beMHOD;eHTpHpOBaHHYIO Ky6uqecKyiO pellleTKY 
HH B O,ll;HOM H3 HayqeHHLIX CnJiaBOB. B COOTBeT
CTBHH C aTHM II B CnJiaBaX, 3aKaJieHHLIX H3 ,ll;BYX
If>a3HLIX 06JiaCTe:ft c.tTh + ~Zr-Ti II c.tTh + c.tTi 
C 800° C, Ha6JIIO,D;aiOTCH peiiieTKH c.tTh II c.tTt
B cnJianax, pacnoJiomeHHLIX Ha paapeae, ceKym;eM 
D;HpKOHHeBLIH yroJI CHCTeMbl C COOTHOIIIeHHeM 
Th: Ti = 1: 1, II B CIIJianax c 5-25 aT.% 
TOpHH II 50 aT. % II 6oJiee D;HpKOHHH, c.tTh -
B cnJiaBaX, pacnoJiomeHHLIX OT paapeaa, ceKy
m;ero D;HpKOHHeBLIH yro.'l CHCTeMLI C COOTHOIIIe
HHeM Th : Ti = 1 : 1, B cTopoHy yBeJiuqeHHH 
cop;epmaHHH TOpHH, c.tTi - B cnJiaBaX, IIpH
Jieraroru,HX no cocTaBy K rpaHHI~aM ~T1 /a:T11+ + ~zr-Ti II c.tTi/a:Th + a:Ti· MayqeHue KpHCTaJIJIH
qecKHX pellleTOK cnJiaBOB, aaKaJieHHLIX C 600 
II 500° C, He noKaaLmaeT qero-Jiu6o HoBoro no 
cpaBHeHIUO C CnJiaBaMH, aaKaJieHHLIMH C 800° C. 

Ha ocHoBaHHH p;aHHLIX, noJiyqeHHLIX npu uay
qeHHH CTpOeHHH aaKaJieHHbiX CIIJiaBOB TOpH:ft -
IJ;HpKOHHH - THTaH, noeTpoeHa npoeKIJ;HH ~Ha

rpaMMLI COCTOHHHH II COeTaBJieHa CXeMa peaKIJ;HH 
(eM. puc. 2, 6). 

JlHHHII Ha npoeKIJ;IIH ,D;IIarpaMMLI (eM. piiC. 2, a) 
OnHeLIBaiOT IIpon;ecCLI IIpeBpam;eHIIH B TBep,D;OM 
COCTOHHIIII B HHTepBaJie TeMnepaTyp OT 1000 ,ll;O 
500° C. Ilpii TeMnepaType 1000° C B peayJII>TaTe 
HaJIIIqiiH B TpoiJHoii CIIcTeMe o6JiacTII paeeJioeHIIH 
~Th-Zr + ~Zr cyru,eeTByeT paBHOBeCIIe c.tTh + ~Th + 
+ ~Zr• IJpii nOHIIii\eHHH TeMIIepaTypLI aTO paBHO
Becue BLIXO)J;HT B )J;BOHHYIO CHCTeMy TOpHH -
D;HpKOHIIH (KpiiBLie ~Zr - ~zr, ~Th- ~Th II c.tTh
- a:1- 11 ) II aaKaHqiinaeTCH B Hell npu TeMnepaType 
920° C no peaKn;IIH ~Til ~ a:1-h + ~zr· B pe
ayJILTaTe HaJIOii\eHIIH Tpexlf>a3HOrO paBHOBeCHH 
~h ~ ah +a~ 1 npii 882° C, up;yru,ero ua p;Boii
Holl CHeTeMLI TOpHll - THTaH, II Tpexlf>aaHOrO 
paBHOBeeiiH ~~r ~ c.th + c.t~r• HeXO,ll;HnJ;ero H3 
,ll;BOllHOll eiiCT8Mbl TOpiill - D;IIpKOHHll (KpiiBLie 
~ft- ~!r II c.th- c.t~r), B TpOHHOll CHeTeMe ycTa
HaBJIHBaeTCH Tpexlf>aaHoe paBHOBeCHe ~~r=Ti ~ 
~c.t~r=Ti + c.tilfii - 520° C. ::ho paBHOBeCIIe B TpOll
HOll CIICTeMe pacnpoeTpaHHeTCH II B pa:ftoH 6oJiee 
HII3KIIX TeMnepaTyp, BnJIOTb ,ll;O KOMHaTHOll. 

2. CI-1CTEMA TOPI-1~- L.J,I-'IPKOHI-1~
UEPI-1~ 

B CIIcTeMe TOpiill - D;IIpKOHHll - n;epHll He 
cym;eeTByeT IIIIIpOKOll o6JiaCTII TpOllHLIX TBep,D;LIX 
pacTBOpOB Ha oeHOBe o6'beMHOIJ;eHTpiipOBaHHOll 
Ky6IIqeeKOll pemeTKII ~-D;IIpKOHIIH. ::ha o6JiaCTb 
orpaHIIqiiBaeTCH oqeHb MaJIOll paCTBOpiiMOeThiO 
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n;epiiH B D;IIpKOHIIII B TBep,ll;OM COeTOHHIIII. 06JiaCTb 
paena~a ~-TBep~oro paeTBopa Ha ,D;Ba TBep~hiX 
paCTBOpa ~Th + ~Zr B ,ll;BOllHOll CIICTeMe TOpHll -
D;IIpKOHIIll He pacnpOCTpaHHeTeH B TpOHHYIO CH
CTeMy Topiiii - n;upKOHIIH - n;epiill HHme 920° C; 
npii 930° C cnJiaBLI aToii o6JiaeTII cop;epmaT Me
Hee 1 aT.% n;epnH. 06JiaeTL a:Th-Zr-ce-TBep.n;oro 
paCTBOpa B TpOllHOll CHeTeMe IIpiiJieraeT no COCTa
BaM K ,ll;BOIIHOH CIICTeMe TOpiill - n;epiill; npH 
930° C KPIIBaH paeTBOpiiMOCTII npi16JiumaeTeH 
K a,ll;,ll;IITIIBHOH npHMOII II npOXO,ll;IIT OT 13,5 aT.% 
D;IIpKOHIIH B ,ll;BOllHOll CIICTeMe TOpiill - IJ;IIpKOHIIll 
~o 7 aT.% n;upKOHIIH no paapeay, eeKyru,eMy IJ;IIp
KOHIIeBLill yroJI encTeMLI c cooTHOIIIHIIeM Th : Ce = 
= 1 : 1. C noHIIii\eHIIeM TeMnepaTyphl ,ll;O 600° C 
o6JiaeTh a:Th-Zr-cc-TBepp;oro pacTBopa aaMeTHo 
eymaeTcH; CO,ll;epmaHIIe D;IIpKOHHH B enJiaBaX 
aTOll o6JiaeTII yMeHbiiiaeTeH C 6 aT.% B ,ll;BOllHOH 
CIICTeMe TOpllll - IJ;IIpKOHIIll ,ll;O 1 aT. % no paa
peay, CeKyru,eMy IJ;IIpKOHII8Bhlll yroJI CIIeTeMLI 
c cooTHorneHIIeM Th : Ce = 1 : 1. 

JlaoTepMIIqeCKIIe ceqeHIIH ,ll;IIarpaMMLI COCTOH
HIIH CIIeTeMLI TOpllll - D;IIpKOHIIll - n;epiill npii 
930, 900, 680 II 600° C npep;eTaBJieHLI Ha pile. 3. 
Ilpu 930 II 900° C II30TepMI1qecn.ue ceqeHIIH xapaK
TepiiayroT cTpoeHIIe TPOllHLIX cnJiaBoB, 6oraTLIX 
TopneM. 

IJpep;BapiiT8JihHLIMII OnbiTaMII 110 aaKaJIKe CnJia
BOB TOpiill - D;HpKOHIIll - n;epiill C 1000° C 6LIJIO 
ycTaHOBJieHo, qTo o6JiaeTL TPOllHoro TBepp;oro 
pacTBopa Ha ocHoBe ~zr no paapeay, ceKyru,eMy 
D;IIpKOHIIeBblll yrOJI eiiCT8MLI C COOTHOIIIeHH8M 
Th : Ce = 1 : 1, He IIpeBLIIIIaeT 1 aT. % (Th + 
+ Ce); o6JiacTL TpollHoro ~-Tnepp;oro paeTnopa 
npH aTOll TeMIIepaType TeeHO npiiMhlKaeT K ,ll;BOll
HOll CIICTeMe TOpiill - IJ;IIpKOHIIll. 

Ilpii 930° C (eM. piic. 3, a) cym;ecTnyeT oqeHL 
yaKaJI o6JiaCTh ~-TBepp;oro paeTBOpa Ha OeHOBe 
o6'b8MHOIJ;8HTpHpoBaHHOii Ky6uqecKOII peiiieTKII ~
IJ;IIpKOHIIJI, T8CHO npiiMh!KaiOITJ;aH no COeTaBy K ,ll;BOli
HOll CIICT8M8 TOpiiH - D;IIpKOHIIii, C cop;epmaHII8M 
6oJiee 66 aT.% n;upKoHIIJI II MeHee 0,5 aT.% n;epnH. 
.06JiaCTb TpollHoro TBepp;oro pacTnopa a:Th-Zr-ce 
paenpOCTpaHHeTCJI OT 13,5 aT.% D;IIpKOHIIH B ,ll;BOll
HOll CIICTeMe TOpllll - IJ;IIpKOHIIll 11;0 7 aT. % IJ;IIp
KOHIIJI no paapeay, ceKyru,eMy n;upKOHIIeBLiii yroJI 
cucTeMhl c cooTHOIIIeHIIeM Th : Ce = 1 : 1; KpH
BaH eOBMeCTHOll paCTBOpiiMOCTII D;IIpKOHIIH II TO
piiH npii aTOll TeMnepaType BhlpamaeT 3aBIICHMOeTb, 
6JIII3KYIO K a,D;,ll;HTHBHOll. IJpH aTOll me TeMnepaType 
OT ,ll;BOllHOll CIICT8Mhl TOpiill - D;IIpKOHIIll B IIH
TepBaJie KOHIJ;8HTpaD;IIll OT 43 ,ll;O 68 aT.% D;IIpl\0-
HIIH B TpOHHYIO CIIeTeMy paenpocTpaHHeTeH ya
KaH o6JiaeTh pacna.n:a Ha p;na TBep.n;hlx paeTnopa 
~Th+ ~zr; CIIJiaBhl aToll o6JiaeTII eop;epmaT Me
Bee 1 aT.% n;epiiH. HaMeqeHa oqeHh yaKaH o6-
JiacTL Tpexlf>aaHOro eoeTOHHIIH CIIJiaBOB c.tTh + ~Th + 
+ ~Zr• KOTopaH orpaHIIqiiBaeTCH TpeMH ,ll;BYX
cpa3HhiMII o6JiaCTHMII ~Til + ~Zn c.tTh + ~Th II IIIII
pOKOH o6JiaeThiO c.tTil-Zr-Ce + ~Zr· IJpu 930° C 
cnJiaBLI, 6oraThle n;epiieM, a TaKme npuJieraroru,IIe 
no cocTaBaM K p;nollHOll ciicTeMe IJ;IIpKOHIIll -
n;epiill, co.n;epmaT mii.n;Kyro lf>aay. 
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Bee CIIJiaBLI, noKa3aHHLie Ha p1Ic. 3, a, 3aKa
JieHHLie c 930° C, IIMeiOT rpaHe~eHTPIIPOBaHHYIO 
cTpyKTYPY aTh-Zr-ce-TBep,ll;oro pacTBopa. B cmxa
Bax pa3pe3a C noCTOHHHLIM CO,ll;epmaHIIeM TOpiiH, 
paBHLIM 55 aT.%, HaXO,li;HIII;IIXCH B ,li;Byx<fla3HOH 
o6JiaCTII ~Th + ~Zro HaJIII'!IIe perneTKII aTh CBH-
3aHO C KOH~eHTpa~IIOHHLIM pacna,li;OM ~Th-<fla3LI 
B 3TOH o6JiaCTII COCTaBOB 1• 

llpii 900° C (eM. p1Ic. 3, 6) ,li;Byx<fla3HaH o6-
JiaCTh aTh-Zr-Ce + ~Zr )l;OXO)l;IIT )l;O )l;BOHHOH CII
CTeMhi TOpiiH - ~IIpKOHIIH, 'ITO yKa3LIBaeT Ha 
To, 'ITO peaK~IIH pacna,ll;a ~zr-TBep,ll;oro pacTBopa 
C o6'heMHO~eHTp1IpOBaHHOH Ky61I'leCKOH perneTKOH 
Ha ,li;Ba TBep,li;LIX paCTBOpa C TaKOH me perneTKOH, 
HO C pa3JIII'IHLIM CO,ll;epmaHIIeM KOMnOHeHTOB ~Th + 
+ ~zr, He pacnpocTpaHHeTCH B TpOHHYIO CIICTeMy 
TOpiiH - ~IIpKOHIIH - ~epiiH C nOHIImeHIIeM TeM
nepaTyphl ,ll;o 900° C. RaK cJie,ll;yeT II3 puc. 3, 6, 
npii 900° C o6JiaCTh ~zr-TBep,ll;oro pacTBopa He
CKOJihKO yMeHblliaeTCH no cpaBHeHIIIO C 3TOH 
o6JiaCTbiO npn 930° C (MIIHIIMaJihHoe co,ll;epmaHne 
~IIpKOHIIJI B HeM yBeJIII'IIIBaeTCJI ,!1;0 72 aT.%). 
06JiaCTh aTh-Zr-ce-TBep,ll;oro pacTBopa orpaHII
'IIIBaeTCJI napa60JIII'leCKOH KpiiBOH, npOXO,li;H-

a 
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rn;eii: OT 13 aT.% ~IIpKOHIIH B ,li;BOHHOH CIICTeMe 
TOpiiH - ~IIpKOHIIH )l;O 6 aT. % ~IIpKOHIIH no pa3-
pe3y, CeKyrn;eMy ~IIpKOHIIeBLIH yroJI CIICTeMLI 
c cooTHorneHIIeM Th : Ce = 1 : 1. RpiicTaJIJIII
qecKaH perneTKa II3y'leHHLIX CnJiaBOB, 3aKaJieH
HLIX C 900° C, TaKaH me, KaK II cnJiaBOB, 3aKa
JieHHLIX c 930° C,- rpaHe~eHTpnpoBaHHaH Ky6n
qecKaH. TaK me KaK II npii 930° C, npn 900° C 
cyrn;ecTByeT o6JiaCTh cnJiaBoB, 6oraTLIX ~epneM 
II ~IIpKOHIIeM, CO,ll;epmarn;nx mii,li;KYIO <fla3y. 

flpn 680° C CnJiaBLI CIICTeMLI TOpiiH - ~IIpKO
HIIH - ~epiiH BO BCeM IIHTepBaJie KOH~eHTpa~IIH 
HaXO,li;HTCH B TBep,li;OM COCTOHHIIII. RaK CJie,ll;yeT II3 
p1Ic. 3, e, rnnpoKyro o6JiaCTh KOH~eHTpa~IIii: 3aHn
MaeT ,li;Byx<fla3HaH o6JiaCTb aTh-Zr-ce+ ~Zr• K KO
Topoii: npnMLIKaeT Y3KaH o6JiaCTh aTh-Zr-ce
TBep,ll;oro pacTBopa. HaMe'leHa o6JiaCTh Tpex<fla3-
Horo cocToHHIIH cnJiaBoB ~zr+ azr+ ace; co
cTaB ~Zr OTBe'laeT 89 aT.% ~IIpKOHIIH + 0,5 aT.% 
~epiiH, azr- 98,5 aT.% ~IIpKOHIIH + 0,5 aT.% 
~epiiH, ace no cocTaBy npn6JIIImaeTCH K HeJierii
poBaHHOMY ~epiiiO. Tpex<fla3HaH o6JiaCTh ~u+ 
+ azr+ ace orpaHII'IIIBaeTCH TpeMH ,li;Byx<fla3-
HhiMII o6JiaCTHMII aTh-Zr-Ce + ~zr, azr + ~Zr 

PHC. 3. lo13oTepMH'-16CKH6 C6'-16HHR ,D,HarpaMMbl COCTORHHR CHCT6Mbl TOPHH - LJ,HpKOHHH - u,epHH: 

930° C (a); 900° C (6); 680° C (a); 600° C (z); X -r. rr. y.; e- r. u. K.; ·- r. ~- R. + r. rr. y. 
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H a;zr+ ace· HaJiwme CITJiaBoB B Tpext~JaaHoM co
CTOHHHH XOpOIIIO ITO)J;TBepmp;aeTCH )J;aHHhlMH MH.K
pOCTpyKTyphl. Op;HaRo Ha peHTreHorpaMMax 3THX 
CITJiaBOB Ha6JIKJ)J;aiOTCH JIH6o )J;Be perneTRH, O)J;Ha 
H3 ROTOphlX ITpHHa)J;JiemHT CXTh-Zr-ce-TBepp;OMY 
pacTBopy, a p;pyraa - CXzr, JIH6o O)J;Ha perneTRa 
CXzr· CITJiaBhl H3 p;ayxt~JaaHoii o6JiaCTH a;Th-Zr-ce+ 
+ ~zr, 6oraThle TopueM, HMeroT perneTRy 
a;Th-Zr-ce-TBepp;oro pacTaopa; peHTreHorpaMMhl 
CITJiaBoB aToll: o6JiaCTH, cop;epmam;ux 6oJiee 
70 aT.% D;HpROHHH, o6HapymHBaKJT O)J;HOBpe
MeHHOe ITpHCYTCTBHe )J;BYX peiiieTOR, O)J;Ha H3 
ROTOphlX ITpHHap;JiemHT a;Th-Zr-ce-TBepp;oMy pac
TBopy, a p;pyraH - CXzr (B CBH3H C ~-+a;
ITpeBpam;eHHeM, H)J;YIIJ;HM ITpH aaRaJIRe). 

Ilpn 600° C cym;ecTByeT o6JiaCTh a;Th-Zr-ce
TBepp;oro paCTBOpa, ROTOpaH OT)J;eJI1IeTCH OT O'leHh 
MaJieHhROH o6JiaCTH CXzr -TBepp;oro pacTBOpa IIIH
poROH p;ayxt~JaaHOH o6JiaCTbKl a;Th-Zr-Ce + CXzr 
(eM. pHC. 3,e). fpaHHD;a COBMeCTHOH paCTBOpH
MOCTH D;HpROHHH H n;epHH B TOpHH ITpH 600° C 
ITpOXO)J;HT OT 7 aT.% D;HpROHHH B )J;BOHHOH CHCTeMe 
TOpHH- D;HpROHHH R 5 aT.% (Zr + Ce) ITO 
paapeay, ceRym;eMy TopueBhlH yroJI cucTeMhl 
c cooTaorneuueM Zr : Ce = 1 : 1, H aaTeM np;eT 
B6JIH3H )J;BOHHOH CHCTeMhl TOpHH - n;epniJ:; 
a;Th-Zr-ce-TBepp;hlii pacTBop ITO paapeay, ceRy
m;eMy D;HpROHHeBhlll yroJI CHCTeMhl C COOTHOIIIe
HHeM Th : Ce = 1 : 1, cop;epmuT oRoJio 1 aT.% 
n;npROHHH. CITJiaBhl, aaRaJieHHhle c 600° C, o6ua
pymnBaroT )J;Be RpHCTaJIJIH'leCRHe peiiieTRH: rpa
Hen;eHTpHp OBaHHYKl Ry6H'leCRYKl a;Th-Zr-ce-TBep
p;oro pacTBopa H reRcaroaaJILHYK> CXzr· Op;uoape
MeHHO 3TH )J;Be perneTRH Ha6JIKJ)J;aKJTCH JIHIIIb 
a CITJiaBe c 60 aT.% (Th + Ce) ITO paapeay, ceRy
m;eMy D;HpROHHeBhlll yroJI CHCTeMhl C COOTHOIIIe
HHeM Th : Ce = 1 : 1. Ha peaTreuorpaMMax me 
OCTaJihHhlX H3y'leHHhlX CITJiaBOB tPHRCHpyeTCH 
perneTKa Toif t~Jaahl, KOJIH'leCTBo KoTopoif ITpeo6Jia
p;aeT B p;aHHOM CITJiaBe. 

3. CHCTEMA TOPHV!- U,HPKOHHVl
HI-10Eli-1Vl 

B aeRoTophlx H3 nay'leHHhlX TpoiiHLIX cncTeM 
C TOpHeM ITpH HCCJiep;oBaHHH RpHCTaJIJIH'leCROH 
CTpyRTypLI CITJiaBOB ~Zr-TBepp;oro paCTBOpa 6hlJIH 
ycTaHOBJieHhl o6JiaCTH CITJiaBOB, B ROTOphlX ITpH 
aaRaJIRe B03HHRaeT reRcaroaaJILHaH perneTRa Me
TacTa6HJihHOH ro-t~Jaahl 1,2. 06paaoBaane ro-4Ja-
3hl B CITJiaBaX COITpOBOmp;aeTCH 3Ha'IHTeJihHhlM 
ITOBhliiieHHeM HX TBepp;OCTH. 

B cncTeMe Topnil - n;npRoHHH - Hno6nii 6hlJio 
H3y'leHO BJIHHHHe CROpOCTH Ha o6pa30BaHHe ro-4Ja-
3hl ITpH 3aRaJIRe CITJiaBOB H3 o6JiaCTH ~zr-TBep
p;or.o pacTBopa H ITpocJiemeua RHHeTHRa paciTap;a 
MeTacTa6HJihHOH ~-t~Jaahl npn oTITycRe. 0IThlThl 
ITpOBO)J;HJIHCh Ha Tpex cepnax o6paan;oB: aaKa
JieHHhlX C 1000° C ITOCJie Bhl)J;epmKH HX ITpH :HOH 
TeMITepaType B Te'leHHe 48 "l B Jiep;f!HYIO BO)J;Y 
C pa36HBaHHeM aMITYJihl; aaKaJieHHhlX C 1000° C 
B Jie)J;HHYKl BO)J;Y 6ea paa6HBaHHH aMITYJihl H 3aRa
JieHHhlX C 1300° C ITOCJie Bhl)J;epmKH HX ITpH 3TOH 
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TeMITepaType B Te'leHHe 3 "l B Jie)J;HHYKl BO)J;y 
C paa6HBaHHeM aMITYJihl. 

Ha ocHoBaHHH p;aHHhlX peaTreHOBCKoro aHa
JIHaa H TBepp;OCTH CITJiaBOB, 3aKaJieHHhlX C 1000° C 
B Jie)J;HHYKl BO)J;Y C paa6HBaHHeM aMITYJihl, Ha 
pHC. 4, a ITOKa3aHO paciTpep;eJieHHe MeTaCTa6HJib
HhlX t~Jaa B cucTeMe TOpHi'I - n;HpROHHH - HHo-
6nii B o6JiaCTH Tpoiluoro TBepp;oro pacTBopa aa 
ocHoBe ~Zr· B CITJiaBax c 98, 96 H 95 aT.% D;HpKo
HHH, paciToJiomeHHhlX no paapeay, ceKym;eMy n;Hp
ROHHeBhlH yroJI CHCTeMhl C COOTHOIIIeH.HeM Th : 
: Nb = 1 : 1, npH aaKaJIKe Hp;eT MapTeHCHTHoe 
npeBpam;ea.He ~-+a;'. (ho me npeBpam;eHHe H)J;eT 
H B CnJiaBaX C 2 H 4 aT.% HH06HH, pacnOJIOmeH
HhlX Ha paapeae C noCTOHHHhlM cop;epmaa.HeM D;Hp
ROHHH, paBHhlM 90 aT.%. -y BeJIH'leH.He cop;epma
HHH HH06HH B CnJiaBaX 3Toro paapeaa )1;0 5 aT.% 
IIpHBO)J;HT R o6pa30BaHHKl HeKOTOporo ROJIH'le
CTBa ro-4Ja3hl B CBH3H C pa3BHTHeM npeBpam;eHHH 
~ -+ ro. RoJIH'leCTBo ro-t~Jaahl yBeJIH'IHBaeTCH 
B cnJiaBax aToro paapeaa c p;aJILHeilrnHM noBLIIIIe
HHeM cop;epmaHHH HH06HH B HHX. B aTHX cnJia
Bax, TaR me KaR H B )J;BOHHOM CnJiaBe D;HpKOHHH 
C 10 aT.% HH06HH, Ha6JIKJ)J;aKJTCH peiiieTRH ~
H ro-t~Jaa. B cnJiaBax c 1 H 3 aT.% auo6HH, pac
noJiomeHHhlX no paapeay c nocTOHHHhlM cop;epma
HHeM D;HpKOHHH, paBHhlM 85 aT.%, np.H 3aKaJIKe 
npoHCXO)J;HT ~-+ a;'-npeBpam;eHHe. IlpH cop;epma
HHH HH06HH, paBHOM 5 aT. %, npOHCXO)J;HT 'laCTH'l
HaH cTa6HJIHaan;HH ~-t~JaaLI. Bo Bcex ocTaJibHLIX 
Hay'leHHhlX cnJiaBax, pacnoJiomeHHhlX no paape
aaM C nOCTOHHHhlM cop;epmaH.HeM D;HpKOHHH, paB
HhlM 80, 75 H 70 aT.%, CTa6HJIH3yeTCH ~-tlJaaa. 

B cooTBeTCTBHH c Ha6Jirop;aeMLIMH nocJie aaKaJI
KH MeTaCTa6.HJibHhlMH qiaaaMH H3MeHHeTCH H TBep
)J;OCTb cnJiaBoB. B cnJiaBax, B KOTOphlx Hp;eT ~ -+ 
-+ a; 1 -npeBpam;eH.He, TBep)J;OCTb HeCKOJibKO nOBhl
rnaeTCH. PeaRoe BoapacTaa.He TBepp;ocTH, p;ocTH
raiOm;eif B TpOHHhlX CnJiaBaX 320 K8/.At.tt 2, Ha6JIIO
p;aeTCH C pa3BHT.HeM ~ -+ ro-npeBpam;eHHH H Ha
pacTaHHeM ROJIH'leCTBa o6paayrom;eilcH ro-t~Jaahl. 
CTa6HJIHaan;HH ~-t~Jaahl Bhl3hlBaeT cunmemre TBep
p;ocTH. IJOBhliiieH.He TBepp;OCTH CnJiaBOB, pacno
JIOmeHHhlX no paape3aM C 80 H 75 aT.% IJ;HpKOHHH, 
C yBeJIH'leHHeM cop;epmaHHH HH06HH, B KOTOphlX 
npH 3aRaJIKe tPHKCHpyeTCH ~-tlJaaa, CBH3aHO C JIS
rHpoBaHHeM ~-TBepp;oro pacTBopa. B )J;BOHHLIX 
CnJiaBaX D;HpROHHH C 3-5 aT.% HH06HH TBep
)J;OCTb nOBhliiiaeTCH B CBH3H C DpOXOm)J;eHHeM 
B HHX ~ -+ a; 

1 
-npeBpam;eHHH. ,il;aJibHeiJ:IIIee B03-

pacTaHHe TBepp;OCTH CDJiaBOB, CO)J;epmam;ux )1;0 
10 aT.% HH06HH, )1;0 310 Ke/.tt.At 2 o6yCJIOBJieHO 
o6paaoBaHHeM ro-t~Jaahl. qacTH'IHaH cTa6HJIH3a
D;HH ~-4Ja3hl Bhl3hlBaeT CHHmBHH.e TBBpP,OCTH 
CITJiaBOB, Cop,epmam;HX P,O 15 aT.% HH06HH, P,O 

190 Kef .At.At 2 • 

TaKHM o6paaoM, B cnJiaaax, aaKaJieHHhlX 
c 1000° C B Jiep,aayro BOAY c paa6nBaHneM aMny
Jihl, ro-t~Jaaa, o6paayrom;aHCH B P,BOHHOH CHCTeMe 
D;HpKOHHH - HH06HH B HHTepBaJie KOHD;eHTpa
D;Hll OT 5 P,O 15,5 aT.% HH06HH, pacnpocTpaHHeTCH 
B TpOHHYKl CHCTeMy TOpHH - D;HpKOHHH - HH
o6HH no paapeay c 90 aT.% n;upKOHHH p,o 5,5 aT.% 
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TopHH, a no paapeay c 85 aT.% n;up:KoHHH -
)1;0 9 aT.% TOpHH; B OCTaJibHhlX CnJiaBaX 3THX 
paapeaoB, TaK me KaK H B cnJiaBax, 6oraThlX n;up
KOHHeM, na6JIIO)J;aeTcJI a' -!flaaa; B cnJiaBax, pac
noJiomeHHhiX no paapeaaM c 80, 75 H 70 aT.% 
IJ;Hp:KOHHH, CTa6H:JIH:3yeTCJI ~-!flaaa. 

Ilpll aa:KaJI:Ke C 1300° C B Jie)J;HHYIO Bo)J;y C pa3-
6H:BaHH:eM aMnyJihl Ha6JIIO,Il;aeTCJI HeCKOJibl\0 H:HaJI 
:KapTH:Ha pacnpe,a;eJieHH:H MeTacTa6H:JihHhlX !flaa 
B Cll:CTeMe TOpH:H - IJ;H:p:KOHH:H - HH:06H:ii, :Ka:K 
aTo BH:,Il;HO Ha pH:c. 4,6. Yme B cnJiaBax c 96 
u 95 aT.% n;up:KoHH:H no paapeay, ceKym;eMy 
IJ;H:p:KOHH:eBhlH yrOJI CH:CTeMhl C COOTHOllieHH:eM 
Th : Nb = 1 : 1, npoH:CXO,Il;H:T 'laCTH:'lHoe no,a;aB
JieHH:e ~ ~a' -npeBpam;eHH:H npeBpam;enueM ~ ~ 
~ ro. B cnJiaBe c 2 aT.% HH:06H:JI no paapeay c no
CTOHHHhlM CO,Il;epmaHHeM IJ;H:p:KOHH:JI, paBHbiM 

-fh,am."/a 
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90 aT.%, Ta:Kme npoH:cxo,a;H:T qacTI1'lHoe no,a;aBJie
HI1e ~ ~ a'-npeBpam;enH:JI. YBeJIH:'leHI1e co.n;ep
maHH:H HH:06H:JI B cnJiaBax aToro paapeaa npH:Bo
,Il;H:T K pa3BH:TI1IO ~ ~ ro-npeBpam;eHH:H, B peayJih
TaTe KoToporo yme B cnJiaBe c 5 aT.% H110611H 
Ha6Jiro,a;aroTcJI pemeTKH: ~- 11 (J)-.paa. B cnJiaBe 
c 3 aT.% HH:o6H:JI no paapeay c 85 aT.% IJ;H:pKo
HH:H HapH,Il;y C ~ ~a' -npeBpam;eHH:eM 'laCTI1'lHO 
CTa6H:JIH:3yeTCJI ~-!flaaa; B cnJiaBaX C 7 11 8,5 aT.% 
HH:o6HJI ~ ~a' -npeBpam;emre noJIHOCThiO no,a;aB
JIJieTCJI ~ ~ ro-npeBpam;eHH:eM, a B cnJiaBe 
C 10 aT.% HI106H:JI onJITb Ha6JIIO,Il;aiOTCJI ~-, (J)-

11 a' -!flaahl. B ,Il;BOHHOM me cnJiaBe n;11p:KOHH:H 
C 15 aT.% HI106HJI CTa6HJIH3yeTCJI pemeT:Ka ~-!fla-
3hl. CJie,a;yeT aaMeTI1Th, 'ITO npH: aa:KaJI:Ke c 1300° C 
B ,Il;BOHHhiX CnJiaBaX D;H:p:KOHH::H - HH06Hii o6JiaCTb 
pacnpocTpaHeHH:H ro-!flaahl TaKme pacm11pHeTcH; 

PHC. 4. PacnpeAeneHHe MeTaCTa6HnbHbiX ¢las B CHCTeMe TOPHH - 1..\HPKOHHH - HH06HH nocne SaKanKH 
c 1000° C e neARHYIO BOAY c pas6HeaHHeM aMnynbl (a), <Sea pas6HBaHHR aMnynbl (B), nocne saKanKH 

c 1300° C c pas6HBaHHeM aMnynbl (6), X -a.'; 0- a.' + li + w: 0- a.' + ji; 0-li + w: e-li 
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w-cf>a3a Ha6JIIo,ll;aeTCJI yme B CIIJiaBe c 3 aT.% 
HH06HJI. 

TaKnM o6pa3oM, npn 3aKaJme c 1300° C no 
cpaBHemno c 3aKaJIKOH c 1000° C B Jietvmyro 
BO,ll;Y C pa36HBaHHeM aMnyJinl Ha6JIIo,n;aeTCJI pac
npOCTpaHeHHe o6JiaCTH o6pa3oBaHHJI w-<fla3ni 
B CTOpOHY 60Jibiiiero CO,ll;epmaHHJI IIIIPKOHIIJI KaK 
B cnJiaBaX ,ll;BOHHOH CHCTeMbl IIHPKOHIIii: - HH0-
6nii:, TaK H B CnJiaBaX Tpoii:HOH CHCTeMhl TOpiiH -
IIHPKOHHii: - Hno6nii:. TaK, B ,ll;BOHHhiX cnJiaBax 
IIHPKOHHH - Hno6ni'I npn 3aKaJIKe c 1300° C 
o6JiaCTh pacrrpocTpaHeHHH w-<fla3bl Ha•mHaeTcH 
yme C 2,5 aT.% Hfi06IIH BMeCTO 5 aT.% HII0611H 
npn 3aKaJIKe c 1000° C. B Tpoii:HbiX cnJiaBax, pac
noJiomeHHhiX no pa3pe3y, ceKyiiieMy IIHPKOHIIe
Bhlii: yroJI cncTeMbi c cooTHorneHIIeM Th : N h = 
= 1 : 1, ~ --+- w-npeBpaiiieHim npn 3aKaJIKe 
c 1300° C HaquHaeTCJI Y<Ke B cnJiaBe c 9G aT.% 
IIIIPKOJIHH, B To BpeMH i\aK npn 3aKaJIKe c 1000° C 
B :nux cnJiaBax n,n;eT TOJihKo ~ --+-a' -npeBpaiiie
Hne. B cnJiaBax, pacnoJiomeHHhlX no pa3pe3aM 
C nOCTOHHHbiM CO,ll;epmaHHeM IIIIPKOHIIH, paBHbiM 
90 n 85 aT.%, w-cf>a3a npn 3aKaJIKe c 1300° C 
o6pa3yeTCJI B CIIJiaBaX COOTBeTCTBeHHO C 2,5 
H 4 aT.% mw6nH BMecTo 4,5 H GaT.% Hno6rm npn 
3aKaJIKe c 1000° C. Bo Bcex :.JTHX cnJiaBax npn 
3aKaJIKe c 1300° C o6pa3oBaHne w-$a3ni rrponc
xo,n;nT 3a cqeT qacTnqHoro no,ll;aBJieHHH ~ --+- a'
npeBpaiiieHIIJI II pa3BIITIIH ~ --+- (J)-IIpeBpaiii8HIIH. 
MomHo noJiaraTh, qTo pacrnnpeHne o6JiacTn o6pa-
3oBaHnH w-<fla3ni npn 3aKaJIKe c 1300° C o6-
ycJIOBJieHo B03pacTaHneM TepMoynpyriix HanpHme
HIIii:, cnoco6CTBYJOIIIIIX pa3BHTIIJO MapTeHCHTHOrO 
npeBpaiiieHHH ~--+- W, CBH3aHHOrO C nepeCTpOH
KOH Ky6uqecKoii: perneTKII ~-<fla3bl B reKcaroHaJib
HYJO perneTKy w-<fla3hl. 

Ha piic. 4 ,e noKa3aHo pacnpe,n;eJieHne MeTa
cTa6IIJihHhiX cf>a3 B cnJiaBax Topnii: - IIIIPKOHnii -
HH06nii, 3aKaJieHHhiX C 1000° C B JieP,HHYIO Bop,y 
6ea paa6riBaHnH aMnyJihl. B OTJinque oT p,aHHhlX, 
noJiyqeHHhiX npii 3aKaJIKe C 1000° C B JI8P,JIHYIO 
BOP,y C paa6nBaHII8M aMnyJini, B CIIJiaBaX C 96-
98 aT.% IIHPKOHHH no pa3pe3y, ceKyiiieMy IIIIPKO
HHeBbiH yroJI cncTeMbl c cooTHorneHneM Th : Nh = 
= 1 : 1, Ha6Jiro,n;aeTcn He TOJihKO perneTKa a' -<Pa-
3hl, HO II HeKOTOpbie JIIIHHH perneTKH ~-<fla3bi. 
TaKaH me KapTIIHa Ha6JIJO,ll;aeTCJI n B crrJiaBax 
c 2 n 4 aT.% HII06Hn pa3pe3a c 90 aT.% IIHP
KOHHJI, a TaKme C 1 H 3 aT.% HH06HJI pa3pe3a 
C 85 aT.% IIIIPKOHHJI, B KOTOpbiX HapH,n;y C ~ --+

--+-a' -npeBpaiiieHneM qacTnqHo cTa6nJIII3yeTCJI 
~-cf>a3a. 

B cnJiaBax c 2 H 5 aT.% Hno6nH no pa3pe3y 
c 80 aT.% IIHPKOHHJI n c 5 aT.% Hno6Hn no pa3-
pe3y C 75 aT.% IIIIPKOHIIH, B KOTOpbiX npH 3aKaJI
Ke· C 1000° C B Jie,D;JIHYJO BO,ll;y C pa36HBaHHeM aM
nyJihl CTa6HJIII3yeTCJI ~-<fla3a, npH MeHhiiieii: CKO
pOCTH OXJiail\,ll;eHHJI (3aKaJIKa 6e3 pa36HBaHHJI 
aMnyJihl) qacTHqHO npOHCXO,ll;HT ~--+- a'-npeBpa
llleHne, B pe3yJII>TaTe KoToporo y«a3aHHble cnJia
Bhl co,n;epmaT a'- n ~-<fla3hi. B crrJiaBax c G II 7 aT.% 
HH06HH no pa3pe3y C 90 aT.% IIHpKOHHH o6pa-
3Y8TCJI w-<fla3a, O,ll;HaKO B OTJIHqne OT CnJiaBOB, 
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3aKaJieHHbiX C 1000° C C pa36nBaHH8M aMIIYJibi, 
B KOTOpbiX Ha6JIJO,D;aJOTCJI (J)- H ~-<fla3hl, B :.JTOM 
CJiyqae IIMeeTCH TaKil\8 H a'-cf>a3a, KaK pe3yJibTaT 
qacTuqno Il,ll;YIIIero ~ --+-a' -npeBpaiiieHIIH. AHa
JIOriiqHan KapTIIHa Ha6JIJO,ll;a8TCJI II B CnJiaBaX 
c 5 II 7 aT.% Hno6nH no pa3pe3y c 85 aT.% IIHP
KOHIIH. 

TaKnM o6pa3oM, npn yMeHbiiieHHH cKopocTII 
oxJiam,n;eHnH npn 3aKaJIKe cnJiaBoB c 1000° C 
B JI8,ll;HHYJO BOP,Y 6e3 pa36IIBaHHJI aMnyJihl B 
o6JiaCTII CnJiaBOB, 6oraThiX III1pKOHH8M II npnMhi
KaJOIIIIIX no eoeTaBaM K ,ll;BOllHOH ClleTeMe TOpiiH -
IIIIpKOHIIIi:, r,n;e npn 6oJibiii8H eKopoeTII OXJiam,n;e
HIIH na6JIJO,ll;aJiacn a'-<fla3a, KpoMe a'-<fla3bl <flnKCII
pyeTeH ~-<fla3a. Momno noJiaran, qTo :.JTo o6y
eJioBJieHo HaJiuqneM ,ll;n<fJcf>y3HOHHhiX np011eeeoB, 
npiiBO,ll;HIIIIIX K nepepaenpet~eJieHnJO JiernpyJOIIIHX 
KOMnOH8HTOB B MHKpoo6'beMaX enJiaBOB C KOHII8H
TpaiiHHMH YCTOllqHBOeTII ~-<fla3bl. W-<fla3a, o6pa-
3YJOIIIaJieJI B ,ll;BOii:Hoi'I cneTeMe IIHPKOHnii: - Hno-
6ni'I B HHT8pBaJie KOHII8HTpaiiiiii OT 5 ,!1;0 13 aT.% 
Hno6nH, panpoeTpanHeTeH B Tpoii:Hyro cncTe
MY Topnii: - IIIIPKOHHii: - Hno6nll: no pa3pe3y 
C 90 aT.% IIIIPKOHIIH ,ll;O 4,5 aT.% TO pH» II no 
pa3pe3y c 85 aT.% IIHPKOHHJI - oT 5 ,ll;O 12 aT.% 
TOpHH, qTo He yKa3biBaeT Ha 3aM8THOe H3MeHeHne 
o6JiaeTII ee paenpoeTpaHeHIIJI no cpaBHennro 
c :.JToii: o6Jiacnro npn 3aKaJIKe c 1000° C B Jie,n;H
HYJO BO,ll;y c pa36nBaHIIeM aMnyJihi. 

M3B8CTHo, qTo w-<fla3a MomeT B03HIIKaTh KaK 
6e3t~n<P<PY3IIOHHhlM nyTeM npn 3aKaJIKe II t~ecf>opMa
IIIIH, TaK II npn OTIIYCKe M8TaeTa6HJihHOll ~-<fla3bl, 
rt~e o6pa3oBaHne w-<fla3hl eBH3b1BaeTeH e ,n;II<fl<fly-
3HOHHhlM npo11eeeoM. C 11eJihJO BhiHeHeHnn npo
IIeccoB nepexot~a oT MeTaeTa6nJihHoii: ~-<fla3bl 
B eM8Ch eTa6UJihHhlX cf>a3 B CUeTeMe TOpH.fi -
IIHPKOHHH - Hno6n:i'r 6niJI H3yqeH oTrryeK enJia
BOB rrpii TeMnepaTypax 100, 200, 300, 400 II 500° C 
c Bhip,epamoi1: B Te'Iemre 0,25; 0,5; 1; 5; 10; 50 
n 100 •t rrpn Kamt~oii: II3 :.JTHX TeMrrepaTyp. lie
pep, OTIIYCKOM CnJiaBhi 3aKaJinBaJIHCh C 1000° C 
B JIS,ll;JIHYIO BO,ll;y C paa6nBaHH8M aMIIYJihl H3 o6-
JiaCTH ycToii:qHBOCTH ~-cf>a3bi. IlpOII8CC pacrra,ll;a 
KOHTpOJIHpoBaJieH M8TO,ll;aMH peHTreHOBCKOrO aHa
JIH3a n TBept~oeTII. ,lJ;JIH n3yqennn pacna,n;a ~-cf>a-
3hl 6hiJIH Bnr6paHbl O,ll;IIH ,ll;Boii:noii: enJiaB IIHpKo
HHH e 20 aT.% HH06HJI, Tpii CIIJiaBa C noeTOHHHbiM 
eot~epmaHIIeM IIIIPKOHHH, paBHhlM 80 aT.%, c 5, 
10 II 15 aT.% HII06IIJI, a TaKme CnJiaBbl C noeTOJIH
HhiM CO,ll;epmaHII8M HH06HH, paBHhlM 10 aT.%, 
c 70 n 7 5 aT.% IIHPKOHHH. Bee OHM 3aKaJinBaJOTCH 
c coxpanenneM ~-cf>a3hl. 

II pn oTnye«e cnJiaBoB na 100° C TOJihKO B cnJia
Be C 80 aT.% IIHpKOHHH + 5 aT.% HH06HJI nocJie 
Bhl,ll;epmKn ero B Teqenne 50 'i Ha6JIJO,ll;aeTeH no
HBJienne w-<fla3hl, KoJiuqeeTBO ·KoTopoii: HapacTaeT 
noeJie 100 'i ~MeeTe c yBeJiuqeniieM ero TBep,ll;OCTH 
t~o 120 ~rz/:M.M 2 • Bee ocTaJihHhle cnJiaBbl npn 
:.JToii: Te!'.mepaType oTnyc«a eoxpaHHJOT perneTKy 
~-cf>a3bi H npaKTIIqeeKII He II3M8HHJOT TBep,ll;OeTb 
no epaBH8HHJO e 3aKaJI8HHhlM eoCTOHHIIeM. Ilpn 
OTnycKe Ha 200° C BO BCeX CIIJiaBaX, KpoMe ,ll;BOH
HOrO CnJiaBa IIHPKOHHH C 20 aT.% HH06IIH, ~-cf>a3a 
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pacna~aeTCH c o6paaonaaneM w-!J!aahl. B cmmnax, 
pacnoJiomeHHhlX no paapeay c 80 aT.% n;npKo
HHH, CTa6HJibHOCTb ~-!Jla3bl BOapacTaeT C nOBhl
rneHHeM co~epmaHHH ano6nH. TaK, B cnJiaBe 
C 5 aT.% HH06HH ~ --+ W-npenpaiD;eHHe HR'IHHaeTCH 
yme nocJie oTnycKa B Tetieane 0,25 tt; B cnJiane 
C 10 aT.% HH06HH- nOCJie 5 tt; B CnJiaBe 
c 15 aT.% ano6nH- nocJie 10 tt. B ~noii:HoM me 
cnJiaBe :noro paapeaa c 20 aT.% ano6nH ~-!J!aaa 
npH :noii: TeMnepaType OTnycKa OCTaeTCH CTa-
6HJibHOH B TetieHHe BCero BpeMeHH HCnhlTaHHH 
(100 •t). 06paaonaHne w-!J!aahl !JlnKcnpyeTcH KaK 
Ha peHTreHorpaMMaX paCCMOTpeHHhlX TpOHHhlX 
CnJiaBOB nOHBJieHHeM JIHHHH peiiieTKH W-!Jlaahl, 
TaK H nonhlrneHneM TBep~oCTH cnJiaBoB. B cnJia
Be C 75 aT.% D;HpKOHHH + 10 aT.% HH06HH 
~ --+ w-npenpaiD;eHne Ha6JIIO~aeTCH yme nocJie 
Bhl~epmKH B Te'leHHe 50 tt. "YBeJIH'IeHHe BpeMeHH 
Bhl~epmKH ~0 100 tt npHBO~HT K B03pacTaHHIO 
KOJIH'IeCTBa o6paayiOID;eii:cH !J!aahl, 'ITO no~TBepm
~aeTCH ~UJibHeHIIIHM B03pacTaHHeM TBep~OCTH 
cnJiana. B cnJiaBe c 70 aT.% n;npKOHHH + 10 aT.% 
HH06HH npH OTnycKe Ha 200° C nOCJie Bbi~epmKH 
B TetieHne 5 tt nponcxo~HT pacna~ ~-!J!aabi He 
TOJibKO C o6paaoBaHHeM W-!Jla3bl, HO H paBHOBeC
HOH npn HH3KHX TeMnepaTypax aT11-!J!aahl. Ha peHT
reHorpaMMe :noro cnJiaBa Ha6Jiro~aiOTCH JIHHHH ~-, 
w- H etT1c!Jlaa. C yneJIH'IeHHeM npeMeHH oTnycKa 
TBep~oCTb cnJiaBa BHa'laJie peaKo noapacTaeT, a 
aaTeM 3TO B03pacTaHHe 3UMe~JIHeTCH, 'ITO CBH3aHO 
c Ha'laJioM npon;ecca KoaryJIHD;HH aTh-4Jaa¥. 

IJpH OTnycKe Ha 300° C BO BCeX CnJiaBaX, KpOMe 
~BOHHOrO CnJiaBa D;HpKOHHH C 20 aT.% HH06HH, 
nponcxo~HT pacna~ ~-!J!aahl c o6paaonaHneM KaK 
w-!JlaaLI, TaK H aTh-!J!aahl. ITo paapeay c 80 aT.% 
D;HpKOHHH ~ --+ W-npeBpaiD;eHHe Ha6JIIO~aeTCH 
ITOCJie 0,25 tt OTITYCKa B CTIJiaBe C 5 aT.% HH06HH, 
nocJie 1 tt- B cnJianax c 10 n 15 aT.% Hno6nH 
H nOCJie 50 tt - B ~BOHHOM CnJiaBe C 20 aT.% 
HH06HH. IJpH OTnycKe Ha 300° C B 3THX me CTIJia
BaX nOHBJIHeTCH H CtTh-4Jaaa, Bhl~eJieHHe KOTOpoii: 
npHBO~HT K pe3KOMY B03pacTaHIIIO TBep~OCTII 

B peayJibTaTe ~HCTiepCIIOHHOrO TBep~eHIIH. C yne
JIII'IeHIIeM BpeMeHII OTITYCKa B peayJibTaTe npo
n;ecca KOaryJIHD;llll TOHKO~HCIIepCHhlX Bhl~eJieHIIH 
CtTh-!Jla3hl IlpOIICXO~IIT HeKOTOpOe CMHr'leHIIe 
cnJiaBoB. B CTIJianax c 75 aT.% n;npKOHIIH + 
+ 10 aT.% HII06IIH H 70 aT.% D;IIpKOHIIH + 
+ 10 aT.% HII06IIH O~HOBpeMeHHO C ~ --+ W

npeBpaiiJ;eHIIeM n~eT Bhl~eJieHIIe etTh-!J!aaLI. Ilpn 
oTnycKe cnJianoB Ha 400° C pacna~ ~-!J!aahl B IIay
tieHHhlX TpOHHbiX CnJiaBaX npOIICXO~IIT TaK me, 
KaR H npii 300° C,- qepea o6paaoBaHIIe w-!J!aahl 
BCJie~cTBIIe ~ --+ w-npenpaiD;eHHH. O~HonpeMeHHO 
II~eT npon;ecc Bhl~eJieHIIH etTh-<flaahl. Ilpii oTnycKe 
aa 500° C pacna~ ~-!J!aahl npoiicxo~IIT c o6paao
BaHneM paBHOBeCHhlX !J!aa cncTeMLI. B CTIJianax 
c 5 H 10 aT.% HH06IIH, pacnoJiomeHHhlX no paa
peay c 80 aT.% n;IIpKOHHH, nocJie oTnycKa B Te
tieHIIe 0,25 tt Ha6JIIO~aeTCH o6paaoBaHne aTh
H Ctzr-!J!aa; B cnJiaBe c 15 aT.% HH06IIH ~-!J!aaa 
cTa6nJibHa B TetieHne 10 tt. IIocJie Bhl~epmKn npii 
500° C B TetieHIIe 50 tt TBep~OCTb Ha'IIIHaeT no-
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BhiiiiaTbCH, 'ITO CBH3aHO C Bhl~eJieHHeM paBHOBeCHhlX 
!J!aa aTh H Ctzr· B ~Boii:aoM CTIJiaBe c 20 aT.% 
Hno6nH pacna~ ~-!J!aahl Ha6Jiro~aeTCH nocJie oT
TIYCKa B TetieHIIe 5 tt c Bhl~eJieHneM etr.r-!Jlaahl. 
B CTIJianax c 75 aT.% n;IIpKoHIIH + 10 aT.% 
HII06IIH II 70 aT.% IJ;HpKOHIIH + 10 aT.% HII06IIH 
B Ha'laJie OTIIYCKa Ha6JIIO~aeTCH Bbi~eJieHIIe CtTh
!Jla3bl C B03pacTaHHeM TBep~OCTH H nocJie~yiOIIJ;HM 
HeKOTOphlM ee CHHmeHneM B CBH3ll C 'laCTli'IHOH 
KOaryJIHD;IIeii: TOHKO~liCTiepCHhlX Bhl~eJieHIIH CtTh. 
qepea 1 tt OTnyCKa npOHCXO~HT HOBOe B03pacTa
HHe TBep~OCTH B CBH3H C Bhl~eJieHIIeM Ctzr-!Jla3hl. 

TaKHM o6paaoM, oTnycK naytieHHhlX cnJiaBoB 
TOpHH - D;llpKOHHH - HH06Hii: Ha 100-500° C 
B Te'leHne 100 tt noKaaaJI, 'ITO pacna~ ~-!J!aahl 
B HHX npn TeMnepaTypax 100-400° C, B peayJih
TaTe ~n!Jl!Jly3HOHHhlX Ilpon;eCCOB, npiiBO~HID;HX 
K o6paaonaHIIIO B MHKpoo6'beMax cnJiaBoB paaJIH'I
HhiX KOHD;eHTpan;nii: JiernpyiOID;HX KOMIIOHeHTOB, 
nponcxo~IIT qepea o6paaoBaHne w-!J!aahl BCJie~
CTBIIe ~ --+ w-npenpaiD;eHIIH, conponom~aiOIIJ;eroca 
noBLIIIIeHHeM Tnep~ocTH. B Tex cnJianax, r~e 
pacna,n; ~-!J!aahl npn omycKe Ha 200-400° C 
npOHCXO~HT He TOJibKO C o6paaoBaHHeM w-!J!aahl, 
HO H C Bhl~eJieHHeM paBHOBeCHOH CtTh-!J!aahl, npo
n;ecc OTnycKa COCTOHT H3 ~BYX CTa~Hii: «ynpO'I
HHIOIIJ;eii:>>, npH KOTOpOii TBep~OCTb CnJiaBOB B03-
pacTaeT B CBH3H c ~ --+ w-npenpaiD;eHneM H Bhl~e
JieHHHMH TOHKO~HCnepCHhlX 'laCTHD; CtTh-!J!aahl, 
H «CMHr'laiOIIJ;eii:>>, npH KOTOpOH TBep~OCTb cnJia
BOB CHHmaeTCH B CBH3H C npon;eccaMH KOaryJIH
D;HH TOHKO~HcnepCHhlX Bhl~eJieHHH CtTh-!J!aahl. IJpH 
omycKe Ha 500° C B Te'leHIIe 100 tt ~-!J!aaa pac
na~aeTCH C o6pa30BaHHeM !J!aa paBHOBeCHOH CH
CTeMhl CtTh H Ctzr· 

4. CHCTEMA TOPHP't- ~HPKOHHIII
MOnH5,D,EH 

B CIICTeMe Topnii: - n;npKOHHii: - MOJIH6,n;ea 
11pH 1000° C ycTaHOBJieHhl npe,n;eJibi pacnpocTpa
HeHHH o6JiacTn Tponaoro Th - Zr - Mo-Tnep,n;oro 
paCTBOpa Ha OCHOBe 06'beMHOD;eHTpHpoBaHHOH 
Ky6H'IeCKOH perneTKH, pacnpOCTpaHHIOIIJ;eHCH OT 
n;npKoHnenoro yrJia cncTeMhl 110 paapeay, ce
KyiiJ;eMy aToT yroJI c cooTHorneHneM Th : Mo = 
= 1 : 1, ,n;o 15,5 aT.% (Th + Mo); 11pn yneJIH
'IeHHH co,n;epmaHnH MOJin6,n;eHa rpaHnn;a TBep,n;oro 
paCTBOpa IlpOXO,Il;HT K ,Il;BOHHOH CHCTeMe D;HpKO
HHH - MOJIH6p;eH, B KOTOpoii paCTBOpHMOCTb MO
JIH6p;eHa npH 1000° C orpaHH'IHBaeTCH 10,5 aT.%; 
npn yneJIH'IeHHH co,n;epmamJ:H TopnH rpaHnn;a 
Tpoii:Horo Tnep,n;oro pacTnopa npiJ6JinmaeTcH 
K ,Il;BOHHOH CHCTeMe TOpHii:-n;npKOHHH (pHC. 5, a). 

B cnJianax aToro Tnep~oro pacTnopa, aaKaJieH
HhlX C 1000° C B Jie,D;HHYIO BO,D;y C paa6nBaHneM 
aMnyJihl, 6LJJia o6Hapymeaa o6JiaCTb cnJianoB, 
B KOTOphlX B peayJibTaTe 'laCTH'IHOrO MapTeHCHT
HOrO npenpaiD;eHHH HapH,D;y C o6'beMHOD;eHTpnpo
BaHHOH Ky6n'leCKOii: peiiieTKOH ~-!Jla3bl Ha6JIIO
p;aeTCH reKcaroHaJibHaH perneTKa w-!J!aahl (eM. 
pnc. 5, a). Ha puc. 5, a noKaaaHLI TaKme n ,n;py-
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rHe MeTacTa6HJibHhle cpaabr B aaRaJieHHhlX cnJia
nax ~Th ~zr ~M0-TBepp;oro pacTnopa. 

ConMecTHoe paccMoTpeHHe p;aHHhlX peHTreHoB
cRoro aHaJIH3a H TBepp;ocTH noaBOJIHeT cp;eJia1'h 
3aRJIIOlJ:eHHe 0 TOM, liTO npH 3aRaJIRe C 1000° C 
B Jie,IJ;HHYIO BO,IJ;y C pa36HBaHHeM aMnyJibi B ,IJ;BOH
HhlX CnJiaBaX D;HpROHHH C MOJIII6p;eHOM W-cpaaa 
napHp;y c ~-cpaaoii: B CBH3II c ~ -+ w-npenpar:u;e
HHeM o6paayeTCH B o6JiaCTII ROHD;eHTpaD;IIII OT 
1 ,5 ,!1;0 6 aT.% MOJIII6p;eHa j B CnJiaBaX C MeHblliiiM 
cop;epmaHIIeM MOJIII6p;ena npii aaRaJIRe npoiicxo
,IJ;IIT ~ -+a' -npenpar:u;eHIIe, a B cnJianax c 6 aT.% 
MOJIII6p;eHa II 6oJiee cTa6IIJIIIayeTCH ~-cpaaa. B Tpoii:
HbiX CnJiaBaX TOpiiH C D;IIpROHIIeM II MOJIII6,IJ;eHOM 
no paapeay, ceRyr:u;eMy D;IIpROHIIeBhiii: yroJI cii
cTeMhl c cooTHomeHIIeM Th : Mo = 1 : 1, w-cpa
aa HapHp;y c ~-cpaaoii: pacnpocTpanHeTCH oT 3,5 
p;o 8,5 aT.% (Th + Mo); npii MeHblliiiX cop;epma-

Zr 
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HIIHX JieriipyiOID;IIX p;o6aBOR Ha6JIIO,IJ;aiOTCH II a'
H ~-cpaahl; B cnJianax me c 9 aT. % (Th + Mo) 
II 6oJiee cTa6IIJIIIayeTcH ~-cpaaa. w-<l>aaa na6Jiro
p;aeTCH TaRme B CnJiaBaX paape30B C nOCTOHHHhlM 
cop;epmaHIIeM D;IIpROHIIH, paBHhlM 95 aT.% 1 B o6-
JiaCTII ROHD;eHTpa:u;IIii: OT 1 ,5 ,!\0 5 aT.% MOJIII6p;e
Ha, 93 aT.%- oT 1 p;o 4 aT.% MOJIII6p;ena; no 
paapeay c 90 aT.% :u;IIpROHIIH w-cpaaa na6Jiro
p;aeTCH B cnJianax c 1,5 II 2 aT.% MOJIII6p;eHa. ITo 
II3ytJ:eHHbiM pa3pe3aM C nOCTOHHHhlM cop;epmaHIIeM 
D;IIpROHIIH, paBHbiM 95 II 90 aT.%, B CnJiaBaX, CO
p;epmar:u;IIX COOTBeTCTBeHHO 6oJiee 5,4 II 2 aT.% 
MOJIII6p;eHa, CTa6IIJIII3yeTCH ~-cpaaa; B CnJiaBaX 
me paapeaoB c 95 II 93 aT.% D;IIpROHH:H, cop;epma
ID;IIX COOTBeTCTBeHHO MeHee 1 ,5 II 1 aT.% MOJIII6-
p;eHa 1 B CBH3II C ~ -+a' -npeBpar:u;eHIIeM Ha6JIIO
p;aeTCH a' -cpaaa. 

¥BeJIIIlleHIIe CROpOCTII OXJiamp;eHIIH npii 3a-
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PHc. 5. Pacnpe,D,eneHHe MeTacTa!5HJlbHbiX lflaa e CHCTeMe TOpHi1- 1.\HPKOHHH- MOJ1H!5,D,eH nocne aaKallKH 
C 1000° C B J19,11,RHYIO BO,D,Y C paa!5HBaHH9M aMnyllbl (a), (lea pa3!5HBaHHR aMnyllbl (s) 1 nocne 3aKaJ1KH 

c 1300° C c paa!5HeaHHeM aMnynbl (6): x-a'; ®-a'+~+ro; 0- a'+~; 0-~+ro; ·-~ 
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RaJIRe enJiaBOB e 1300° C npHBO,!l;li:T R paeniHpCHHIO 
06JiaeTH o6pa30BaHHH W-cpa3hl RaR B eTopoHy 
yBeJIHl!CHHH eOAepmaHHH D;HpROHHH, TaR II TO
pHH. KaR BHAHO Ha pne. 5,6, rAe noRaaaHo pae
npe,n;eJieHne MeTaeTa6HJihHhiX cpa3 B eneTeMe 
Th - Zr - Mo npn aaRaJIRe e 1300° C, B ABoii
HhlX enJiaBaX IJ;HpROHHH e MOJIH6ACHOM o6JiaeTh 
W-cpa3hl paemHpHeTeH B eTopoHy enJiaBOB, 6ora
ThiX u;npROHHCM, AO 99 aT.% u;npROHHH. 

B Tpoii:HhlX enJiasax no paapeay, eeRym;eMy 
IJ;HpROHIICBhlH yroJI eneTCMhl e eooTHOillCHHCM 
Th : Mo = 1 : 1, o6JiaeTh w-cpaahi paenpoeTpa
HHeTeH AO 99 aT.% IJ;HpROHHH BMCeTO 96 aT.% 
npn aaRaJIRe e 1000° C. B enJiasax aToro paapeaa 
e 1 n 2 aT.% (Th + Mo) yseJIH'leHne eRopoeTn 
OXJiail\ACHHH npH 3aRaJIRe npHBOAHT R pa3BHTHIO 
~ -+ w-npespam;eHHH Hap HAY e ~ -+a' -npespa
m;eHneM, a B enJiasax e 3 II 3,5 aT.% (Th + Mo) 
~ -+a' -npespam;eHHC nOJIHOeThiO noAaBJIHCTeH 
~-+ w-npespam;eHneM. B enJiasax, paenoJIO/ReH
HhiX no paapeaaM e 95 II 93 aT.% IJ;HpROHHH, 
TaRme Ha6JIIOAaeTeH paemnpeHne o6JiaeTn o6paao
BaHHH W-cpa3hl B eTopoHy 6oJihillHX eoAepmaHIIH 
TOpHH RaR aa el!eT l!aeTH'lHOro, TaR II nOJIHOrO no
AaBJICHIIH ~-+ a'-npespam;eHHH ~-+ w-npespa
m;eHneM. B enJiasax aToro paapeaa, eoAepmam;nx 
seero 0,5 aT.% MOJIH6AeHa, yme o6paayeTeH 
w-cpaaa. 

TaRnM o6paaoM:, yseJinlleHne eRopoeTH oxJiam
AeHHH npH 3aRaJIRe enJiaBOB u;npROHIIH - MOJIH6-
A8H II Topnii: - IJ;HpROHIIH - MOJIII6AeH e 1300° C 
npHBOAHT R paemnpeHHIO o6JiaeTH o6pa30BaHJIH 
W-cpa3hl B eTOpOHY YBCJIH'ICHHH eoAepmaiJHH RaR 
u;npROHHH, TaR H TopnH. MomHo noJiaraTh, liTo 
aTo o6yeJIOBJieHo soapaeTaHneM TepMoynpyrnx 
HanpHiHCHHH, enoeo6eTBYIOIIJ;HX pa3BHTHIO MapTeH
enTHOrO npespam;eHHH ~ -+ w, eBH3aHHoro e ne
peeTpoii:Roii Ry6nl!eeRoii pemeTRH ~-cpaahi B reRea
roHaJihHYIO pemeTRY w-cpaaOI. 

YMeHbmeHne eRopoeTn oxJiamAeHHH npn He
peaRoii aaRaJIRe enJiaBoB e 1000° C 6ea paa6nsa
HHH aMnyJibl TaRiKe npHBOAHT R paemnpeHHIO 
06JiaCTH o6pa3oBaHHH W-cpa3hl B eTopoHy CIIJia
BOB, 6oJiee 6oraThlX IJ;HpROHH8M, RaR B ,D;BOHHhiX 
CnJiaBaX IJ;HpROHHH e MOJIH6A8HOM, TaR II B TpOH
HbiX enJiaBaX IJ;HpROHHH e TOpHeM II MOJIH6A8HOM, 
paenoJiomeHHhiX no paapeay, eeRym;eMy u;npRo
HHCBhlii yroJI eiieTeMhl e eooTHomeHHCM Th : Mo = 
= 1 : 1 (eM. pile. 5,e). Bo Beex Il3yl!eHHhiX errJia
Bax, paenOJIOil\CHHhiX no paapeaaM e noeTOHHHhlM 
eoAepmaHIICM IJ;HpROHIIH, paBHhlM 95 II 93 aT.%, 
Ha6JIIOAaeTeH o6pa30BaHIIC W-cpa3hl. ,il;o6aBJICHIIC 
MOJIH6AeHa R ABOHHhlM enJiaBaM IJ;HpROHHH e TO
pneM, B ROTOphlX npn <JTOH eRopoeTH aaRaJIRH 
cpHReiipyeTeH a' -cpaaa, yme B ROJIIIl!CeTBC 0,5 aT.% 
npiiBOAHT R o6pa30BaHIIIO ~- II W-cpaa. IIo-BHAHMO
MY, paemnpeHne o6JiaeTH o6paaoBaHHH w-cpaa 
npH Hepe3ROH aaRaJIRe eBH3aHO e HaJIHl!HCM 
,n;ncpcpyanoHHhiX npou;eeeoB, 6JiaroAapH RoTopbiM 
npoiieXOAHT nepepaenpeAeJieHne Jiernpyrom;rrx 
ROMnOHCHTOB B MHKpoo6r.,eMaX enJiaBOB AO 
<<KpHTHl!CeROH>> ROHIJ;CHTpan;IIH, npH KOTOpOH IIACT 
MapTeHeiiTHOC ~-+ W-npeBpam;eHIIC. 
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C u;eJibiO BhiHeHeHnH npou;ecea paenaAa MeTa
eTa6HJihHoii ~-cpa3bl B CHeTeMe TOpHi\: - IJ;Hp
ROHHH - MOJIH6ACH 6hiJI II3Y'l8H OTnycK 3aKa
JI8HHhlX CnJiaBOB npH TCMnepaTypax 100, 200, 
300, 400, 500 n GOOo C e BhiAepmKoii: s TelleHHe 
0,25; 0,5; 1; 10; 50 II 100 'l ITpH Rail\AOH H3 <JTHX 
TeMnepaTyp. ,il;JIH nayl!eHHH paenaAa ~-cpa3bi 6~>mn 
Bhi6paHhl OAHH ,D;BOHHOH enJiaB IJ;HpKOHHH e 7 aT.% 
MOJIH6AeHa, l!CTbipe enJiaBa ITO paapeay e ITOeTOHH
HhiM eoAepmaHHCM IJ;HpKOHHH, paBHhiM 93 aT.%, 
e 0,5; 1; 1,5; 2 aT.% TopnH, a TaKme e1mas 
e 92 aT. % u;rrpKoHHH II 2 aT. % TopnH. Bee aTn 
eiTJiaBbi aaKaJIHBaiOTCH e COXpaHCHH8M ~-cpa3hl. 

IIpn OTnyeRe Ha 100° C B TC'ICHH8 100 'l BO 
BCCX II3Yl!CHHhiX CITJiaBaX eoxpaHHeTeH MeTaeTa-
6HJihHaH ~-cpaaa. TsepAOCTb enJiaBoB npn aToM 
oeTaeTeH npaRTHl!CeKH ITOCTOHHHOH. IIpn OTnyc
Re Ha 200° C ~-cpaaa eoxpaHHeTeH TOJihKo B ABoii:
HoM enJiaBe e 7 aT. % MOJIH6A8Ha; A06aBJICHH8 TO
pHH R <JTOMY enJiaBy yme B KOJIH'lCeTBe 0,5 
H 1 aT. % npHBOAHT K paenaAy ~-cpa3hi e o6paao
BaHHCM W-cpa3hi B TC'lCHHC COOTBeTeTBCHHO 100 
II 50 'l. Y BCJIH'lCHHC eoAepmaHHH TOpHH B enJia
BaX paapeaa c 93 aT.% u;npKOHHH AO 1,5 aT.% 
Bhl3hiBaeT pacnap; ~-cpa3hl ITOeJie 5 11 OTnyeRa. 
PacnaA ~-cpaabl Ha6Jirop;aeTCH aa aTo me speMH 
H B CITJiaBe e 95 aT.% IJ;HpROHHH II 2 aT.% TOpiiH. 
IIpn OTnyeRe Ha 300° C BO BCCX H3Yll8HHhiX Tpoii:
HbiX cnJiasax pacnaA ~-cpaah! e o6paaosamreM w
cpaahi Ha6JIIOAaeTeH yme ITOeJie nepBhiX 0,25 'l 

OTnyeKa; B ABOHHOM enJiaBe e 7 aT.% MOJIH6AeHa 
<JTOT pacnaA Hal!IIHaeTeH nocJie 1 11 OTnyeKa. 
TsepAOCTh DCCX H3YllCHHhiX enJiaBOB ITOCJIC 100 'l 

OTnyeKa AOCTHraeT ~ 440 K2/ MM2 • 

Ilpu oTnyeKe Ha 400° C paenaA ~-cpaahi e o6pa
aosaHHeM w-cpaahi Ha6Jirop;aeTeH so scex enJia
sax TaKme yme llepea 0,25 'l. 0AHaKo HapaeTaHrre 
TsepAoeTH npn aToii: TeMnepaType npouexoAHT 
6oJiee 6bleTpO H AOeTnraeT 480-500 K2/MM 2 

B Tpoii:HhiX enJiaBaX H 560 K2/MM 2 B ABOHHOM 
cnJiase e 7 aT. % MOJIH6AeHa. II pn oTnyeKe Ha 
500° C B ABOHHOM enJiaBe e 7 aT.% MOJIH6p;eHa 
B Tel!emre 0,5 'l Ha6Juop;aeTCH o6paaoBaHIIe w-cpa-
3hi, a IIOCJIC Bhi,!l;CpiHKII B TC'lCHIIC 1 'l II 6oJiee 
B <JTOM CIIJiaBe o6paayeTCH paBHOBCCHaH azr·cpaaa. 
TBepAOCTh aToro enJiaBa BoapacTaeT B CBH3H 
e o6paaoBaHneM w- II azr- cpaa, a aaTeM eHnmaeTeH 
B eBH3H e KoaryJIHIJ;HCH TOHKOAHenepCHbiX BhiAC
JICHHH azr·cl>aabl. Bo seex TpoiiHhiX nayl!cHHhiX 
enJiaBaX epaBHHTCJihHO HC60Jihill08 nOBhiUICHIIC 
TBCPAOeTH B nepBble llaehi OTnyeKa (p;o 
,..._, 380 K2/MM

2
) eBH3aHO e o6pa30BaHHCM W-cpa3hl 

II BhiACJICHIICM paBHOBeeHOH azr·cpa3hi; eHHil\CHHe 
TBCpAOeTH Bbl3b1BacTCH RoaryJIHIJ;IICH TOHKOAHe
nepeHhiX BhiACJieHnii azr·cl>aabl. II pn oTnycKe Ha 
600° C so seex nay'lcHHhiX enJiasax ~-cpaaa pac
naAaeTeH e o6pa30BaHHCM paBHOBCeHOII azr·cpa3hl 
yme noeJie BbiACpiHKH B TC'ICHHC 0,25 'l. IIoBhllliC
HHC TBCpAOeTn AO ~420 K2fMM 2 B ABOHHOM enJiaBe 
IJ;HpROHHH e 7 aT. % MOJIH6AeHa H AO 340 -
360 K2/MM

2 B TpOHHbiX enJiaBaX eBH3aHO e o6pa30-
BaHIICM TOHKO,D;HenepCHhiX BbiACJICHIIH azr-; ROa
ryJIHIJ;IIH HX npiiBOAIIT R eHIIil\CHHIO TBCpAOeTH. 



160 3ACE,ll,AHJ..1E 2.1 P/337 

B bl B 0 ,D, bl 

1. llocTpoeHa rrpoeKD;U.fl ~uarpaMMLI COCTO.RHU.fl 

CUCTeMbl TOpUll - D;HpKOHHH - THTaH B HHTep

BaJie TeMrrepaTyp oT 1000 ~o 500° C. lloKaaaHo 

cy~eCTBOBaHIIe IIpH BLICOKHX TeMrrepaTypaX illH

pOKOH o6JiaCTU TBep~LIX paCTBOpOB Ha OCHOBe 

o6'beMHOD;eHTpHpOBaHHOH Ky6H'IeCKOH pemeTKH, 

orpaHH'IeHHoii o6JiaCTbiO pacrra~a Ha ~Ba TBep~LIX 

pac'l'Bopa ~Th-Zr + ~Zr· 
2. B cucTeMe Topu:H - n;upKOHHii - n;epu:H o6-

JiaCTb TpOHHLIX TBep~LIX paCTBOpOB Ha OCHOBe 

o6'beMHOD;eHTpHpOBaHHOH Ky6H'IeCKOH pemeTKH 

~-n;HpKOHH.fl orpaHH'IHBaeTC.fl MaJIOH paCTBOpH

MOCTbiO n;epH.R B D;HpKOHHH rrpu H3y'IeHHLIX TeM

rrepaTypax. 06JiaCTb aTh-Zr-ce·TBep~oro pac

TBopa B TpOHHOll CHOTeMe IIpHJieraeT IIO COCTaBaM 

K ~BOHHOH CHCTeMe TOpHH - n;epuif; IIpH 930° C 
KpHBa.fl paCTBOpHMOCTH IIpH6JIHmaeTC.fl K a~~H
THBHOH rrp.RMoii. 

T. A. 6A,ll,AEBA et al. 

3. B cucTeMax Topu:H - n;upKoHuii - Huo6u:H 

H TOpHH - D;HpKOHHH - MOJIU6~eH ycTaHOBJieHLI 

o6JiaCTH CIIJiaBOB ~-TBep~oro paCTBOpa, B KOTO

pLIX IIpH 3aKaJIKe C pa3JIH'IHOH CKOpOCTbiO OXJiam

~eHH.fl o6paayeTc.R MeTacTa6HJibHa.R ro-rpaaa. llo

KaaaH rrpon;ecc pacrra~a MeTacTa6HJibHoii ~-rpaaLI 
B aTHX CHCTeMaX IIpH OTIIYCKe. 

ABTopLI BLipamaroT 6Jiaro~apHOCTb pyKOBO~H
TeJIIO Jia6opaTOpHH rrporp., ~-py XHM. HayK 

0. C. lfBaHOBY 3a n;eHHLie COBeTLI IIpH BLIIIOJIHe

HHH ~aHHLIX HCCJiep;oBaHHH. 
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Structure and properties of ternary alloys 
including thorium 

By T. A. Badaeva et a/. 

The paper presents experimental data obtained on 
the structure of ternary alloys including thorium in 
the following systems: thorium-zirconium-titanium; 
thorium-zirconium-cerium; thorium-zirconium-nio
bium; thorium-zirconium-molybdenum. Considera
tion is also given to the study of metastable phases, 
the conditions under which they are formed, and their 
relation to the properties of the alloys. Information is 
given on the hardness of alloys quenched from the 
~-solid solution and tempered at 100-600 °C. 

A projection of the equilibrium diagram for the 
thorium-zirconium-titanium system was constructed, 
together with the reaction diagram for the tempera
ture range 1 000-500 °C. 

In the thorium-zirconium-cerium system no broad 
region of solid ternary solutions based on a body
centred cubic lattice of ~-zirconium was observed. 

The elements of the equilibrium diagram for the 
thorium-zirconium-cerium system were constructed 
over the temperature range 930 °C-room temperature. 

In the thorium-zirconium-molybdenum system a 
region of ternary ~-Th-Zr-M o solid solution based on 
a body-centred cubic lattice was observed at 1 000 °C. 
A region of alloys of this solution was established, in 
which, when the alloy was quenched from a high 
temperature, a metastable cu-phase was observed, 
alongside a body-centred cubic lattice, resulting from 
a partial martensitic transformation. 

Alloys in the thorium-zirconium-niobium systems 
quenched from the solid-solution region on the basis 
of a body-centred cubic lattice of ~-zirconium were 

studied to establish how the cooling rate in quenching 
affects the formation of a cu-phase. The process of 
decomposition of the ~-phase in these alloys tempered 
at 100-600 °C was also investigated. 

A/337 URSS 

Structure et proprietes des alliages ternaires 
contenant du thorium 

parT. A. Badaeva et a/. 

On passe en revue 1es donnees experimentales 
obtenues par les auteurs sur la structure des alliages 
ternaires de thorium dans les systemes thorium
zirconium-titane, thorium-zirconium-cerium, thorium
zirconium-molybdene, thorium-zirconium-niobium. 
Les auteurs ont egalement etudie les phases meta
stables, les conditions de leur formation et leur relation 
avec les proprietes de l'alliage. On communique les 
donnees sur la durete des alliages trempes depuis la 
region ~ de Ia solution solide avec revenu de 100 
a 600°. 

On a construit, dans le systeme thorium-zirconium
titane, Ia projection du diagramme des phases et on 
donne le schema des reactions pour les temperatures 
de 1 000 a 500 °C. 

II n'existe pas dans le systeme thorium-zirconium
cerium de domaine etendu de solutions solides ayant 
pour base le reseau cubique centre du zirconium ~· 
On a construit pour ce systeme des elements du 
diagramme des phases pour les temperatures allant de 
930 °C jusqu'a la temperature ambiante. 

Dans le systeme thorium-zirconium-molybdene a 
l 000 °C on a constate !'existence d'un domaine de 
solution ternaire solide Th ~-Zr-Mo basee sur 
un reseau cubique centre. 
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On a determine Ia zone des alliages de cette solution 
ou lors de Ia trempe a partir de hautes temperatures 
a Ia suite d'une transformation martensitique par
tielle, on observe une phase w en meme temps que le 
reseau cubique centre. 

Les alliages des systemes thorium-zirconium
molybdene et thorium-zirconium-niobium, trempes 
a partir de Ia region des solutions solides basees sur 
le reseau cubique centre du zirconium~. ont permis de 
montrer !'influence de Ia vitesse de refroidissement 
pendant Ia trempe sur Ia formation de Ia phase w. 
On a etudie egalement le processus de destruction de 
Ia phase ~ dans ces alliages lors d'un revenu de 100 
a 600 oc. 

A/337 URSS 

Estructura y propiedades de las aleaciones 
ternarias del torio 

porT. A. Badaeva et a/. 

La memoria presenta los resultados experimentales 
obtenidos sobre Ia estructura de las aleaciones 
ternarias del torio en los sistemas torio-circonio
titanio, torio-circonio-cerio, torio-circonio-molibdeno, 
y torio-circonio-niobio. Se presta atenci6n tambien 
al estudio de las fases metastables, a las condiciones 
de su formaci6n y a su relaci6n con las propiedades de 
las aleaciones. Se presentan datos sobre Ia dureza 
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que se obtiene por temple desde Ia zona de soluci6n 
s6lida ~ de las aleaciones y revenido a 100-600 °C. 

En el sistema torio-circonio-titanio se ha trazado 
una proyecci6n del diagrama de equilibrio y se da 
un esquema de las reacciones correspondientes al 
intervalo de temperaturas comprendido entre 1 000 
y 500 °C. 

En el sistema torio-circonio-cerio no hay una zona 
amplia de soluciones s6Iidas a base de Ia red cubica 
centrada en el cuerpo del circonio ~-

En el sistema torio-circonio-cerio se han deter
minado los elementos del diagrama de equilibrio 
en el intervalo de temperaturas comprendido entre 
930 °C y Ia temperatura ambiente. 

En el sistema torio-circonio-molibdeno a I 000 °C 
se ha determinado Ia existencia de una zona de 
soluci6n s6lida ternaria ~-Th-Zr-Mo a base de Ia 
red cubica centrada en el cuerpo. Se ha determinado 
el intervalo de aleaciones de esta soluci6n, en las 
cuales, por temple desde altas temperaturas, como 
resultado de una transformaci6n martensitica parcial, 
junto con Ia red cubica centrada en el cuerpo se 
observa Ia fase w. 

En las aleaciones de los sistemas torio-circonio
molibdeno y torio-circonio-niobio, templadas desde 
Ia zona de soluci6n s6lida a base de Ia red cubica 
centrada en el cuerpo del circonio ~. se demuestra Ia 
influencia de Ia velocidad de enfriamiento durante 
el temple sobre Ia formaci6n de Ia fase w. Se estudia 
tambien el proceso de descomposici6n de Ia fase ~ 
en estas aleaciones, por revenido a 100-600 °C. 
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TeopM~ pacnyxaHM~ Aen~LqMXC~ MaTepManos 
B. M. ArpaHOBH'f, 3. Sl. MHxnHH, n. n. CeMeHOB, B. Sl. nynKO, 

10. H. flHXO'feB, B. n. 3aoHapea 

§ 1. BBE,LJ,EHI-1E * 

Pap,uau;uonnoe pacrryxanne p,emnu;nxcH MaTe
puanos aa rrocne,n:nee npeMH rrpusneKaeT K ce6e 
60llhlllOe BHIIMaHHB, TaK KaK IIMeHHO 3TO HBlleHUe 
nperrHTCTByeT ll,OCTIIJf\eHIIIO rny6oKOf0 BhiropaHUH 
n coap,aeT, TaKuM o6paaoM, Tpy.a;nocTn )J.HH aKono
MII'leCKH BhlrO,[l;HOfO IICJIOllh30BaHIIH JI,rl;epHOJI 3Hep
riiii. Pacrryxamre MOII\CT rrponcxo,a;nTh ll,BOHKHM 
o6paaoM: c o.a;noii CToponhl, ysemi'leniie o6'beMa 
p,enmn;erocH MaTepnana soammaeT aa C'leT rrpe
BhlllleHnH cyMMapnoro o6'heMa rrpo,a;yKTOB .a;e.TJe
HHH na.a; o6'heMoM, KoTophlii aaHIIMann rro.a;emm
IIlHecH aTOMhl ropro'Iero. BKna.a; B rronnoe ysenu
'lenue 06'bOMa, o6yCHOBHeHIIhJ.ii 3TO{I IT pn'IHHO{I, 
o6hl'IHO naahiBaiOT «ysemrqemreM o6'heMa aa C'leT 
TBep,rJ;biX OCKOHKOB>>. C ,a;pyroil CTOpOHhl, ysemr
lJeHne o6'beMa. MomeT 6hiTh Bhlasano pacrra,a;oM 
nepechiiiJ;ennoro TBep.a;oro pacTsopa <<rasoBhiX>> 
npo,n:yKTOB p,enennH, rJJaBHhiM o6paaoM Kpiirr
TOHa U KCeHOHa, KOTOpbi{I COJipOBOmP,aeTCH o6pa-
30BaHUO~I H JIOCJiell,YIOIIJ;IIM pOCTOM aepeH HOBOII 
cpashl - raaoBhiX rrop. 8To TaK nashmaeMoe raso
soe pacnyxanue. Ono naqunaeT nrpaTh saMCTHYIO 
pOllh JIIIIIIb llpll ll,OCTaTO'IHO BhiCOKIIX Te!lmepaTy
paX, Torp,a KaK rrpu nnsKIIX TeMrrepaTypax naMe
nenue o6'heMa o6ycJJOBJJeno rrpop,yKTaMH .a;e.'IeHIIH, 
BHe,a;piiBIIliiMHCH B KpHCTallllU'leCKyiO pellleTKY. 

,ll;JJH pac'leTa yneJJn'leHIIH o6'heMa, BhiSBannoro 
<<TBepp,hl!IUI» rrpop,yKTaMn p,enennH, neo6xo,n:n111o 
3HaHIIe MemaTO!IIHhiX CIIJI, P,ellCTBYIOIII;HX B KpU
CTaJJJJe C BHep,peHHhiM aTOMOM npnMeCII. IIoCKOllh
KY 3TII CHllhl B HaCTOHIIJ;ee npeMH Heii3BeCTHhl, 
o6hl'IHO ncrroJihayeTCH rrpu6mtmennoe rrpamwo, 
B C.OOTBeTCTBIIII C KOTOpbiM rrpep,IIOJJaraeTCH, 'ITO 
aTOM rrpiiMeCII B (<qymo{r)> KpiiCTallJJII'leCKOll pellleT
Ke aaHUMaeT TOT me 06'beM, 'ITO II B KpUCTallllll
lJeCKO{I pellleTKe, rp,e TaKUe aTOMhl HBllHIOTCH 
OCHOBHhiMII. TaKoii: JIOll,XOll, HCHBHO npep,nonara
eT mme{myro sasucnMoCTh ysennl!eHIIH o6'beMa 
aa c'leT Tsepp,hlx ocKoJJKOB OT Bblropamm. HpoMe 
TOro, OH He TIOSBOHHeT YliCCTh crreu;llcpiiKY Mem
aTOMHhiX CBHae{r, BOSHIIKaiOIIJ;IIX B KpliCTanne 
c rrpnMeChiO, n pesynbTaThl, rrony'leHHhle na ero 
OCHOBe, cnep,yeT paCCMaTpiiBaTh JIIIIIlh KaK OpiiBH
TIIpOBO'IHYIO OIJ;BHKY, TO'IHOCTh KOTOpO:i'I, K coma-

* §§ J -4 narrnca Hbl B. 1\I. ArpauonnqeM, 3. R. 1\Inx
JIIIJiblM n JI. IT. CeMeuonhiM, ~ 5 uarrncau B. R. ITyrnw, 
10. II. JlnxaqeBblM n B. IT. 3BoHa peBhiM. 

llBHJfiO, HBHSBeCTHa. 8To o6CTOHTBllhCTBO p,enaeT 
TaKQ{I JIOP,XOll, oco6enno HBHa)J,B/KHhiM B YCJJOBIIHX 
BhiCOKIIX Bhiropannii:, Korp,a yne.TIII'IOHIIC 06'bCMa 
aa C'IBT TBBp,rJ;biX OCKOHKOB ya;e He HBllHBTCH 
JIIIHBIIHOll cpyHKIJ;IIBII BhlropaHIIH 1. 

II pn nayqennu rasonoro pacrryxannH B sasn
CIIMOCTH OT YCJJOBII{I cne,a;yeT pa3llii'laTh ,[l;Ba 
peamMa: pemuM o6ny'lennH u pemnM oTmnra. 
B rrepnoM cny'lae MaTepnan o6JJy'laeTCH B ycJJo
BIIHX ,[l;OCTaTO'IHO BbiCOKO{I TeMrrepaTyphl, KOr;J;a 
ll,HcpcpyanOHHaH llOll,Bllll\HOCTh o6paayiOIIJ;HXCH rrpn 
p,enemm rasOBhiX aTOMOB TaKme BhiCOKa. IIpu 
noM pacnyxamre npoiicxop,nT nenocpell,CTBen
no B npou;ecce o6JJy'leHnH. Bo BTopoM cny
l!ae MaTepuan o6.TJy'laeTCH npn 6onee nnsKnx 
TellmepaTypax. Ilpn aToM TaKme o6pasyeTCH 
CIIllhHO rrepeChiiiJ;eHHhiii TBepP,hlll paCTBOp aTOMOB 
raaosbrx npop,yKTOB p,enemm. Op,naKo nop,siin\
HOCTh liX Mana, TaK 'ITO Bhlll,elleHIIe US paCTBOpa 
raaoso{r cpashl ne nponcxop,uT. TeM ne Monee 
pacnyxanue 1\IOllieT rrpOl!CXOf:\IITh II B aTOM CJJy
qae, ecmr nocJJe o6JJyqenuH nop,seprnyTh MaTe
puaJJ 6onee IIJJII 111enee ll,JJIITCJJhHOMY nop,orpeny 
( oTmnry). II pn narpenannu nop,snmnoCTh pacTno
peHHhiX aTO!IIOB B03paCTaeT, B CBHSH C llCM CTaHO
BHTCH BOSMOlliHbiM Bhl)J,eJJeHIIe HX 113 paCTBopa 
B nyahlpbKII. 
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Happ,nnaJJbHhiM p,nH scei'i rrpo6JJeMhi raaonoro 
pacnyxaHIIH HBJJJieTCH BOllpOC 0 MeXaHJI311IaX, 
sa C'leT KOTOpbiX oCyiiJ;eCTBHHeTCH sapomp,enne 
n poeT rasoBhiX nyahrpbKOB. rosopH o pocTe raso
BhiX rrop, CJiep,yeT 3aMeTIITh, 'ITO MeXaHHSIII 3TOrO 
rrpou;ecca saBHCIIT KaK oT oco6ennocTml paccMa
TpnsaeMoro MaTepuaJJa, TaK n OT ycJJonnii orrhiTa. 
CorJiacno o)J,HoMy na npep,cTaB.Tienui"r 2 raa, naKan
nnsaHCh B nopax, coap,aeT B nux ana'lnTeJJbHoe 
p,anneHI:re, nop, p,e{ICTBIIeM KoToporo nponcxop,nT 
KpHII (a B HeKOTOpbiX Clly'laHX II llJiaCTII'leCKaH 
p,ecpopMau;nH) oKpymaiOIIJ;ero MaTepnaJJa. C TO'IKH 
3pj.)HIIH noro npep,cTannemm poeT rasosoro pac
nyxaHIIH c TeMnepaTyporl o6ycnosnen rnaBHhiM 
o6pasoM yMeHhlllenneM conpoTIIBJICHIIH noJJsy
qecTn MaTepnana c ysenii'lenneM Te!lmepaTyphl. 

J1naH TO'IKa speHIJH 3·4 COCTOIIT B TOM, 'ITO 
poeT rasoBbiX nop, Koneqno, ecnn ronopnTh 
0 lJ,OCTaTO'IHO ManeHbKIIX rropax, MomeT nponc
XOll,liTh sa C'leT ,'IIIcpcpysiiOHHOfO rrpiiTOKa BaKaH
Cllll. IIpn aTOM rrpHTOK BaKaHCIJ{I B rropy CKOp
pennpoBaH C rrpiiTOKOM ra30BhiX aTOMOB TaK, 
'ITO p,asneniie raaa B nope non;p,epmnsaeTCH 
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ua ypouue enJI nonepxHoeTuoro HaTHmeHnH n no
aToMy B oeuoBHOM ypanHonemnnaeTeH HMH. CTo
poHHHKH 3TOH TOlJKH apeHHH nenOJib3YIOT J:);JIH 
ee o6oeuonaHHH peayJibTaThl aKenepnMeHTOB no 
paenyxaHHIO ypaHa n ero enJiaBoB 4· 6 • KaK 
noKa3aJI fpHHBYA H p;p. 3

, eKopoeTb nop;xop;a 
BaKaHeHH npn HaJIHlJHH onpe~eJieHHhlX yeJIOBHH 
MomeT OKa3aTbeH p;oeTaTOlJHO 60JibillOH J:);JIH TOrO, 
1JT06hl B npep;eJiax 10% )J,aBJieHne B nopax nop;
)J,epmnBaJioeh Ha ypoBHe enJI nouepxHoeTHoro HaTH
meunH. To o6eToHTeJiheTBo, 'ITO p;aBJieHne raaa 
B nopax MOmeT ypaBHOBBIDHBaTbeH eHJiaMH no
BBpXHOeTHOrO HaTHmBHHH, noJiylJHJIO y6e)J,HTBJib
HOB nO)J,TBepm)J,BHIIB B ony6JIHKOBaHHOH HB)J,aBHO 
pa6oTe Bapuca n Maan7, B KOTopoii ua6JIIO)J,a
JIOeb )J,BHmeHHB H o6'be)J,HHBHHB ra30BhlX nop. 
0Ka3aJIOCb, 'ITO npn o6'be)J,HHBHHH o6m;aH nOBBpX
HOeTb raaoBhlX nop eoxpaHHeTCH. MMeHHO TaKoii 
peayJibTaT II )J,OJimeH noJiylJHTbeH, eeJIII npep;no
JIOmHTb, 'ITO raa Ilp;eaJibHhlH, a )J,aBJieHne ero 
B nope ypaBHOBBillHBaeTCH nOBepXHOeTHhlM HaTH
meHHBM MaTpHD;hl. 

HapHp;y c ynoMHHYThlMII Bhlme MexaHnaMaMn 
pocTa nop naMeHeHne paaMepa nop MomeT npone
XO)J,HTh TaKme 3a ClJeT npon;eeeoB HX 06'bB)J,HHB
HHH. 

11 pon;eec raaoBoro pacnyxaHHH npoTeKaeT no
paaHoMy B MaTepiiaJiax nopncThlX n HenopneThlX. 
B MaTepnaJiax c xopomo paannToii nopiieToeTLIO 
o6pa30BaHIIB HOBhlX nop HBBBJIHKO H He BHOCHT 
cyxu;ecTBeHuoro Bimap;a B pacnyxaune. HanpoTHB, 
B HenopncThlX MaTepnaJiax o6paaoBaHne nop 
HBJIHBTCH He06XO)J,IIMOH eocTaBHOH lJaCTbiO BCero 
npou;ecca raaoBoro paenyxaHHH. PoJih npou;eceoB 
aapom)J,eHHH ny3hlpbKOB eTaHOBHTCH oeo6o eym;e
CTBBHHOH, eCJIH Bee aapomp;arom;neeH nyahlpbKH 
)J,OmHBaiOT JJ;O KOHD;a o6JiylJeHHH, TO eeTb eeJIH 
npeHe6pelJL npon;eecaMH o6'bep;nHBHIIH nyahlpbKOB 
HJIII npon;eceaMII, KOr)J,a poet O)J,HIIX ny3hlpbKOB 
ocym;ecTBJIHeTeH aa cqeT p;pyriiX. K comaJieHHIO, 
Bonpoe o aapomp;eHIIH nyahlphKOB paapa6oTaH 
noKa eru;e eJia6o. K TOMY me aapomp;eHne II paH
HHe CTap;ll.ll. poCTa «flaKTHlJeCKII HB Ha6JIIO)J,a
JIHCb. IToaTOMY ap;ecL Mhl orpaHIIlJHMCH nepe'IIIC
JieHIIeM OCHOBHhlX B03MOmHhlX MeXaHH3MOB 3apom
)J,BHIIH. 

::ho npemp;e ueero roMoreHuoe aapomp;eune, 
eym;eeTBeHHOe B eJiy~ae, KOr)J,a KOHD;BHTpaD;HH 
paeTBopeHHoro B MaTepiiaJie raaa CHJibHO npeBhl
maeT paBHoBeeHyro. BoaHHKHOBBHIIe aapop;hlma 
B 3TOM CJiyqae onpep;eJIHeTeH o6pa30BaHHBM KOM
nJieKea, eop;epmaxu;ero TaKoe lJIICJio l raaoBhlX aTo
MoB, 1JT06hl KOMnJieKe 3TOT HMBJI )J,OCTaTOlJHO 
60JibillOB BpBMH mH3HII H yeneBaJI 3aXBaTHTb 
(/ + 1) aTOM. 

3apomp;eHIIe nop MomeT nponexop;nTb TaKme 
ua rpynnax uaKaHciiii, o6paayrom;HxeH 6Jiaro
p;apn nnKaM p;eJieHHH. ITonap;aHne B TaKyro rpyn
ny O)J,HOrO HJIH HBCKOJibKIIX ra30BhlX aTOMOB 
MomeT ep;eJiaTb ee ycToHlJIIBoii. Crop;a me eJiep;yeT 
OTHeeTH MeXaHH3M 3apom)J,eHIIH nop, eBH3aHHhlH 
e JioKaJILHhlM nJiaBJieHneM MaTepnaJia B TepMo
nnKax 6 • 
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B euoro oqepep;b reTeporeHHoe aapomp;eHne 
MOmeT npOHCXO)J,IITb Ha JIHHHHX )J,IICJIOKaD;HH, 
BKJIIOlJBHHHX BTOpOH «fla3hl, rpaHIID;aX aepeH II p;py
riiX Heop;Hopop;HoCTHX epep;hl. CKopoeTb o6paao
BaHnH aapO)J,hlillBH HOBOH ra30BOH «flaahl, no-BH
!l;IIMOMY, oco6eHHO BBJili.Ka B6JIII3H JJ;IICJIOKaD;HH. 
TaK, eorJiaeHo on;eHKaM fpnuByp;a n p;p., ua pac
CTOHHHHX, HB npeBhlillaiOID;HX TpeX MemaTOMHhlX 
paeeTOHHHH OT oen )J,HCJIOKan;nii:, KOHD;BHTpan;HH 
raaa B 10 6 paa Bhlme, lJeM B p;pyrnx MeeTax 3. 
HIIme Mhl 6oJiee nop;po6uo oeTaHoBnMeH Ha Teo
peTHlJBCKOM aeneKTe npo6JieMhl raaoBoro paeny
xaHnH. · KpoMe Toro, B § 5 6yp;eT paeeMoTpeu 
BOnpoe 0 BHyTpeHHIIX HanpHmeHHHX, KOTOphle 
B HBKOTOphlX yCJIOBHHX MOryT B03HIIl<aTb B )J,BJIH
m;eii:eH cpep;e np11 uaJIIIlJHH uepaBHOMepuoro pac
npe)J,eJieHHH lJHeJia )J,BJIBHIIH. 

§2. OCHOBH~E YPABHEHH~ TEOPHH 
rA30BOrO PACnYXAHH~ 

B eBH3H c TeM lJTO paBHOBeeuaH paeTBOpiiMoeTb 
HHBpTHhlX ra30B OlJBHb MaJia, 60JibillHB nepeCbl
ID;BHHH B03HIIKaiOT yme Ha CaMhlX paHHIIX CTa
)J,HHX o6JiylJeHIIH. 06paayroxu;yroen np11 paenap;e 
nepeChln:J;BHHOrO TBepp;oro paCTBOpa nopiieTOeTb 

6yp;eM xapaKTepii30BaTb «JlyHKn;neii f G-. Q, t), 
rp;e Q - pap;nyc nophl. (ha «flyHKD;IIH onpep;eJIHeT 
pacnpep;eJieHIIe nop no paaMepaM B TOlJKe MaTe-

pnaJia -; B MOMBHT BpeMeHII f. llpii 3TOM noJIHOB 
lJIIeJIO nop Ha ep;HHIID;Y o6'beMa MaTepiiaJia B TOlJ-

Ke r onpe)J,BJIHBTe.ll eOOTHOillBHHBM 

03 

--> \ --> 
N(r, t)= .) /(r, Q, t)dQ. (1) 

0 

-I 
3uaHne 4JyHKD;WH ,paenpep;eJIBHHH n03BOJIHBT 

BhllJIIeJIIITb YBBJIHlJBHHB 06'beMa MaTepHaJia, Bhl-
3BaHHOe o6paaonaHHeM raaoBhlX nop 

00 

d v = 
4
: ~ ~ Q3

/ (;, Q, t) dQ d-;. (2) 
v 0 

$yuKn;IrH pacnpep;eJieHHH MomeT 6hlTb onpe
p;eJieua Il3 eJiep;yrom;ero ~paBHeHHH: 

iJj iJ . --> --> 
iJt + iJQ (IV p) + dw (!U) = 'l' (r, Q, t) +leT· (3) 

d 
3p;eeh V p = Iii - eKopoeTb .nepeMBID;BHIIH nop 

_,. 
_,. --> dr 

B npOCTpaHeTBB pa3MepoB; lj (Q, r) = dt - CKO-

pOCTb nepBMBJD;eHHH nOphl B KOOp)J,HHaTHOM npo
CTpaHeTBB. )J;JIH onpep;eJieHHH V P uymuo aap;aTbeH 
KOHKpBTHhlM npe)J,eTaBJIBHIIBM 0 MeXaHI13MB pOCTa 
raaoBhlX nop. 

TaK, HanpHMep, B cJiy'lanx, Korp;a poeT nop 
o6yCJIOBJieH p;n~4Jy3HOHHhlM npHTOKOM BaKaHeHii:, 
CKOpoeTb poeTa nophl 
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( i+ 2yV0)2 
V = 3DkT C (t) kTQ 

P 4y (t+3vVo) 
kTQ0 

(4) 

r~e C (t) - ROHIJ.CHTpa:O.HH aTOMOB raaa B TBep
~OM paeTnope; D - Roa«f>«J>n:o.ueuT ~u«f>«f>yanu aTo
MOB raaa B MaTepnaJie; y - Roa«J>«f>n:o.nenT nonepx
uoeTuoro HaTHmeuun; T - a6eoJIIOTHaH TeMne
paTypa; k - RoneTauTa BoJib:O.Mana; V 0 - o6'beM 
nopH~Ra o6'beMa aToMa raaa. 

Ilpii BbiBO~e 3TOfO BblpaiRCHIIH 1 yqHTbiBaJIOeb 
OTRJIOHCHHC raaa OT II,li;CaJibHOeTH. (Jl,ll;eaJibHOMY 
raay eoOTBCTeTBYCT DpiiOJIIIiRCHHC V o= 0). B eJiy
qaHX, ROr,ll;a poeT nop npouexo,li;IIT aa eqeT noJiay
qeeTn oRpymarom;ero ux MaTepuaJia, a raa B nopax 
DO,ll;qHHHCTeH ypaBHCHHIO eoeTOHHHH H,li;CaJibHOfO 
raaa 1, 

(5) 

3,ll;eeb A, S - aMnnpuqeeRJie napaMeTpbl, onu
eblnarom;ue DOJiayqeeTb MaTepnaJia B eOOTBCTeTBHH e 

• (<1 0' )S 
aaROHOM e Err= - 6 ~ r .B aTOM Bblpameuuu 

O'a, O'r- ,li;HaroHaJibHble RoMnoueHTbl Teuaopa ua
npnmeuuii (n e«f>epuqeeRoii eneTeMe Koop,li;IIHaT); 

Err - ,li;UaroHaJILHaH ROMDOHCHTa TCHaopa eRO
poeTeii Ae«f>opMa:o.nn; m (t) - queJio aToMoB raaa 
B nope B MOMCHT BpeMCHII t. 3TO queJIO MOiRHO 
ODpC,li;CJIHTb e DOMOIIJ.biO ypaBHCHHH 

dm .... 
d/=4nDQC(r,t). (6Y 

.... 
BeJiuquua 'I' (r, Q, t), nxo~nm;an B ypanueune 

(3), onpe~eJIHeT eRopoeTb pOiR,li;CHHH nop pa~uy-
-+ 

ea Q B MOMCHT BpeMCHH t B TOqRe r MaTepuaJia; 

I cT - BeJiuquua, yqnTbiBarom;an naMeueuue «f>ynR
:O.IIII paenpe~eJieHnH aa eqeT o6'be~uueunn nop. 

,lJ;JIH ORouqaTCJibHOH «f>opMyJIHpOBRH aa~aqu 
R aTUM ypaBHCHHHM eJIC,ll;yeT ~ooaBUTb em;e O~HO .... 
eoOTHOIIICHHC, eBH3b1BaiOm;ee Q H C (r, t). TaR, 
uanpnMep, B eJiyqae pemnMa, Ror~a pom~euue 
raaOBbiX aTOMOB npoHeXO,li;HT e DOeTOHHHOH eRO
poeTbiO, a yeJIOBIIH o6Jiyqeuun u enoiieTBa MaTe
puaJia o~unaROBbl no neex ero ToqRax, naMeueuue 
Ron:o.enTpa:o.nn paeTnopeuuoro raaa onuehlnaeTeH 
ypanueuneM 

00 

~~=a- 4nDC (t) ~ Q/ (Q, t) dQ. (7) 
0 

CoBORYDHOeTb ypaBHCHHH (3), (7) eoBMCeTHO 
e ypaBHCHHCM (4) HJIU e ypaBHCHHHMH (5) H (6), 
noanoJIHCT B npnu:o.nne onpe~eJIHTb C ( t), N ( t), 
.:\ V. K eomaJienuro, pemeuue noii npo6JieMbl, 
e«f>opMyJIIIpOBaHHOH B eTOJib OOIIJ.CH «f>opMe, HaTaJI
RHBaeTeH Ha Tp"y~HOeTH. YRaaaHHaH eneTeMa 
ypanueunii, o~HaRo, MomeT ObiTb pemeua queJieu
HbiMH MCTO~aMII. TeM He MCnee B HCROTOpbiX 
qaeTHbiX eJiyqaHX aa~aqa MOiRCT ynpoeTHTbeH 
naeTOJibRO, qTo ORaabiBaeTeH B03MOiRHbiM HaUTH 
ee auaJinTHqeeRoe pemeuue HJIH no Rpaiiueii Mepe 

B. M. ArPAHOBH4 et al. 

ero aenMnToTuqeeRuii BH~. B eJie~yrom;eM naparpa
«f>e yRaaaHbl HCROTOpble aeUMDTOTUqeeRUC peme
HHH e«f>opMyJIHpOBaHHOH npoOJICMbl. 

§ 3. ACHMnTOTJ..14ECKJ..1E PEWEHHH 

AenMnToTuqeeRne pemeuun, B qaeTuoeTn, Mo
ryT ObiTb uaii,ll;eHbl ~JIH eJiyqan, Ror~a qJieH leT• 
nxo~nm;uii B ypanueuue (3), paBeH HYJIIO. KpoMe 
TOfO, oy~eM equTaTb, qTO Bee DOpbi B MOMeHT 
pom~euun HMeiOT o~nnaRonhlii pa,ll;nye Qo· Tor~a 
BXO~HIIJ.Hll B ypaBHCHUe (3) qJICH 

'I' (Q, t) = 1p (t) 6 (Q- Q0). (8) 

Paamiqnhle MexaunaMbl aapom,ll;ennn nop upu
BO,li;HT, Booom;e fOBOpH, R paaJiuquoii «f>yHRIJ.HO
HaJibHOii aanuenMoeTn 1p ( t) oT C ( t). Momuo, 
O,li;HaRo, ue B~aBaHeb B auaJiua MHRporrpo:o.eceon, 
DpUBO~HIIJ.HX R o6paaoBaHUIO DOp, BOeDOJib30BaTb
CH eJie~yiOID;HM paaJIOiKCHIIeM, D03BOJIHIOIIJ.HM 
npe~eTaBUTb ~OBOJibHO IIIllpOKHH RJiaee «f>yHRIJ.Hii: 

00 

1Jl (t) = ~ st(C- C0)
1

• (9) 
1=1 

3~eeb C 0 - paBHOBeeHaH ROHIJ.eHTpaiJ.HH raaa 
B MaTepnaJie. IloeKOJibRy, .RaR 3TO OTMeqaJIOeb 
Bblme, o6bJquo C ( t) ~ Co, BeJiuquuoii Co npe
ue6peraeM. B aTnx npe~noJIOiHCHIIHX noeJie pH,ll;a 
npeo6paaonaunii (eM. 1) aa,ll;aqa eno~nTeH R peme
auro HeJiuueiiuoro nuTerpo-~u«f>«J>epea:o.naJILHoro 
ypaBHCHHH 

dC 
BC dcii=a-4nDC(t) x 

00 00 

x ~ Q(<I>-y) ~ ~ c 1
-

1 (y)dy (10) 
0 1=1 

(eJiyqaii, ROr~a V p onpe~eJIHCTeH eoOTHOIIICHHCM 
(4)). 3p;eeb 

t 

<l>=B ~ C(t)dt, B=eonst. (11) 
0 

AuaJioruquoe ypanueuue MOiRHo noJiyqnTL 
u ~JIH eJiyqan, Ror~a Vp onpe~eJIHeTeH Bblpa
meuueM (5). 

B pa6oTe 1 ObiJIH uaii~eHbl aenMnToTnqeeRne 
pemeHH,fl aTHX ypaBHCHIIH. IloJiyqeHHbiC peayJib
TaTbl ll03BOJIHIOT e~eJiaTb BbiBO,ll; 0 TOM, qTo RHHe
THRa paenyxaHHH cym;eeTBCHHO aaBHCHT RaR OT 
MexaunaMa aapom~euuii, TaR u oT MeXaHH:ma 
poeTa raaoBbiX nop. B eJiyqae, Ror~a poeT nop 
o6yeJIOBJICH ~u«f>«f>yaneii BaRanenii, npu ~OeTa
Toquo 6oJILmnx npeMenax yneJiuqeuue o6'beMa 
B aaBIIeUMOeTU OT xapaRTepa aapoiR~CHHH nop 
MOiKCT eJie~oBaTb O~HOMY H3 Tpex aeiiMDTOTH
qeeRUX aaROHOB 

L1V ,_, t'ls, npn 11 = 1, 

L\V .-.<1>3 (ln<l>)112
, r~e t-- <1>2 (ln <1>)111

, npu l1 = 2, 
(12) 
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3~ec'b 11- nH~eKc nepaoro OTJmqHoro OT HYJIH 
qJieHa B pa3JIOmeHHII (9), 

B cnyqae, Kor~a nophl pacTyT aa cqeT Mexa
HH3Ma nOJI3yqeCTH, 

(13) 

H He 3aBHCHT OT XapaKTepa pom~eHHH nop. 
TaKnM o6paaoM, aKcnepHMeHTaJII>Hoe nccne

~oaaHne KHHeTIIKII pacnyxaHIIH . npH 6on1>mHX 
BpeMeHaX n03BOJIIIJIO 6hl C~eJiaT'b HeKOTOphle Bhi
BO~hl o MexaHIIaMe pocTa raaoBhiX nop. Ecnu 
me pOCT 3TOT o6yCJIOBJieH ~Hif>lf>y3HOHHLIM npH-· 
TOKOM BaKaHCIIH, MOlliHO 6hiJIO 6hl cy~HT'b II 0 Xa
paKTepe aapom~eHHH nop. RpoMe Toro, nony
qeHHhle peayJI~>TaTLI roaopaT o TOM, qTo aenuquHa 
pacnyxaHIIH He HBJIHeTCH JIHHeHHOH lf>yHKD;IIeii: 
BhlropaHHH. RaK OTMeqaJIOC'b Bhlme, pemeHIIe 
ypaBHeHIIH (10) HJIH ypaBHeHHH, aHaJIOfllqHhiX 
eMy (npH ~pyroM V p), MOlliHO IICKaT'b H qliCJieH
HhiMII MeTo~aMII. B Kaqec'l'ae npuMepa npiiBe~eM 
3BBIICIIMOCT'b C (t), noJiyqeHHYIO C nOMOID;I>IO 
3JieKTpOHHO-BhlqiiCJIHTeJI'bHOH MBillHHhl (puc. 1) 
~JIH cnyqaa, Kor~a 'ljl (t) = s2C

2(t). 
Ecnu nepechlm;eHIIe o6paaoaaameroca npH ~e

JieHHH TBep~oro paCTBOpa fB30BhiX aTOMOB CTa
HOBIITCH He6oJI'billiiM, B03HIIKaeT B03MOlliHOCT'b ~JIH 
npon;ecca ~IIIf>lf>yauoHHoro nepexo~a raaa H3 Ma
JieHI>KIIX nop a 6on~>mue qepea pacTBop (Koanec
n;eHn;HH raaoBhiX nop). B 3TIIX ycnoauax B ypaa
HeHIIII (3) leT = 0, 'I" (Q, t) = 0. 

Cnyqaif, Kor~a II3MeHeHHe paaMepa nop npo
IIcxo~HT 6naro~apa ~Hif>lf>yaiioHHOMY npiiToKy 
BaKaHCIIii: paccMaTpuaanca B pa6oTax 8 •9. II pH 
3TOM 

V - ~g_- 3DkT ( C -~) (14) 
p - dt - 4y \. Q ' 

r~e a = const. 

-18 
C(t)•10

7 
CM•3 

1,15 

0=10-13 CM~·CeK 
a=O,I5·10 13 CM-~CeK-1 

P0~ 10-6 eM 

e~po·30 CM 3
·CeK 

B •0,8 ·10"23 CM 3/ceK 

0 5 10 4> 
~,0~4~t~0~5~~--~~-,~o~6~--~3-·1~0~6~--~~t~,-ce~~ 

PHc. 1. 3aaHCHMOCTb KOH48HTPa4HH rasoBbiX aTo
Moa C (t) OT BPeMeHH 
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B 3THX pa6oTax, B qacTHOCTH, 6hiJIO noKaaaHo, 
qTo B pemuMe oTmiira qucno raaoBhiX nop y6hlaa
eT, a HX cpe~HIIii: paaMep pacTeT KaK t1

/2. RpoMe 
Toro, ~JIH pemiiMa oTmiira B pa6oTe 9 6hiJIO Haii
~eHo, qTo aCHMnTOTHqeCKII qliCJIO nop y6hiBaeT 

KaK 1/t, a II3MeHeHIIe o6~>eMa pacTeT KaK Vt. 
B pa6oTe 9 uayqanca TaKme npon;ecc Koanecn;eH
D;HH B yCJIOBIIHX, KOr~a nOJIHOe KOJIIIqeCTBO raaa 
B MaTepiiaJie pacTeT no JIHHeiiHoMy aaKoHy. B aToM 
CJiyqae aCHMnTOTIIqeCKII qiiCJIO nop CTpeMHTCH 
K KoHeqHoMy npe~eny, a H3MeHeHue o6"beMa cne
~yeT 3aKOHY t312, 

§ 4: ,lJ.81-1}t{EHI-1E r A30BbiX nOP 

Bhlme yme roaopHJIOCI>, qTo nophl B MaTepHaJie 
MoryT nepeMem;aTI>CH. B aaBHCIIMoCTII oT ycnoauii: 
nepeMem;eHHe 3TO MOmeT 6h1Tb CBH3aHO C pa3-
JIIIqHhiMII MeXaHH3MaMII. BoaMomeH, B qaCTHOCTH, 
CBH3BHHhiH C rpa~IIeHTOM TeMnepaTyphl MeXaHII3M 
nepeHoca aToMoa, oKpymarom;ero nopy aem;ecTBa, 
ucnaparom;IIXCH c 6onee HarpeToii: noJIOBHHhl ee 
noaepXHOCTII II KOH~eHCHpyiOID;HXCH Ha MeHee 
HarpeToii 10• 

C ~pyroii: CTOpOHhl, rpa~HeHT TeMnepaTyphl MO
meT npiiBeCTII K nepeMem;eHIIIO nophl, CBH3BHHOMY 
C nepeHOCOM aTOMOB OKpymarom;ero Bem;eCTBa 
nO ee noBepXHOCTII. 8TOT MeXaHII3M nepeMem;eHHH 
nop paCCMaTpHBaJICH B pa6oTe 11, B KOTOpOH 
npe~npHHHTa TaKme nonhiTKa TeopeTIIqecKoii: IIH
TepnpeTan;IIII 3KcnepiiMeHTOB BapHca II Maaii 
no ~BIImeHIIIO nop 7• RpoMe Toro, nonhiTKa 
IIHTepnpeTaD;IIII 3TIIX 3KCnepiiMeHTOB, npaB~a 

Ha HeCKOJII>KO IIHOH OCHOBe, CO~epmiiTCH B pa6o
Te 12. B o6eux pa6oTax 6hiJIO Ha~eHo, qTo cKo
pocT'b nepeMem;eHHH nop ~oJimHa 6hiT'b o6paTHO 
nponopn;IIoHaJII>Hoii: ux pa~IIycaM, qTo coaua~aeT 
c peayn~>TaTaMII, nonyqeHHLIMII B pa6oTe 7• B pa-
6oTe 11, B qaCTHOCTII, Ha OCHOBe npoCTLIX coo6pa
meHIIH noKaaaHo, qTo cKopoCT'b nepeMem;eHHH 
no phi 

V= - 2
Q fm, 
Q 

(15) 

r~e Q- o6"beM, npiiXO~HID;IIHCH Ha O~HH aTOM 
B KpiiCTaJIJIIIqecKoii pemeTKe, a im- noaepx
HOCTHLiii: nOTOK aTOMOB qepe3 OKpymHOCT'b, o6pa-
30BaHHYIO I~eHTpBJI'bHLIM ceqeHIIeM llOBepXHOCTH 
nophl, nepneH~IIKYJIHpHhiM HanpaaJieHIIIO rpa~II

eHTa TeMnepaTyphl. 8TOT peayJII>TaT HBJIHeTCH 
o6m;HM B TO~ CMhiCJie, qTo OH HIIKaK He 3BBIICHT 
OT HCllOJib3yeMLIX npe~CTaBJieHIIH 0 CTpyKType 
noaepxHoCTH II o cnoco6e nepeMem;eHIIH aTOMOB 
B~OJII> Hee. BeJIIIqiiHa im BhlqiiCJIHJiaCI> Ha ocHoBe 
cym;eCTBYIOID;IIX B HaCTOHm;ee BpeMH MO~eJII>HhlX 

npe~CTaBJieHIIH 0 CTpyKType noaepXHOCTH 12. Jio
Ka3aHO, qTo ~JIH nop, Ha6JIIO~aBilliiXCH B pa6o
Te 7, OHa He 3aBHCHT OT HX pa~IIYCOB H HMeeT BII,D, 

. = a2ea [ ~1113 -.M>a-k~ + _!_ J X 
lm V 2nmkT3 kT 2 . 

~s<I>-~<I>0-hp 

X hT dT 
e d:r:. (16) 
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3fl:eCb ~<J>3 - BhlCOTa 6apbepa CB060fl:HOll :mep
rHH, KOTOpbiH HYIRHO rrpeOfl:OJieTb afl:COp6upoBaH
HOMY Ha rronepXHOCTH aToMy rrpu ero ucrrapemm; 
~<l>n- BhlCOTa 6apbepa cno6ofl:HOH :meprun, paa
fl:eJIHrom;ero fl:Ba COCefl:HHX IIOJIO/ReHHH paBHOBeCHH 
aTOMa Ha IIOBepXHOCTII; a, ~ - ::l!'.IIIHpH'leCKHe 
KOHCTaHThl, orrpefJ:eJIHIOID;He TeMrrepaTypHyiO 3aBH
CHMOCTb . fl:aBJieHHH HaChliD;eHHhlX rrapon; a -
rrocToHHHaH perneTKH. Pe3yJihTaTbi 'lHCJieHHhlX 
o:u;eHOK CKOpOCTH, llpOH3B9JI;eHHhlX C IIOMOID;blO 
BhlpameHifii (15) H (16), HaxOfl:HTCH B pa3yMHOM 
COrJiaCHH CO 3Ha'leHHHMH, Ha6JIIOfl:aBIIII1MHCH B pa-
6oTe 7. 

B CBH311 c norrpocoM o B03MO/RHOCTH lJ:BHmeHHH 
rrop OTMeTUM, 'ITO CTOJIKHOBIITeJibHhlii lJJieH B KH
HeTH'leCKOM ypaBHeHHH (8), Boo6m;e rOBOpH, HB
JIHeTCH CJiefl:CTBIIeM fl:BYX B03MO/RHhlX rrpo:u;eCCOB. 
0fl:HH 113 HHX He CBH3aH C B03MO/I\HOCTbiO fl:BHJKe
HIIH rrop, a o6yCJIOBJieH CJIIIHHHeM ra30BhlX rrop, 
rrpHXOfl:RID;UX B COUpUKOCH.OBeHHe 3a C'leT HX 
pocTa. ,IJ;pyroi'I npo:u;ecc - aTo npo:u;ecc o6'befl:H
HeHHH fl:BHmym;uxcH nop. B npocTeiirneM ra3o
KHHeTH'leCKOM npn6JIIUI{eHHII, eCJIII rrpefl:IIOJI0-
11\llTb, 'ITO CelJeHI1e CTOJIKHOBeHHH nop C pafl:IIYCaMH 
Q1, Q2 paBHO :rt (Q1 + Q2) 2 II Upii CTOJII\HOBe
HIIII OOIIJ.aH IIOBepXHOCTb IIOp He II3MeHHeTCH 

p/ ¥2 

leT= ~ !{;, e', t)f(;, V'e2 -Q'2)IU(;, e')-
Pmnl 

- u (-;., V e2
- e' 2

1 n (e' + Ve2 + e' 2
)

2 de'-
co 

( 17) 

.Hcno, 'ITO aHaJIII3 npuMeHnMOCTH :noro Bhlpa
mennH npefJ:CTaBJIHeT IIHTepec, Ofl:HaRO ::!TOT BO
npOC B HaCTOHIIJ.eM fl:Ol\Jlafl:e He paCCMaTpiiBaeTCH. 

§ 5. BHYTPEHHII1E HAnPfl}t{EHII1fl, 
Bbi3BAHHbiE HEPABHOMEPHbiM 
PACnYXAH~EM ,LJ,EllfllJ4ErOCfl 

MATEP111AllA 

Xoll: nJioTHOCTH fl:eJienuii: no ce'!enuro TerrJio
Bhlfl:eJIHIOm;ero ::JJieMeHTa 3aBHCIIT OT CBOHCTB peaR
Topa * (poll: aaMefJ:JIHTeJIH, o6oram;enue fJ:eJIHm;e
rocH MaTepuaJia, COCTaB fl:eJIHID;eiiCH l\OMII03HI.J;llli 
u T. n.) u MomeT 6b1Tb onpefJ:eJieH JIH6o aKcrrepu
MeHTaJihHO, Jin6o TeopeTn'lecKu. Pa3JIH'lHOe no ce
'lennro TerrJIOBhlfl:eJIHIOID;ero aJieMeHTa 'liiCJio fJ:eJie
HIIi't fl:OJI/1\HO npuneCTll K HepaBHOMepHOMY no 06'b
eMy TenJIOBhlfl:eJIHIOIIJ.ero aJieMeHTa pacnyxanuro, 

* B 'laCTHOCTH, B reTeporeHHhiX peaKTopax aa Me,!l,
JieHHhiX Hei~ITpOHaX IIOTOK HeMTpOHOB, Bhi3hiBaiO~l!X ,!],eJie

Hlle, yMeiibll!aeTCJI OT IIOBepXHOCTII TeiiJIOBbl)l,eJIJIIO~ero 

a.TieMeHTa K II,eiiTpy, B CBJI3U C '!eM KOJll!'!eCTBO paage.~l!B

li!IIXCJI JI)l,ep {Il KOJIII'IPCTBO IIOJIBIIBllii!XCJI IIpOJ\YK10B 
,!J,e.~eHIIJI) 6y,!J,eT TaKJRe yMeHblllaThCJI OT llOBepXHOCTH 

TerrJIOBht,!l,eJIJIIo~ero aJieMeHTa K n.enTpy. 

B. M. ArPAHOBI-14 et al. 

'ITO MOJKeT Bb13BaTb IIOHBJieHne MaKpOHanpHJKe
HIIH, aHaJioru'lHhiX nanpHmeHIIHM OT nepanno
Mepnoro narpenaHnH TeJia. 

Ecm1 pacnyxaHne n MaJioM o6'heMe ClJIITaTb 
Il30TpOIIHhiM, TO, IICIIOJlh3YH npUHU.IIn ,IJ;roraMe
JIH - HefiMaHa 14 , MomHo HaiiTu HanpHmeHnH 
OT HepanHoMepHoro pacnyxaHnH II3neCTHhiMII 
MeTolJ:a:ti1II onpefJ:eJieHIIH TeMnepaTypnhlx HanpHme
HIIii. ,1J;JIH ::lTOrO B BhlpameHIIHX fl:JIH TepMOHaUpH
JKeHHH TenJionoe mmeii:Hoe pacrnnpeHIIe (at) 
CJiefl:yeT aaMeHIITh mmefiHofi fl:e<!JopMan;neii: 
pacnyxaHIIH 

~s= ?'1+8-1. ( 18) 

,D;JIH He6oJihrnnx CTeneHefi nhlropamm (Korfl:a 
OTHOCIITeJihHOe yneJIU'leHIIe 06'beMa S IIOpHfJ:Ra 
HeCKOJibKIIX npon;eHTOB) M0/1\HO npiiHHTb 

1 
~s ~ 3 s. 

II pu cpanHIITeJibHO HeBhlCOKIIX TeMnepaTypax 
yRa3aHHhle HaiipHJKeHIIH B OCHOBHOM onpefJ:eJIH
IOTCH pacuyxaHUel\1 OT TBeplJ:biX npOlJ:YRTOB fl:eJie
HIIH. llpu BhlCOKIIX TeMnepaTypax MaRpOHanpH
il{eHIIH B TeUJIOBblfl:eJIHIOID;el\1 ::JJieliWHTe 6yfl:YT onpe
fl:eJIHTbCH RaR HepaBHOMepHOCTblO fl:eJieHIIH, TaR 
n HepanHoMepHhlM pacnpeAeJieHIIeM TeMnepaTyphl 
(oT ypOBHH TeMnepaTyphl 3aBIICIIT BeJIII'liiHa fl:aB
JieHUH ra3006pa3HhlX npOlJ:YKTOB fl:eJieHIIH B rropaX 
II COIIpOTIIBJieHHe IIOJI3y'leCTll MaTepuaJia l\Ol\III0-
3IIIJ.IIII). 

Hume n Ra'leCTne n.pnMepa paccMoTpeHo onpe
fl:eJieHIIe HanpHmeHm1 OT HepanHoMepHoro HII3Ro
TeMnepaTypHoro pacnyxaHIIH n TenJioBhlfl:eJIHIO
m;eM ::JJieMeHTe B BIIfl:e j.\JIHHHOrO CIIJIOIIIHOI'O 
CTepmHH I.J;IIJIIIHlJ:pii'leCKOII <flopMhl CO CJiefl:YIOID;IIM 
pacnpefJ:eJieHIIeM IIJIOTHOCTII fl:eJieHUII IIO Ce'leHIIIO 
TeUJIOBblfl:eJIHIOIIJ.ero ::JJieMeHTa: 

(19) 

l'fl:e Qo- IIJIOTHOCTb fl:eJieHIIII B :u;eHTpe TOIIJIIIBHOrO 
6JioKa; e - 6e3pa3MepHblll P~fl:IIyc; c - rrapa
MeTp, 3aBIICHID;IIIi OT COCTaBa II o6oram;eHIIH fl:eJIH
IIJ.eiiCH KOMII03III.J;IIII. 

lf3 ony6miKOBaHHhlX ::lKCnepnMeHTaJibHhlX fl:aH
HhlX 2 cJiefl:yeT, 'ITO npu fJ:eJieHnn 1% aToMOB 
npu TeMnepaType He 6oJiee 400° C II fl:JIH Henblco
Kux CTemiHeii BhlropaHIIH o6'heM'-'lncToro ypaHa 
yneJIII'lUBaeTCH npuMepHo Ha 3%. Y'liiThiBaH 
aTo, mmeii:Hyro fl:e<!JopMa:u;IIro pacnyxaHIIH fl:eJIH
m;ei'rcH RoMnoau:u;nu MOJKHO aanucaTb B cJiefl:yiO
m;eM BIIfl:e 

~s ~ Q(Q)'t'ar 
QU , 

rfl:e 't - npeMH o6Jiy'leHHH ceR; ar- o6'beMHaH 
fl:OJIH ropiO'lero; Qu- KOHD;eHTpa:u;nH H)l.ep U 230 

B KOMII03III.J;llll. 
llcrroJih3YH nanecTHhle <flopMyJihl TeMnepaTyp

HhlX HaiipHJKeHHH B CTepmHe CO CB060fl:HhlMII TOp-
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~aMII 15 , IIoJiytJaeM 6eapaaMepaLie aaiipHmeaHH 

oT aepasaoMepaoro paciiyxaanH: 

-. <1~ [ 1 J 
(J z = Ks = --;;- I d C} - I 0 ( CQ} , 

rAe K" = ___!!_ · Oo't'ar ; E- MOlJ.YJib IOara; f.L-
1-~J. QU 

Koatflqm:qneaT Ilyaccoaa. 

TeiiJIOBLilJ,eJieauro (2) cooTBeTcTsyeT TeiiJiosoe 

IIOJie B T8IIJIOBLilJ,eJIHIOID;8M 3JI8M8HT8 

qvo 
t(Q)-t(1)= J,.c2 [/0 (c)-Io(CQ)] 

II 6eapa3M8pHLI8 TepMHlJ8CKHe HaiipHiKeHIIH: 

T 
-T 0 e -. 
CJe = KT = - ae; 

KT = ___!!__ qvo • 
1-~J. J,.c2' 

A- K03tPtfJH:qii8HT T8IIJIOIIpOBOlJ,HOCTII; qv0 - IIJIOT

HOCTb T8IIJIOBOrO IIOTOKa B :qeHTpe 6JioKa; a -
Koatfltflu:qneaT TepMIIlJeCKoro pacmnpeaiiH. 

Ha puc. 2 IIpnselJ,eHLI 3IIIO pLI OTHOCHTeJibao:ii 

IIJIOTHOCTH A8JieHHH Q = QQ~Q), OTHOCHT8JibHOH 

T8MIIepaTypLI t = t (Q)- t (
1) AC 2 II 6eapa3M8pHLIX 

q"o 

PHc. 2. Pacnpe,u,eneHHe no ce'leHHIO 4HnHHAPH-
4ecKoro TonnHsHoro 6noKa 6eapaaMepHbiX KoMno

HeHTos: 

1-IIJIOTHOCTH ,lleJieHJIH Q; TeMrrepaTypbi t; 3, 4, 5-
HarrpHilteHHH OT HepaBHOMepHOfO AeJieHHJI (a~, a~, crij); 

6, 7, 8-TepMli'IeCRIIX HarrpJiiKeHJIH (a~, a~, a~) 

V. M. AGRANOVICH et a/. 167 

HaiipHiK8HHH ai II crf (i = r, ze). PaclJeTLI, IIpO

B8l1,8HHLie AJIH TeiiJIOBLilJ,eJIHrom;ero aJieMeaTa, co

CToHm;ero ll3 U02, C o6oram;eHII8M ll,O 10% 110 

U 236, IIOKaaaJIII, lJTO aaiipHmeanH OT aepasao

Mepaoro paciiyxaHHH IIPH BLiropaHHH 10% IIO 

U 236 paBHLI IIO a6coJIIOTHo:ii seJIHlJHHe TepMnlJe

CKHM HaiipHiK8HHHM IIpH IIepeiialJ,e TeMIIepaTypLI 

IIO CelJeHHIO 6JIOKa 420° C. 
IlpH BhiXOlJ,e peaKTOpa Ha MOIIJ;HOCTb TepMHlJe

CKHe HaiipHiK8HHH lJ,OCTIIraiOT IIOJIHOH B8JilllJHHLI. 

HaiipHmeanH OT aepasaoMepaoro paciiyxaHHH 

pacTyT OT HYJIH c yseJIIIlJeHIIeM BLiropaHIIH, 

YM8HbillaH BeJIHlJHHY T8pMHlJ8CKIIX HaiipHiK8HIIH, 

TaK lJTO C pOCTOM BLiropaHHH cepl1,8lJHIIK T8IIJIO

Bhll1,8JIHIOID;ero aJieMeHTa paarpymaeTCH. Ilpn ocTa

HOBKe peaKTOpa OCTaTOlJHLIMII HaiipHiK8HIIHMII 

6ylJ,yT HaiipHiK8HIIH OT HepaBHOMepHoro paCIIy

XaHIIH, B8JIHlJHHa KOTOpLIX (B 3aBIICHMOCTII OT 

BLiropaHIIH II CKOpOCTII TIOJI3YlJ8CTII MaTepnaJia T8II

JIOBhllJ,8JIHIOIIJ;8rO 3JI8M8HTa) MOiK8T lJ,OCTIIraTb 3Ha

lJHT8JibHOH seJIIIlJHHLI. K ToMy me 3TH ocTaTolJ

HLie HaiipHiK8HHH Bhl3LIBaiOT TpeXOCHOe paCTH

iK8HIIe B :qeHTpe T8TIJIOBbllJ,8JIHIOIIJ;ero 3JI8M8HTa, 

TaK lJTo aaiipHmeHHH OT aepasaoMepaoro pacny

xaHHH MoryT BLI3LIBaTb xpyiiKoe paapymeane 

cepl1,8lJHIIKa T8IIJIOBhllJ,8JIHIOill;8rO 3JI8M8HTa. 
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A/338a USSR 

Theory of the swelling of fissionable materials 

By V. M. Agranovich et at. 

111e paper presents the results of theoretical 
investigations into a number of processes occurring 
in fissionable materials. In particular, theoretical 
consideration is given to processes fundamental to the 
more complete process of the gaseous swelling of 
nuclear fuels. Among such processes are: pore 
generation, pore coagulation, and the growth of large 
pores consequent upon the dissolution of small ones 
(coalescence of gas bubbles). 

The kinetics of gaseous swelling are also treated, 
in the light of the contribution of the fundamental 
processes, together with some typical features which 
may occur in dispersion systems. For certain com
binations, formulae are given for calculating the 
extent of swelling for engineering purposes. 

Lastly, the report gives the results of experiments 
carried out on the stability of certain fissionable 
materials; the results are discussed in the light of 
contemporary ideas on the subject. 

Af338a URSS 

Theorie du gonflement des matieres fissiles 

par V. M. Agranovich et at. 

Le memoire expose les resultats de l'etude theo
rique de divers processus qui se produisent dans les 
matieres fissiles. On a notamment procede a un exa
men theorique des processus qui sont elementaires en 
comparaison du processus plus complexe du gonfle
ment gazeux du combustible nucleaire. Parmi ces 
processus, figurent Ia germination, Ia fusion et Ia 
dissolution des pores et leur croissance aux depens 
des pores de petites dimensions·(coalescence de pores 
gazeux). 

La cinetique du gonflement gazeux est etudiee en 
tenant compte de la contribution de ces . processus 
elementaires ainsi que de certaines caracteristiques qui 
peuvent se rencontrer dans Ies systemes disperses. 
Pour certaines conditions, on donne des formules 
permettant de calculer le gonflement a des fins 
pratiques. 

La derniere partie du memoire contient les resultats 
d'experiences sur Ia stabilite de certains materiaux 
fissiles; ces resultats sont discutes a Ia lumiere des 
connaissances actuelles en Ia matiere. 

Af338a URSS 

Teoria de Ia hinchaz6n de los materiales 
fisibles 

por V. M. Agranovich et a/. 

La memoria expone los resultados de algunas 
investigaciones te6ricas sobre varios procesos que 
tienen Iugar en los materiales fisibles. En particular, 
se han estudiado desde el punto de vista te6rico 
procesos que revisten importancia fundamental en el 
proceso mas complejo de Ia hinchaz6n gaseosa de 
los combustibles nucleares. Entre ellos figuran los 
siguientes: Ia producci6n de poros; Ia coagulaci6n 
de poros, y el crecimiento de grandes poros a conse
cuencia de Ia disoluci6n de los pequeftos (coalescencia 
de las burbujas de gas). 

A Ia luz de Ia contribuci6n de los procesos funda
mentales, se considera tambien Ia cinetica de Ia 
hinchaz6n gaseosa juntamente con algunas caracte
risticas tipicas que pueden presentarse en los sistemas 
en que hay dispersion. Para ciertas combinaciones 
se dan formulas para el grado de hinchaz6n con 
fines tecnicos. 

Por ultimo, Ia memoria presenta los resultados de 
experimentos sobre Ia estabilidad de determinados 
materiales fisibles; se discuten esos resultados a Ia 
luz de las ideas contemporaneas acerca del asunto." 
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Phase equilibria 
uranium alloys 

between intermetallic compounds in 

By G. Petzow and S. Steeb* 

Uranium intermetallic compounds are of great 
practical importance as: 

{a) Constituents in most uranium alloys; 
(b) Fissionable substances dispersed in metals of 

suitable nuclear properties; 
(c) Reaction products between uranium-containing 

fuels and can materials; 
(d) Potential fuel materials. 
In the first three cases, the properties of uranium 

alloys, matrix materials of dispersion-type fuel 
elements and cans are only more or less influenced by 
the uranium intermetallic compounds, while in the 
last case the properties ·or the· fuel materials are 
completely determined by them. In order to use 
the uranium intermetallic compounds practically, one 
must be sure of their constitution and properties 
under equilibrium conditions. A contribution to this 
knowledge is given in this paper. 

The constitution and properties of more than 
thirty multi-component alloy systems of uranium 
have been studied by microscopic, X-ray, thermal, 
chemical, electrical and technological techniques. 

QUASI-BINARY EQUILIBRIA 

In many of the ternary systems investigated quasi
binary phase relations were found. Considering all the 
known data in this field [1-5], the quasi-binary 
systems can be classified into the following three 
types: 

Type I : Quasi-binary equilibria between intermetal
lic compounds of the two uranium-containing 
binary systems; 

Type 2: Quasi-binary equilibria between one com
ponent and the intermetallic compounds of the other 
uranium-containing binary systems; 

Type 3: Quasi-binary equilibria between interme
tallic compounds of the uranium-free and of one of 
the uranium-containing binary systems; 

Figure I shows these three types of quasi-binary 
equilibria schematically. The alloying components 
in the uranium are marked X and Y and the inter
metallic phases of the binary systems are called UX, 
XY and UY regardless of their real composition. 
Thereby X and Y may be metallic or nonmetallic 
elements. The classification given is also valid for 
quasi-binary equilibria of cermets and ceramics 

• Max-Planck-Institut fiir Metallforschung, Stuttgart. 
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contammg uranium [6·10]; however, they are not 
dealt with in this paper. 

The quasi-binary alloys of type l are of greatest 
interest because of their relatively high uranium 
content. Alloys of type 2 are important in the case 
where an intermetallic compound of uranium is 
dispersed in a matrix of suitable nuclear properties. 
Type 3 is only of interest if unusually good techno
logical properties exist or if there· is a large solid 
solubility of the third component in the uranium
containing intermetallic phase. In this case, the pro
perties of the binary phase can be influenced by 
ternary additions. 

CONSTITUTION OF QUASI-BINARY URANIUM 
SYSTEMS 

In a ternary system with ternary phases of non
quasi-binary composition, the number of possible 
quasi-binary equilibria is equal to the number of 
congruently melting binary compounds. By applying 
the general laws of alloying, one can to some extent 
predict which of the possible quasi-binary equilibria 
will occur. However, the constitution of quasi
binary sections could not yet be predicted since 
thermochemical and constitutional data were lackin,g. 
After having thoroughly investigated several quasi
binary uranium systems during the past few years 
we now are able to propose some general relations. 

Y (o,g.,S;, Mo, Zr, AI, Fe) 

X (e.g.,AI, s;, Fe) 

Figure 1. The three types of quasi-binary equilibria in uranium 
alloy systems 
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Table 1. Classification of the quasi-binary systems investigated according to their 
constitution 

Quasi-binary systems with: 
Miscibility gap Complete solid solution Ternary compounds 

1 UAI2-U3Si2 

2 UAI2-Mo 
3 UAI2-UZr2 

l
UA12-URe2 

UCo2-URe2 

1 
UFe2-URe2 

Uir2-URe2 

UMn2-URe2 

UOs2-URe2 

[11] 

[12] 

UCo,-UFe2 [13] 
UCo2-UMn2 (13] 
UCo2-Uir2 

UCo2-UOs2 

UFe2-UMn2 [13] 
UFe2-Uir2 

UFe2-UOs2 

UMn2-Uir2 

UMn2-UOs2 

Ulr2-UOs2 

UAI2-UCo2 

UA12-UFe2 [14] 
UAI2-Uir2 

UAI2-UOs. 
UAI2-UNi5 

UCo2-UNi5 

UFe2-UNi5 

UMn2-UNi6 

With regard to the constitution· of the solid state 
the quasi-binary systems investigated can be classified 
into three groups: 

Group 1: Systems with a miscibility gap between 
the binary phases; 

Group 2: Systems with complete solid solution 
between the binary phases; 

Group 3: Systems with ternary phases. 
In Table 1, the known quasi-binary systems are 

arranged in accord with this grouping and the equili
brium type is indicated by numerals. In principle, 
each of the types of quasi-binary equilibria defined 
above can be placed into one of these groups. So far, 
only in the case of type 1 examples have all the three 
groups been found (e.g., UA1 2-.U3Si-ll, UCo 2-UFe 2 

and UA12-UCo 2), whereas in alloy systems of types 
2 and 3 examples of group 1 only are known as yet 
(UA1 2-Mo and UA12-UZr 2). In ceramic systems of 
type 3, group 2 has been found often [9, 10]. 

Quasi-binary systems with a miscibility gap between 
the binary phases are formed in cases in which the 
binary phases differ in their crystal structure. The 
two-phase regions in the solid state generally extend 
over a wide range of concentration. In the case of 
solid solutions of the terminal phases, the largest 
solubility is always observed for the phase with the 
highest symmetry of crystal structure. Examples of 
this group are given in Fig. 2. As can be seen, all the 
systems are simple eutectic ones. Non-eutectic 
systems have not yet been observed. 

Quasi-binary systems with complete solid solution 
as well as quasi-binary systems with ternary phases 
occur in cases in which the binary phases exhibit 
the same crystal structure. Examples of these two 
~roups are given in Figs. 3 and 4. 

If the binary phases are arranged according to 
their valency electron concentration (VEC), one can 
predict whether complete solid solution or ternary 
phases will occur. In order to calculate the VEC 
of the phases, the following numbers of valency 
electrons per atom were used [15]: 

U AI Co Fe Mn Ni Ir Os 
2 3 1.5 0.7 0.7 2 1.5 0.7 

As shown in Fig. 5, complete solid solution will 
occur if the VEC values of the boundary phases are 
between 1.13 and 1.66. fn the case where the VEC 

VEC 

2. 

I 
C15 UAI, r26 
C36 J_ 2t. 

U•Al,Ni1 

U.Os,A/0 
I 

C74 U.t03AIJ 

12.2 UCoAI 

C36 UlrAf 

-+-
C15 20 UN is 

~ UO>AI UAIF• 
UAIMn 

C74 UJ -+- . 
C36 

UCo, T 15 Ulr1. 

C75 7.4 

11.2 

UOs, 

UMn, 

UF"• 

1/) 

Figure 5. Quasi-binary equilibria between C 15 type Laves phases 
as a function of VEC 

values of one or both boundary phases are outside 
this range, ternary phases will form. 

The validity of this relation is restricted by the 
fact that the quasi-binary systems given in columns 
2 and 3 of Table 1 generally exhibit boundary phases 
which are Laves phases with the C 15 (MgCUJ 
structure with uranium as A-atom. UNi5 is the only 
exception, but its structure is very similar to that 
of the Laves phases. 

TERNARY LAVES PHASES WITH URANIUM 
AS A-ATOM 

In Table 2 the boundary phases of the quasi
binary equilibria investigated and the ternary phases 
found are arranged according to their VEC. In addi
tion, the crystal structures and the lattice constants 
of the individual phases are indicated. 

All the twelve ternary phases observed are hexagonal 
Laves phases of either C 14 (MgZn2) or C 36 (MgNi 2) 

structure. As Table 2 furthermore shows, the crystal 
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Table 2. The binary and ternary phases of the quasi-binary systems investigated as a 
function of the VEC 

VEC Phase Binary Ternary 

2.66 UA12 [12] X 

2.36 u.os.AI. X 

2.33 U.AI7Nio X 

[{U5Ni2)Al7Ni7] 

2.28 U20sAI3 X 

2.20 UCoAI X 

2.16 VIrAl X 

2.00 UNi5 [16] X 

(UNi)Ni, 

1.92 U,Co3Ni11 (1] I X 

[{U4Ni2)Co3Ni9] 

1.90 UOsAl X 

1.90 U 2Co3Al X 

1.90 UAIFe X 

1.90 UAlMn X 

1.71 U2Fe8Ni5 [1] X 

[(U 2Ni)Fe2NiJ 

1.69 U5Mn5Ni11 [1] X 

[(U 5Ni2)Mn5Ni9] 

1.66 Ulr2 [17] X 

1.66 uco. [1] X 

1.13 uos. [18] X 

1.13 UFe2 [19] X 

1.13 UMn2 [20] X 

structure of the phases varies, (depending on the 
value of their VEC) according to general rules [15, 
21-24], in the sequence 

c 15-c 36-C 14-C 36-C 15, etc. 
In principle we can expect as many ternary phases 

in a given quasi-binary system of this kind as there 
are ranges of VEC with a definite structure between 
boundary phases. In fact, only a few of the possible 
ternary phases exist. One can estimate that phases 
with a simple composition will form in preference 
(Table 2). An exception to this seems to exist with 
nickel phases. However, if we assume that nickel 
atoms can partly occupy the positi6ns of the A and 
the B atoms in the crystal, then the nickel-containing 
phases also have simple compositions which can be 
explained by the formulae A(B', 8")2 or (AB") 
(B', 8")4 (compare with the formulae in brackets 
in Table 2). In Table 2, the lattice parameters of 

Lattice parameters (kX) and crystal structure 

CIS c 36 c 14 

a= 7.748 

a= 6.813 
c = 26.345 

a= 6.918 
c = 19.582 

a= 5.369 
c = 8.465 

a= 6.501 
c = 21.371 

a= 6.854 
c = 24.643 

c.f.c.- C 15 
a= 6.7693 

a= 4.953 
c = 16.362 

a= 9.312 
c = 34.634 

a= 5.110 
c = 7.677 

a= 5.240 
c = 8.391 

a= 5.240 
c = 8.391 

a= 4.961 
c = 16.391 

a= 4.976 
c = 16.42 

a= 7.494 

a= 6.991 

a= 7.4939 

a= 7.036 

a= 7.160 

the phases U4Co3Ni11, U 2Fe2Ni6 and U6Mn5Ni11 are 
given, which Brook, Williams and Smith [I] measured 
using alloys with compositions on the section between 
UNi 2 and UCo 21 UFe 2 or UMn 2• These authors 
assumed therefore that the compositions of the 
ternary phases found correspond to the formulae 
U(Co,Ni) 2, U(Fe,Ni) 2 and U(Mn,Ni) 2• Our inves
tigations, however, indicate that the three ternary 
phases belong to the quasi-binary systems between 
UNi5 on the one hand and UCo 2, UFe2 or UMn 2 

on the other hand and that their compositions 
correspond to the formulae given in Table 2. Since 
both sections do not differ very much with concen
tration in the range under investigation one cannot 
expect greater changes of the lattice ·constants. UNi 2, 

which melts peritectically at 985 °C [25], cannot 
in any case act as a boundary phase in a quasi
binary system. 
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Figure 6. W(S) diagram of ternary Laves phases containing 
uranium as A-atom 

Taking into consideration the views of Berry and 
Raynor [26] demonstrated in Fig. 6, one can show 
that the new ternary phases {Table 2) also agree with 
the general laws of Laves phases with respect to their 
lattice geometry. The plot of W against SAA or 
S88 in the case of Laves phases with a common A or 
B component gives a straight line ideally [23, 26]. 
Deviations from this linearity in the W(S) diagram 
indicate that besides the tendency to close packing, 
other influences are important. The meaning of 
Wand Sis obvious from the relations given in Fig. 6 
in which dA and d8 represent the atomic diameters 
and dAA and d88 the distances between the A or 
B atoms in the lattice [23]. 

Figure 6 shows the simple W(S) diagram of some 
of the ternary Laves phases which contain uranium 
as the A atom. Almost all values calculated for the 
individual phases are situated on one of the two 
straight lines. The ternary phase data mentioned 
in Table 2 but not plotted in Fig. 6 intersect at 
W = 1.225 and S = + 32. All the ternary phases 
of Table 2 fit in one complex W(S) diagram [26]. 

PROPERTIES OF QUASI-BINARY URANIUM ALLOYS 

A systematic investigation of the properties of 
quasi-binary uranium alloys is still in progress. 
Although the properties so far depend to some 
extent on the composition of the individual alloys, 
we can already make the following general statements. 

The preparation of the alloys is not difficult and 
can be affected by melting. 

The alloys can be fabricated by employing plastic 
deformation and machining, by casting and by 
powder metallurgical methods. It is, however, very 
difficult to use the plastic deformation because of 
the brittleness of the alloys. For example the eutectic 
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alloy of the system Mo-UA1 2 can only be deformed 
up to 5% at I 200 °C. In order to investigate the 
machining behaviour of the alloys drilling expe
riments have been carried out [27]. Drilling of speci
mens produced by casting is satisfactory whereas 
the same property of specimens produced by powder 
metallurgy is good. The quasi-binary alloys can be 
drilled better than the boundary phases. The casting 
properties of the alloys are in general good, especially 
the eutectic alloys which can be cast into complicated 
shapes under the usual conditions. And the powder 
metallurgical preparation of pellets of required 
dimensions is always possible by cold pressing and 
sintering under suitable conditions. The preparation 
of powder is easy because of the brittleness of the 
alloys, although in order to avoid self-ignition protec
tive measures must be applied. 

In general the pressure applied should not fall 
below 8 tfcm2 otherwise the pellets will not be sourd 
at the edges. Sintering always begins at 0.87 T8 = 
melting point in degrees Kelvin). The time of sintering 
is between 6 and 8 h. The pellet densities attained for 
all samples examined at about 90% of the theoretical 
densities. 

All the alloys except the quasi-binary alloys with 
rhenium do not show any transformation in the 
solid state. Contrary to the boundary phases, the 
average thermal coefficients of expansion of the 
ternary phases depends only little on the tempera
ture. For example in the case of U(Fe, Al) 2 this co
efficient only changes from 10 x I0-6 to 12 x I0-6j°C 
between room temperature and 900 °C. The corrosion 
behaviour of the quasi-binary alloys has only been 
investigated so far in static dry air at atmospheric 
pressure and 500 °C. Under these conditions some 
of the alloys are oxidation resistant. For example, 
the weight of UA12-UZr2 alloys containing 11.4 
at.% Zr (see Fig. 2) showed a weight increase of 
<0.1 mgjcm2 after 100 min. 

At room temperature, the electrical resistivity 
of the quasi-binary alloys is comparable with that 
of uranium, e.g., the value for a UAl 2-UZr2 alloy 
containing 5 at.% Zr is 4.67 x I0-5 Q em and that 
for U(Fe,Al) 2 is 3.1 X I0-5 !! em. Density of the 
alloys and parasitic absorption of neutrons depend 
largely on the components of the quasi-binary 
systems; in some cases, their effects are favourable. 

CONSTITUTION OF QUASI-TERNARY EQUILIBRIA 

In the case of complete solid solution of the boun
dary phases, the findings obtained for ternary systems 
can be easily transferred to investigations of quater
nary systems. All binary Laves phases with a VEC 
between 1.13 and 1.66 (see Table 2) can be expected 
to form quasi-ternary systems with complete solid 
solution. This assumption has been proved and 
confirmed for the system UFe 2-UMn2-UCo 2 [13]. 
One can combine the five intermetallic phases UFe2, 

UMn 2, UCo 2, Ulr2, and U0s2 into ten quasi-ternary 
systems. The corresponding quaternary systems ate 
clearly subdivided which facilitates the reliable 
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investigation of parts of the system, for example 
the uranium corner. 
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Les equilibres de phases entre des composes 
intermetalliques dans les alliages d'uranium 

par G. Petzow et S. Steeb 

Les composes intermetalliques de !'uranium ont 
une grande importance pratique: 

a) Comme constituants de Ia plupart des alliages 
de l'uranium. 

b) Comme substances fissiles dispersees dans des 
metaux ayant des proprietes nucleaires appropriees. 

c) Comme produits de reactions entre les com
bustibles contenant de }'uranium et les materiaux de 
gainage. 

d) Comme combustibles nucleaires potentiels. 
Dans tous les cas, les composes intermetalliques 

peuvent avoir de !'influence sur les proprietes des 
alliages de }'uranium, des materiaux de gainage et de 
matrice des combustibles du type a dispersion. C'est 
pourquoi }'utilisation des alliages contenant de 
!'uranium exige de bonnes connaissances sur Ia struc
ture, les proprietes, les relations entre les phases et les 
conditions de stabilite des composes intermetalliques 
de !'uranium. La premiere etape en vue d'acquerir ces 
connaissances consiste normalement a faire des 
recherches minutieuses sur Ia constitution des com
poses, avec mesurages correspondants des proprietes 
les plus interessantes. Le but du memoire est d'ap
porter une contribution a ce sujet. 

Les auteurs ont etudie plus de trente diagrammes de 
phase de systemes d'alliages d'uranium a plusieurs 
constituants. 

On a constate que les relations quasi-binaires, 
quasi-ternaires, etc., entre phases etaient frequentes 
et on a observe quelques composes ternaires de 
!'uranium. 

En se fondant sur les travaux qui ont deja ete 
effectues sur ce sujet, on peut classer les systemes 
quasi-binaires de !'uranium en trois types: 

Type 1 : Systemes constitues par des composes 
intermetalliques de l'uranium. 

Type 2: Systemes constitues par un compose inter
metallique de l'uranium et un composant pur. 

Type 3: Systemes constitues par un compose inter
metallique de !'uranium et un compose intermetallique 
sans uranium. 

Si les phases limites des systemes quasi-binaires ant 
des structures cristallines differentes, on obtient I des 
systemes eutectiques simples pour les trois types 
(par exemple: U3Si2-UA12, Mo-UA12, UZr2-UA12, 

Uir2-URe2, etc.). En general, les regions a deux phases 
s'etendent, dans ces systemes eutectiques, dans de 
larges domaines de concentration et de temperature. 

Si les phases limites des systemes quasi-binaires ont 
la meme structure cristalline, il se forme soit de's 
series ininterrompues de solutions solides (par 
exemple: UFe2-UMn2, UFe2-UOs2, UCo2-Uir2, etc.), 
soit des composes ternaires d'uranium (par exemple: 
UFe2-UNi5, UA12-UNi5, UA12-UFe2, etc.). On a 
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trouve et determine en tout douze nouveaux com
poses ternaires. 

II est possible de faire un classement systematique 
des resultats experimentaux par rapport a Ia concen
tration des electrons de valence, ce qui permet cer
taines previsions sur Ia structure des systemes quasi
binaires et Ia nature des phases ternaires,, de plus, 
cela permet d'identifier des phases intermetalliques 
inconnues de !'uranium dans des alliages techniques. 

On a etudie les conditions de preparation de fabri
cation et de coulee, les points de fusion, Ia dilatation 
thermique, Ia resistance a Ia corrosion et le mode de 
transformation, ainsi que d'autres proprietes de quel
ques alliages quasi-binaires et de composes ternaires 
de !'uranium. On a constate que quelques-uns de ces 
alliages possedent des proprietes remarquables qui 
en font des combustibles nucleaires potentiels inte
ressants. 

A/475 ttiPf 

ct:Ja30BOe paBHOBeCHe Me>HAY HHTep
MeTannH4eCKHMH COeAHHeHHfiMH B ypa
HOBbiX cnnaeax 

r. nen~OB, c. CTH6 

l1HTepMeTaJIJIHlleCKHe ypaHOBJ>Ie COeAHHeHHH 

HMeiOT 6oJII,IIIOe rrpaKTHlleCKOe 3HalJ:eHne: 1) KaR 

COCT3BHaJI lJ:3CTb 6oJihiiiHHCTBa ypaHOBhiX CIIJia

BOB; 2) KaK AeJIH~eecJI Be~eCTBO, AHCIIeprnpo

B3HHOe B MeTaJIJI3X, o6JI3A310IQHX COOTBCTCTByiO

~HMH HAepHhiMH cnoli:CTBaMn; 3) KaK rrpoAYKThi 

peaKIJ.HH MeiKAY TOnJIHBOM, COAepma~HM ypaH, H 

MaTepnaJIOM o60JIOlJ:KH TenJIOBhiACJIJIIOI.Qero :me

MeHTa; 4) KaK IIOTeHIJ.H3JihHOe Hll:CpHOC TOnJIHBO. 

Bo ncex cJiytJ:aHx HHTepMeTaJIJIHtJ:ecKne coeAH

HeHnH BJIHJIIOT Ha CBOHCTBa ypaHOBhiX CnJiaBOB, 

MaTepuaJIOB o60JIOlJ:KH H MaTpHliHOl'O MaTepuaJia 

TCnJIOBhiACJIJIIOIQHX 3JICMCHTOB ,[\HCIICpCHOHHOrO 

Tuna. B 3TOH CBH3H npaRTHtJ:eciwe ucnoJih30BaHne 

cnJianon, COAepma~nx ypaH, Tpe6yeT xopornnx 

:maHHH CTpOCHHJI, CBOHCTB, ifla30BhiX COOTHOIIIe

HHH H CTa6HJihHOCTH HHTCpMCTaJIJIHlJ:CCRIIX ypaHO

BbJX coe)l;nHeunli:. T~aTeJihHOe ncc.TieAOnauue 

CTpOCHHJI HapHil:Y C COOTBCTCTBYIO~HM H311IepeHH

CM HaH60JICC HHTepeCHhiX CBOHCTB JIBJIJICTCH 

o6LI'IHO nepnhiM rnaroM AJIH noJiytJ:eHnH ueo6xo-

AHMhiX cneAeHnii. B HacToJI~eM AOKJiaAe 3TOMY 

BOnpocy H YAeJieHO OCHOBHOC BHHM3HHC. 

AnTopbi naytJ:uJin 6oJiee TPHAIJ.aTn iflaaonhiX ;J.H

arpaMM MHOl'OKOMnOHCHTHhiX ClfCTCM ypaHOBhlX 

CliJI3BOB. llocpe)J;CTBOM 3TOI'O 6J>IJIH H3HACHhl MHO

rue Knaan6nuapHJ>Ie, KBa3nTpeTHlJ:Hhie n T. A· ifla

aonhie COOTHOIIICHHJI, a T3KJKe HCKOTOpbie TpeTH'f

HbiC ypaHOBhiC COCAHHCHHJI. 

llpn paccMoTpeunn ncex nanecTHhiX A3HHhlX n 

3TOH 06JiaCTH KB33H6HHapHbiC CHCTCMJ>I MO/KHO 

pa3ACJIHTb Ha TpH THna. 

Tnn I. CncTeMhi MeJKAY nHTepMeTaJIJIHtJ:ecKnMII 

ypaHOBhiMH COCAHHCHHJIMH. 
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Tun II. CncTeMhl Me/KAY OAHHM uHTep!IIeTaJIJIH

tJ:ecKnM ypaHOBhiM COCAHHCHHCM II OA

HHM H3 lJ:IICThiX KOMIIOHeHTOB. 

Tun. II I. CncTeMhi Me/KAY OAHIIM nHTepMeTaJIJin

tJ:ecRnM ypaHOBhiM COCAHHCHHCM H OA

HHM HHTepMCT3JIJIHlJ:eCKHM COeAHHCHH

eM, He COil:epma~nM ypaua. 

Bee 3TH Knaan6nuapHhie cncTeMhi JIBJIJIIOTCH 

IIpOCThiMH 3BTeKTHlleCKHMH CHCTeMaMH, eCJIH no

rpaHHlJ:Hhie COeAHHeHHJI o6Hapy1KHB310T pa3JIHIJ

Hble KpncTaJIJintJ:ecKne CTPYKTYPhi (uanpn11Iep 

U3Si2 - UAI2, Mo - UAh, UZr2- UA12,' 

U lr2 - URe2 n T. A·). B n.eJioM AByxcpaaonhie o6-

JiaCTn B 3THX 3BTCKTHlJ:eCKHX CHCTeMaX BbiXOAHT 

33 rrpeAeJIJ>I AOBOJihHO rnnpoKoro AHana30Ha KOH

~eHTp3IJ.HH H TeMrrepaTypl>I. 

B KBa3n6nHapHbiX CHCTeMaX, HMeiOIQHX rrorpa

HHlJ:Hhie COeAHHeHHJI C TOM me C3MOH KpHCT3JlJlH

lJ:eCKOH CTPYKTypoH:, 6LIJIH o6napymeHhi rroJIHaJI 

pacTnopnMoCTh TnepAoro ne~ecTna (uanpu11Iep, 

UFe2 - UMn2, UFe2 - UOs2, UCo2 - Ulr2 

H T. A·) HJIH TpeTHlJ:Hhie ypaHOBhle COeAHHeHHJI 

(uarrpn11Iep, UFe2- UNis, UAb- UNis, UAI2 -

UFe2 n T. A-). H' uacToH~eMy npeMeHn uali:AeHo 

H Onpell:eJieHO 12 HOBhiX TpeTHlJ:HhiX COeAHHeHHH. 

BoaMomuo A3Th cncTeMaTnqecKoe o6o6~eune 
3KCnepnMeHT3JibHhiX pe3yJihT3TOB H Bbipa3HTb HX 

B Bllll:e KOHIJ.eHTp3IJ.HH BaJieHTHhiX 3JieKTpOHOB, 

lWTopaH, B CBOIO oqepeAb, A3eT HeKOTOpyiO B03-

MOIKHOCTb npeACK333Th CTpOeHne KB33H6uHapHbiX 

cncTeM n npnpOAY TpeTnlJ:HhiX cpaa. BoJiee Toro, 

Ha 3TOii OCHOBe B03MOIKHO H11:eHTHifJHIJ.HpOB3Tb He

Il3BCCTHhie HHTepMeT3JIJIHlleCKHe ypaHOBhiC ifla3bl 

B TeXHHlJ:eCKHX CnJiaBaX. 

Mayqenhi MeTOil:bi npiHOTOBJieHHH, o6pa6aTJ>I

nae!IIocTb CnOC06HOCTH K JIHTbiO, TOlJ:RH nJian

JieHHJI, TenJionoe pacrnnpeune, RoppoanoHHbie 

cnoiicTna, ycJionnJI npenpam;eHHH cpaa n Apyrne 

CBOifcTBa HCROTOpbiX RB33H6HH3pHbiX ypaHOBhiX 

CIIJI3BOB ll TpCTlllJ:HbiX COC):\lfHCHHii:. Y CTaHOBJICHO, 

'ITO HeROTOpbiC H3 3THX CIIJI3BOB o6Hapy1KUB3IOT 

HHTepeCHbiC CBOHCTB3, 1\0TOpbiC no3BOJIHIOT pac

CM3TpHB3Tb 3Tlf CnJiaBhl 1\31\ noTeHIJ.H3JihHOe 

JIAepuoe roproqee. 

A/475 Republica Federal de Alemania 

Equilibria de fases entre compuestos inter
metalicos en aleaciones de uranio 

por G. Petzow y S. Steeb 

Los compuestos intermetalicos del uranio son 
de gran importancia practica:. 

a) Como constituyentes de Ia mayoria de las 
aleaciones de uranio; 

b) Como materias fisibles dispersas en metales de 
propiedades nucleares convenientes; 

c) Como productos de reacci6n entre combustibles 
que contienen uranio y los materiales de Ia vaina; 

d) Como posibles materiales combustibles. 
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En todos los casos los compuestos intermetalicos 
infiuyen sobre las propiedades de las aleaciones de 
uranio, vainas, y material matriz en los elementos 
combustibles de tipo disperso. Por consiguiente, el 
empleo eficaz de aleaciones que contienen uranio 
requiere un buen conocimiento de la constitucion, 
propiedades, relaciones entre las fases y estabilidades 
de los compuestos intermetalicos de uranio. Una 
investigacion cuidadosa sobre su constitucion, com
binada con la medida de las propiedades mas intere
santes, constituyen normalmente el primer paso que 
se requiere para alcanzar los conocimientos deseados. 
Esta memoria representa una contribucion en ese 
senti do. 

Hemos estudiado mas de 30 diagramas de fase de 
· aleaciones de uranio con varios componentes. Asi 
se han encontrado muchas relaciones de fase cuasi
binarias, cuasiternarias, etc. y algunos compuestos 
de uranio ternarios. 

Si se consideran todos los datos conocidos en este 
campo, los sistemas cuasibinarios se pueden dividir 
en tres tipos: 

Tipo I : Sistemas entre compuestos intermetalicos 
de urania; 

Tipo 2: Sistemas entre un compuesto intermetalico 
de urania y uno de los componentes puro; 

Tipo 3: Sistemas entre un compuesto intermetalico 
de urania y un compuesto intermetalico exento de 
urania. 

Todos estos sistemas cuasibinarios forman eutec-

G. PETZOW and S. STEEB 

ticos sencillos si los compuestos contiguos presentan 
estructuras cristalinas diferentes (por ejemplo: U3Si2-
UA12, Mo-UA12, UZr2-UAl2, Ulr2-URe2 etc.). General
mente las regiones de dos fases en estos sistemas 
eutecticos se extienden en un amplio margen de 
concentraciones y temperaturas. 

En los sistemas cuasibinarios que tienen com
puestos colindantes, con la misma estructura cristalina, 
se ha observado solubilidad solida completa (por 
ejemplo: UF2-UMn2, UFe2-UOs2, UCo2-Uir2 etc.) 
o compuestos ternarios de urania (por ejemplo: 
UFe2-UNi5, UA12-UNi5, UA12-UFe2, etc.). Se han 
encontrado y determinado basta 12 compuestos 
ternarios nuevos. 

Es posible dar una clasificacion sistematica de los 
resultados experimentales en relacion con la concen
traci6n de electrones de valencia, que permita hacer 
algunas predicciones sabre la constitucion de los 
sistemas cuasibinarios y sabre la naturaleza de las 
fases ternarias. Ademas, es posible asi la identifica
cion de fases intermetalicas de urania desconocidas, 
en aleaciones de interes industrial. 

Se han examinado la preparacion, facilidad de 
trabajo, propiedades de colada, puntas de fusion, 
dilatacion termica, corrosion y posibilidad de trans
formaci6n, y otras propiedades de algunas aleaciones 
de urania cuasibinarias y compuestos ternarios. Se ha 
encontrado que algunas de estas aleaciones presentan 
propiedades muy destacadas que las hacen atractivas 
como posibles materiales de combustibles. 
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Uranium alloys 

By A. Bar-Or, G. Hirsch, I. Goldstein and P. Wynblatt* 

This paper reviews laboratory studies on physical 
metallurgical aspects of the behaviour of uranium 
fuel elements, in particular on the ~-+IX transforma
tion and grain refinement in some uranium-chromium 
alloys, and on y decomposition in a U-10.8 wt% 
Mo alloy. 

URANIUM-CHROMIUM SYSTEM 

Columnar grains in uranium-chromium alloys 

The effect of temperature on grain size may provide 
information on the mechanism of grain refinement 
in uranium-chromium alloys. Grain refinement was 
determined experimentally as a function of iso
thermal transformation in the temperature range 
500-600 °C [1]. However, measurements of rates of 
growth (G) and nucleation (Nv) in this temperature 
range were unsuccessful due to the high rate of 
transformation at these temperatures. At temper
atures above 605 °C, where transformation is slower, 
columnar grains were found growing inward from 
the edges of the specimen (Fig. 1). These grains 
appear in uranium-chromium alloys made from 
both nuclear purity and electrolytic uranium when 
they are isothermally transformed at 605-635 °C. 

Measurements on grain size at the surface and 
interior of the specimens indicated that the appear
ance of the columnar grains is due to the high rate 
of nucleation at the specimen surface rather than 
to the thermal gradient [2]. 

Observation of the isothermal growth of columnar 
grains provides a basis for measuring growth rate in 
these alloys. The rates of nucleation can be measured 
by detecting equiaxed IX grains in the ~ matrix trans
formed at room temperature in alloys of high chro
mium content. 

The rates of growth, G, in a U-0.45 at.% Cr alloy 
were determined by measuring changes in length 
of columnar grains as a function of time at various 
temperatures [3]. The rates of growth and nucleation 
were also mea<;ured in U-1.1 at.% Cr and 1.35 at.% Cr 
alloys. 

The results for the U-1.1 at.% Cr alloy are pre
sented in Figs. 2 and 3. Similar results were obtained 
for the other alloy. 

It is evident that both the rate of growth and the 
rate of nucleation depend on the temperature of the 

* Israel Atomic Energy Commission. 

isothermal transformation, and that, after a certain 
incubation period, they increase linearly with time. 

Theoretical interpretation 

The linear dependence found in our experiments of 
Tel Tel.h 

log G vs. T ll.T and log Nv vs. T ll.T2 m t e 

~-IX transformation (Figs. 4 and 5), is in accord
ance with the classical theories of Volmer [4] and 
Hollomon and Turnbull [5] concerning rates of 
crystal growth and nucleation. These theories may 
be represented by the formulae: 

Te 1 
Nv = k exp (-a dl T ll.T2) 

Te 1 
G = kl exp. (-a a2 T ll.T) 

where Tis expressed in °K, Te is the eutectoid tem
perature, ll.T is the degree of undercooling, a .. ~ is 
the interfacial energy, and k, a are constants. 

Inserting the experimental values of G and Nv 
in the Volmer, Hollomon and Turnbull formulae, 
we derive 6 a .. ~ and NJ"oc~. the interfacial energies 
of the various alloys. 0 a .. ~ increases appreciably 
with increase in chromium content, while ~"'~ 
seems to be constant. If both are extrapolated linearly 
to zero chromium, as in Fig. 6, these quantities 
can be evaluated for pure uranium and a value of 
6 ergsfcm2 is found. The fact that these two extra
polations give a .. ~ values for pure uranium that are 
almost identical is of great interest and supports 

Figure 1. Columnar grain frame with numerous equiaxed"' grains 
at centre 
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Figure 2. Nucleation of columnar grains as function of time 

U-1.1 at.% Cr alloy, solution treated at 720 °C for 15 min 
followed by isothermal transformation at 605-625 °C 
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Figure 3. Growth of columnar grains as a function of time 

U-1.1 at.% Cr alloy, solution treated at 720 oc for 15 min 
followed by isothermal transformation at 605-625 °C 

our interpretation of the nucleation and growth 
mechanisms. 

Comparison between calculated and experimental 
overall transformation results 

The over-all reaction rates in uranium-chromium 
alloys were calculated from Nv and G and compared 
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Figure 5. The effect of undercooling on the rate of growth 
for various uranium-chromium alloys 

with the experimental values. The over-all reaction 
rate (S curve) was calculated using the well-known 
Johnson and Mehl formulation [6]: 

1t 
f(t) = 1 - exp ( - 3 G3 Nv'4) 

where f(t) i<s the fraction transformed as a function 
of time t, measured by dilatation. 
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The over-all reaction rates were measured by stan
dard dilatation methods. The measured and the cal
culated rates are compared in Fig. 7 for the U-1.1 
at.% Cr alloy. Results for the 1.35 at.% alloy were 
similar. The S curves were compared only over a 
limited temperature range, since columnar grains, 
which may interfere with dilatation measurements, 
appear at temperatures above 605 °C, while extra
polation of values of G and Nv at temperatures 
below 570 °C may not be valid. 

The correspondence between the measured and 
the calculated over-all reaction curves confirmed the 
measurements of Nv and G and showed that this 
transformation is quantitatively described by the 
rates of G and Nv. 

The small discrepancies at the beginning and at the 
end of the transformation may be ascribed to dif
ficulties in measuring Nv or to the non-spherical 
shape of the developing grains. Further investigation, 
especially at lower temperatures, is necessary. 

Comparison of measured and calculated macro-grain 
sizes 

Grain size was calculated from the measured 
values of Nv and G, using the relation given by 
Mehl [7], modified to 

/ 4 = Nv 
G' 

where I = the largest macro grain diameter. 
The values of I were determined experimentally 

in both U-1.1 at.% Cr and U-1.35 at.% Cr alloys at 
various temperatures after completion of the trans
formation. In Fig. 8, the calculated and measured 
grain sizes are compared. There is fair correspondence, 
despite difficulties in measuring I and Nv. 
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Figure 7. Comparison of experimental dilatation curves with 
those calculated from Nv and G using Johnson and Mehl's 

equations. U-1.1 at.% Cr alloy 

Lamellar structure 

The eutectoid precipitation of chromium in ura
nium-chromium alloys was investigated to ascertain 
if there is any relation between this precipitate and 
the rate of growth of ot from the ~ phase. 

In a U-0.45 at.% Cr alloy made from electrolytic 
uranium transformed isothermally at 630 °C, char
acteristic lamellae were detected (Fig. 9) which do 
not resemble the chromium precipitate found by 
Aubert [8]. 
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Figure 8. Comparison of calculated and measured macro-grain 
sizes 
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Figure 9. Lamellae with two different directions in one crystal 
and dihedral angle (x 730) 

These lamellae appear only in alloys made from 
electrolytic uranium and only at temperatures high 
in the ex range. In alloys made from nuclear pure 
uranium. transformed at 605-630 °C in those from 
electrolytic uranium at temperatures below 610 °C, 
the structure of the chromium precipitate cannot 
be clearly detected using an optical microscope. 

The orientation of the chromium precipitate is 
clearly related to the crystallographic orientations 
of the ex phase. In some cases the precipitate appears 
in more than one direction in one grain (Fig. 9); 
sometimes it appears along twins (Fig. 10). 

Interlamellar spacing was measured in 50 different 
grains in a U-0.45 at.% Cr alloy (isothermally trans
formed at 630 °C for 50 min). The minimum inter
lamellar spacing was 7.10-5 em. 

Dihedral angles and the oox surface energy 

The appearance of columnar grains under condi
tions of isothermal equilibrium produced dihedral 
angles between ex, ~ and ex, ex grains (Fig. 9). From 
measurements of these dihedral angles, we determined 
the exex interfacial energy in a U-0.45 at.% Cr alloy 
transformed for 50 min at 630 °C. Most of the 
50 angles measured were between 90 and 130 °C 
(Fig. 11). 

Since growth rate measurements give acrcx~ 
14 ergsfcm2 for this alloy, crcxcx was computed to be 
12-20 ergsfcm2• 

A. BAR-OR et al. 

Figure 10. Lamellar precipitation parallel to twins (x 730) 
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Figure 11. 
Nomogram of dihedral angles in a U-0.45 at.% Cr alloy 

URANIUM-MOLYBDENUM SYSTEM 

Decomposition of U-10.8 wt% Mo alloy 

The kinetics of y decomposition in a U-10.8 wt% Mo 
alloy were studied using an X-ray powder method. 
The powders were prepared in vacuum from homo
geneous specimens and inserted into silica capsules, 
which were closed under vacuum and gettered before 
heat treatment. 

Using the powder method, we detected two C 
curves (Fig. 12). At 550 °C the y-+ ex+y' transforma
tion proceeds directly, while at and below 500 °C 
the ex+ y' is preceded by the appearance of ex+ y. 



600 

570 
550 

t- --- . 

500 / 

c~ • 

~ 

450 

400 

350 

300 

250 

200 

0.1 

0 

0 

• 
y 
r+• 
y + y' +at 

SESSION 2.1 

D __........ -
£: 
~ ~···· 

-- 0 

10 

Time in hours 

Figure 12. TTT curves for U-10.8 wt% Mo alloy 

P/506 

• 

• 

0 

100 

The lines of the y' in the upper part of the C curve 
to the right are sharp and appear suddenly, while 
the lines of the y in the left-hand C curve broaden 
before splitting, indicating that a different mechanism 
is operating in the two cases. 

It is interesting that in Shoudy's study [9], the 
swelling of fuel elements made from this alloy was 
greatest in specimens irradiated at temperatures 
near the maximum of the left-hand C curve. This 
supports the hypothesis that the appearance of the 
oc phase on irradiation is responsible for the increased 
swelling of this alloy. Heat treatment or addition of 
alloying elements which would cause a shift of this 
curve to the right should extend the life of fuel elements 
made of this material. 

SUMMARY 
In our study of ~-oc transformation we measured 

both the rate of nucleation and the rate of growth 
in some uranium-chromium alloys. Using the meas
ured values, we attempted to calculate the over-all 
transformation rate and grain size, using the accepted 
formulae employed for similar calculations in the 
study of eutectoid decomposition of steel. The cor
relation between the calculated and the experimental 
values of the over-all transformation rate confirms 
the measured values of Nv and G, and also serves 
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as evidence that the ~-oc transformation in the range 
studied can be described quantitatively by Nv and G. 

The poorer correlation found between the calcu
lated and measured largest grain sizes may be ac
counted for by difficulties in measuring the largest 
macro grain. 

Direct measurement of Nv and G, at temperatures 
below 600 °C, is difficult, if not impossible. These 
values may be obtained by extrapolating from 
measured values of Nv and G at high temperatures, 
since the mode of temperature dependence of these 
functions is known. However, clearly this extrapola
tion is permissible only in the range in which the 
established temperature-dependence operates, the 
lower limit of which is not known. 

In order to calculate growth rate from fundamental 
data, information on the interlamellar spacing in 
the alloys was needed. It was found that lamellae 
do appear in uranium-chromium alloys, but only 
under closely defined conditions of temperature and 
composition. As it is unlikely that a small amount 
of impurity or a small change in temperature has 
drastic effects on growth, it is suggested that the 
interlamellar spacing cannot be a major factor 
controlling the rate of growth. 
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ABSTRACT-RESUME-AHHOTAL,lltUI-RESUMEN 

Alliages d'uranium 
par A. Bar-Or et at. 

A/506 Israel 

Dans une etude des alliages d'uranium, nous avons 
examine deux fa~ons d'ameliorer le comportement de 
!'uranium metallique sous irradiation. On a examine 
le mecanisme de diminution de Ia taille du grain en 
etudiant Ia transformation ~-oc dans des alliages 
uranium-chrome dilue et Ia stabilisation de Ia phase y 
dans les alliages uranium-molybdene a haute con
centration a ete examinee en suivant le mecanisme de 
Ia decomposition y --+- oc + y'. 

En ce qui concerne Ia transformation ~-oc, Ia vitesse 
de croissance G et Ia vitesse de nucleation N ont ete 
mesurees pour quelques alliages differents, Ia pre
miere par le changement de Ia longueur des grains en 
colonnes produits isothermalement. On a trouve que 
les resultats pouvaient etre exprimes suivant les 
theories de Volmer-Turnbull sur Ia nucleation et Ia 
croissance. Les energies interfaciales u "'~ des divers 
alliages ont ete calculees sur cette base a partir de 
mesures de nucleation et de croissance; elles se sont 
revelees etre du meme ordre de grandeur. En admet
tant que l'on peut faire une extrapolation lineaire des 
valeurs de a .. ~ trouvees pour les differents allia~es 
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jusqu'a une teneur nulle en chrome, Ia valeur de 
l'energie interfaciale pour !'uranium pur obtenue par 
les mesures de nucleation et les mesures de croissance 
est 6 ergjcm2• 

L'apparition de grains en colonne a permis de 
mesurer des angles diedres et d'apres ces mesures on 
a pu calculer les valeurs du rapport a rxr;/a """"' ou a rxrx 
est l'energie de Ia limite interfaciale IX,IX des grains. 

La structure interne de ces alliages a ete examinee, 
en employant de ]'uranium de haute purete pour Ia 
preparation des alliages. Une structure clairement 
perlitique s'est manifestee et on a mesure l'intervalle 
entre lamelles. 

On a aussi essaye, d'apres Ia theorie Johnson-Mehl, 
de calculer Ia transformation totale sur Ia base des 
valeurs de G et N. 

La transformation '( - IX + r' a ete etudiee pour 
des alliages d'uranium et de tpolybdene, et on a 
employe des techniques cristallographiques pour 
determiner les deux courbes TIT pour Ia transfor
mation '(-IX; r- y'. On estime que !'apparition 
de Ia phase IX accroit le· gonflement de l'alliage. 

YpaHOBble cnllaBbl 

A. 5ap-Op et al. 

A/506 HapaHnb 

B CBJI3H c nccJie~oBaHneM ypaHOBhiX cnJiaBoB 

paccMoTpeHhi ~Ba MeTo~a, yJiyqrnaro~ne CBOHCTBa 

MeTaJIJIII'lecKoro ypaHa no~ o6Jiy'leHueM. PaccMoT

peH MeXaHH3M O'lHCTKH 3epeH npn H3y'leHHH rrpe

o6pa30BaHHJI ~-l:.t B paa6aBJieHHhiX CITJiaBaX U
Cr. CTa6HJIH3au;nJI r-«flaahl B u - Mo CIIJiaBax 

BhiCOKOH KOHIJ;eHTpau;nn HCCJie~OBaJiaCh Ha OCHO

Be MexaHnaMa pacrrap;a j-tc.t+r'. 

qTo KacaeTCJI rrpeo6paaoBaHHJI ~-c.t, TO 6hiJIH 

naMepeHhi cKopoCTh pocTa aepeH G n cKopoCTh 

o6paaoBaHHJI aapo~hirneii KpncTaJIJIOB N ~JIH He

CKOJihi<nx CIIJiaBOB, B rrepBOM CJiyqae IIyTeM H3Me
HeHHJI )l;JIHHhl U30TepMH'-!eCKH IIOJiy'leHHhiX aepeH 

CTOJr6'laTOH cTpyKTYPhi. Haii~eHo, 'lTO peayJihTa

Thi MOlliHO Bhipa3HTh B COOTBeTCTBHH C Teopneii: 

BoJJhMepa - TepH6aJIJia o6paaoBaHHJI aapop;hlrneii: 

n pocTa aepeH. lfcxo~JI na noro, 6hiJIH Bhi'lHCJieHhi 

BeJIII'-IIIHhl 3Hepriiii Mem«flaaOBOfO B3aHMO~eHCTBUJI 
0::~~ pa3JIM'-!HhiX CIIJiaBOB; OKa3aJIOCh, '-ITO MX 

3Ha'-IeHMJI rrpe~CTaBJIJIIOT BeJIM'-IIIHY TOTO me IIO

pH~Ha. EcJIM rrpe~rroJioiRIITh, '-ITO JIMHeiiHaJI :mc

Tparro.JIJID;MH BeJIII'-IIIH oa~, Haii~eHHhiX ~JIH paa

JIH'-!HhiX CIIJiaBOB IIpll HyJieBOM 3Ha'!eHUH XpOMa, 

HBJIR:eTCJI ~OIIYCTHMOll, TO BeJIH'-IHHa 3HeprHH Mem

qJa30BOfO B3aHMO~eiiCTBHJI ~JIJI 'IHCTOfO ypaHa, 

IIOJiy'-IeHHaJI Ha OCHOBaHHH H3MepeHHH CKOpOCTeH 

o6paaoBaHHJI aapo~hiiiieii n pocTa aepHa, paBHa 

6 apz/cM2. 
floHBJieHHe aepeH CTOJI6'-IaTOH CTpyKTyphl II03-

BOJIHJIO H3MepHTh ~ByrpaHHhie yrJihl, KOTOphle MO

ryT 6hiTh Bhi'-IHCJieHhl H3 COOTHOITieHHJI aa~ : CJ:xa, 

A. BAR-OR et al. 

r~.e aaa - aHeprnR: Mem«flaaoBoro BaanMo~eiicT
BHJI Ha rpaHnu;e aepeH c.t, c.t, 

JfayqaJiaCh TaKme BHyTpeHHHJI CTPYKTypa aTnx 

CIIJiaBOB C HCIIOJih30BaHIIeM ypaHa BhiCOKOH 'IHCTO

Thl ~JIJI H3fOTOBJieHHH CIIJiaBOB. 06HapymeHa HCHO 

BhipameHHaR: rrepJIHTHaH CTpyKTypa H H3MepeHO 

paCCTOHHHe Mem~y IIJiaCTHHKaMH. flpe~rrpHHR:Ta 
TaKme ITOIIhiTKa Bhl'lHCJIHTh Ha OCHOBaHHH TeOpHH 

,l.(moHcoHa - MeJia o6~ee rrpeBpa~eHne no BeJin

'lnHaM GuN. 
llpeBpa~eHne r~c.t +r' ~JIH U- Mo crrJiaBOB 

6hiJIO uay'!eHo c rroMo~hiO KpncTaJIJiorpa«fluqecKo

ro MeTo~a orrpe~eJieHnR p;Byx KpHBhiX TTT ~JIH 
rrpeBpaiiWHHR: j-tl:.tj j-+j

1
• 0TMe'IeHO, 'ITO IIOJIB

JieHHe c.t-«flaahl o6ycJIOBJieHo pacrryxaHneM crrJiaBa. 

Aleaciones de uranio 

por A. Bar-Or et al. 

A/506 Israel 

En relacion con una investigacion sobre aleaciones 
de uranio, se estudiaron dos maneras de mejorar el 
comportamiento del uranio metal bajo irradiaci6n. 
El mecanismo de afino de grano fue investigado estu
diando Ia transformacion ~-IX en aleaciones de uranio
cromo diluidas, y Ia estabilizaci6n de Ia fase y, en alea
ciones de uranio-molibdeno de alta concentraci6n, 
siguiendo el mecanismo de descomposici6n r-IX + y'. 

Respecto a Ia transformaci6n ~-IX, se midi6 en 
varias aleaciones Ia velocidad de crecimiento G, 
y Ia velocidad de nucleaci6n, N, Ia primera a partir de 
Ia variacion longitudinal de granos columnares 
formados isotermicamente. Se encontr6 que los 
resultados podrian expresarse utilizando Ia teoria 
de nucleaci6n y crecimiento de Volmer-Turnbull. 
La energia interfacial a rxr'> de las diversas aleaciones 
se calcul6 sobre esta base, a partir de datos de nuclea
ci6n y crecimiento, y se encontr6 que eran del mismo 
orden de magnitud. Suponiendo que Ia extrapolaci6n 
lineal de los val ores a rxr; encontrados para las diversas 
aleaciones basta contenidos cero de cromo sea per
misible, el valor de la energia interfacial para urania 
puro a partir de medidas de nucleaci6n y crecimiento 
es de 6 ergsjcm2• 

La aparicion de granos columnares permitio Ia 
medida de angulos diedricos, a partir de los cuales po
drian calcularse los val ores de Ia relacion a rxr;/a rxrx donde 
a rxrx es Ia energia interfacial del limite de grano IX, IX. 

Fue tambien examinada Ia estructura interna de 
estas aleaciones utilizando urania de gran pureza 
en las aleaciones. Se encontro una clara estructura 
perlitica y se midio el espaciamiento interlaminar. 

Se intento calcular, tomando los valores de G y N, 
Ia transformacion global sobre Ia base de Ia teoria 
de Johnson y Mehl. 

El estudio de Ia transformacion Y-41X + y' se 
realizo con aleaciones de uranio y molibdeno utili
zando tecnicas cristalograficas para determinar las dos 
curvas TTT para Ia transformacion r-IX; r-r'. Se lie
go a Ia conclusion de que el aumento del hinchamiento 
de Ia aleacion se debe a Ia aparicion de Ia fase IX. 
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Metallurgical properties of some uranium alloys 

By B. Djuric, Dj. Drobnjak, Dj. Lazarevil:, S. Maleic, A. Mihailovic, Dj. Milosavljevic 
and S. Milosevic* 

The development of fuel for gas-cooled reactors 
has led to the examination of as-cast uranium-molyb
denum alloys which have shown excellent swelling 
resistance to relatively high burn-ups [l]. Although at 
low molybdenum concentrations deformation occurs 
in the growth range, an increase in molybdenum con
tent is inconvenient because of the consequent reac
tivity losses. Bowing of fuel should certainly be 
ascribed to the low quasi-isotropy of the U-0.5 wt% Mo 
alloy consisting of heterogeneous grains ranging from 
about 0.02 to 0.2 mm in size. It also seems likely that 
small quantities of low solubility alloying additions, 
such as aluminium and iron, could provide nucleation 
centres in the ~ phase and prevent growth of oc grains. 
An attempt was made to verify this since at the time 
this work was initiated experimental uranium con
taining impurities in larger quantities than generally 
present in standard metallic uranium was available. 
Similarly a ternary addition of aluminium was con
sidered worth investigation. At the same time, the be
haviour of a quenched and isothermally treated alloy 
was investigated for comparison with results on the 
uranium-molybdenum alloys previously examined [2]. 

Uranium-niobium alloys and uranium ternary 
systems with niobium additions have been intensively 
investigated in recent years as potential fuels. When 
a higher percentage of niobium is present it stabilizes 
the y phase and improves the corrosion resistance of 
the fuel. The results reported here are an attempt to 
provide more information on the influence of the 
cooling rate and niobium additions up to 5 wt % on 
the transformation kinetics of uranium-niobium 
alloys.** 

MATERIALS AND METHODS 

Uranium from the experimental "Derby process" 
(8-10 kg batches) used for the preparation of uranium
molybdenum and uranium-molybdenum-aluminium 
alloys was of the following purity: 

Fe ........ . 
'Ni ........ . 
Si ........ . 
c ........ . 
Pb ........ . 
Cr ........ . 

ppm 

175-235 
250-300 
100-150 
40-130 
40-80 
35-70 

Co ......... . 
Cu ......... . 
Al .......... . 
Mn ......... . 
B ........... . 
Cd ........ .. 

ppm 

15-40 
10-25 
10-20 
3-15 
0.15 
0.'10 
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The purity of molybdenum and aluminium was 
better than 99.9%. 

The preparation of the alloys by a high frequency 
induction vacuum melting is reported elsewhere [3]. 
The alloying elements were added in the form of con
centrated master alloys obtained by arc-melting. The 
cooling rate of the castings, 8 and 12 mm in diameter, 
was about 22 °C/min down to 500 °C. The carbon 
content in the alloys was up to 300 ppm. 

Before subsequent treatments the alloys were homo
genized at 900 °C for 24 h. 

The uranium used for the preparation of the ura
nium-niobium alloys contained less than 500 ppm of 
.impurities. The alloys were melted in an induction 
vacuum furnace, cold swaged and homogenized at 
850-900 °C [4]. 

Conventional metallographic techniques were used 
to prepare specimens the final mechanical polish being 
with diamond powder which was then followed by 
electropolishing in a chromium trioxide-acetate bath. 
Electroetching of the polished specimens in citric 
acid solutions was found to be effective for revealing 
detailed structural characteristics of the uranium
niobium alloys [4]. 

For heat treatment of the specimens, standard 
equipment such as vacuum furnaces and tin and 
Li-Na-Co3 base salt baths were used. A modified 
Jominy test which provides a wide range of cooling 
rates along the test bar [5] was also used. 

EXPERIMENTAL RESULTS AND DISCUSSION 
A typical microstructure of the cast U-0.5 wt% Mo 

alloy is shown in Fig. 1. It consists of rounded fairly 
equiaxed grains ranging from 150 to 200 microns in 
diameter. The grains consist of pearlite lamellre. 

Quenching 

Specimens annealed at 800 oc for 10 min and 
quenched in oil retained pure ~ phase which decom
posed into twinned oc' a at room temperature in about 
four months. Quenching in water and salt water 
(15% NaCl) yielded a mixture of ~ and martensitic 

* Boris Kidric Institute of Nuclear Sciences,. Belgrade
Vinca. 

** Research on uranium-niobium alloys was initiated in 
1962 under W. D. Wilkinson at the International Institute of 
Nuclear Sciences and Engineering, Argonne National Labora
tory. 
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Figure 1. Cast U-0.5 wt% Mo alloy. Polarised 
light (x 60) 

.CJ 
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Figure 2. U-0.5 wt% Mo alloy annealed for 
10 min at 800 oc and quenched into salt 

water. Polarised light (x 120) 

~ 600~---------+--------~~----------~~--~--~ 
~ 
~ 
~ M'-
~ 500 ~--5------+---~~---P~-------4-----------~--------~------

H- ---s 

200L---------~--------~--------~----------~--------~----~ 
10 100 1000 fOOOO 100000 

TiH€ {s) 

Figure 3. TTT diagram for the U-0.5 'wt% Mo alloy 

Figure 4. Cast U-0.2 wt% Mo alloy contain
ing 310 ppm AI. Polarised light ( x 50) 

Figure 5. Cast U-0.58 wt% Mo alloy contain
ing 360 ppm AI. Polarised light (x 50) 
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oc phases. This martensite was athermal and usually 
occupied the circumferential regions of the specimen. 
It consisted of fine tangled needles which did not 
change at room temperature. The ~ phase transformed 
gradually so that, beside athermal, isothermal marten
site was obtained (Fig. 2). 

The structures obtained by quenching from the 
(~ + y) phase field in oil and water was dependent 
on the holding time at 700 °C. For 1-3 h the ~ phase 
was retained, but often in addition some individual 
martensitic needles appeared. A shorter time (10-
15 min) gave a WidmanstUiten type of structure; small 
plate-like oc grains were homogeneously arranged and 
orientation related to the ~ matrix. These oc grains 
grew at room temperature and after about a month 
the ~ phase matrix had completely transformed. All 
these quenched specimens contained a r phase dis
persion in the structures which could not be detected 
by the X-ray diffraction. 

By quenching in oil and water from the ~ field, the 
~ phase was retained. Gamma phase dispersion, 
undetectable by X-ray diffraction was also present. 

In the pteceding quenching experiments the~ phase 
was completely or partially retained. Since by quench
ing from the~ and(~+ y) phase fields atli'ermal mar
tensite did not appear, Zucas's [6] statement that 
a thermal martensite resulted from the y--+ oc' a reaction 
is confirmed. 

Isothermal transformation 
In a number of experiments the isothermal beha

viour of the U-0.5 wt % Mo alloy was investigated. 
The upper C curve and the Ms temperature were 
determined (Fig. 3). Particular attention was paid to 
the grain characteristics after complete transformation 
above the Ms point. The shape of the upper C curve 
coincides closely to that obtained by Lehmann [2]. 
The Ms point obtained is somewhat lower but there 
are other features, discussed below, which differ from 
the well-known behaviour and are presumably caused 
by the higher impurity level in the alloy investigated 
here. 

A striking feature was a decrease in the grain size 
with decreasing isothermal transformation tempera
ture in the region between 600 °C and the M 8 point, 
contrary to results obtained earlier by Lehmann. The 
grains possessed a regular shape at higher tempera
tures but were slightly irregular close to the M8 tem
perature. They consisted of fine lamellar pearlite: At 
600 °C, the grains varied in size, ranging from 30 to 
200 microns, the majority being larger than 100 mi
crons. Smaller grains were located in randomly dis
tributed groups. At 550 °C, equiaxed grains of average 
size 35 microns were obtained. With a further decrease 
of temperature, the average grain size became 30 mi
crons at 450 °C, and continued decreasing to tempe
ratures below 400 °C. 

The Ms temperature was estimated to be about 
330 °C. Below this point, martensitic oc phase formed 
at a relatively slow rate. Beside this isothermally 
formed martensite an athermal martensite was 
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obtained when quenching from the vacuum furnace in
to a bath of molten tin even at a temperature as high 
as 500 °C. The M 8 point for this transformation lies 
between 500 and 550 °C. The occurrence of two dis
tinct sorts of martensite with separate Ms points 
makes the present alloy similar to the U-1.0 wt% Mo 
alloy investigated by Lehmann. 

Thermal stability 

Several authors have reported that the U-0.5 wt% 
Mo alloy has good thermal stability. Lehmann [7] has 
found· that annealing in the range 450-550 °C for 
1 700 h does not affect the grain size or the pearlitic 
structure. Stohr et a/. [8] have reported that long-term 
annealing between 450 and 550 °C causes the pearlite 
lamella: to thicken. 

The grain size of the present alloy, when subjected 
to long-term annealing at 450, 500, 550 and 600 °C 
for 4 000, 2 500, 2 500 and 1 000 h, respectively, did 
not undergo any pronounced enlargement. On an
nealing at 550 °C for 3 500 h, observable grain growth 
took place throughout the specimen. The resulting 
grain size was approximately 450 microns. If anneal
ing at 550 °C was prolonged to 4 500 h, the grains 
became several times larger than in the cast alloy, 
having an average size of 1 000 microns. 

The pearlite lamella: did not undergo any pronoun
ced change on annealing at 450, 500, 550 and 600 °C 
for 2 800, 2 500, 1 500 and 260 h, respectively, except 
for a slight spheroidisation in the specimens treated at 
the higher temperatures. If the annealing time at 450 
and 550 °C was prolonged to 4 500 h pronounced 
coalescence took place. This was more pronounced 
after annealing at 600 °C for 1 000 h. 

Uranium-molybdenum-aluminium system 

Gittus et a/. [9] have shown that the alloying addi
tions in the dilute ternary uranium-molybdenum
aluminium as-cast alloys exert a co-operative influence 
on the grain size. In preliminary experiments, the 
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Figure 6. Grain size variation along the Jominy test bar 
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10 mm 15 mm 15 mm 20 mm 

23 mm 33 mm 41 mm 50 mm 

Figure 7. U-0.58 wt% Mo alloy containing 360 ppm AI. Microstructures along the Jominy test bar 

10 mm 15 mm 17 mm 20 mm 

23 mm 36 mm 41 mm 45 mm 

Figure 8. U-0.5 wt0 o Mo alloy. Microstructures along the jominy test bar 
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Table 1. The influence of molybdenum and aluminium on the microstructure 

Moiybdenum Aluminium 
Specimen (wt%) (ppm) 

D-16 0.20 310 
D-17 0.37 370 
D-18 0.39 560 

D-15 0.43 720 

D-12 0.49 890 
D-13 0.49 1 100 
D-11 0.50 850 
D-20 0.57 460 
D-19 0.58 360 
D-22 0.61 800 

grain refining effect of small aluminium additions to 
the uranium-molybdenum system was indicated [10]. 
The present experiments concern grain structures of 
as-cast alloys with different quantities of molybdenum 
and aluminium and the grain sizes obtained by con
tinuous cooling. 

According to the results obtained by Gittus et al. 
and those presented in Table I, the effect of aluminium 
appears to be rather ambiguous suggesting that it has 
a complex role depending on its concentration. The 
Table shows a favourable effect of small aluminium 
additions (see also Figs. 4 and 5). An increase of the 
aluminium content leads to very irregular grain boun
daries. The latter effect appears to be modified by an 
increase of the molybdenum content. 

A modified Jominy test has revealed that aluminium 
present even in small quantities produces grain refine
ment and effectively prevents grain growth (Figs. 6 
and 7). In the absence of aluminium heterogeneous 
grains are obtained at higher cooling rates while with 
slower cooling exaggerated grain growth takes place 
(Fig. 8). 

Work is proceeding to examine the influence of 
these impurities in more detail. 

.· 

Grain size 
(microns) 

90-170 
90-120 
90-170 

60-250 

90-250 
60-120 
90-210 
60-150 
30-60 

90 

Metallographic features 

Equiaxed grains 
Irregular grains 
Acicular grains; twins at some 

places 
Poorly resolved grain boundaries; 

many curved twins 
Irregular grains; many twins 
Irregular grains; few twins 
Irregular grains 
Irregular grains;, few twins 
Less irregular grains 
Poorly resolved grain boundaries 

Uranium-niobium system 

Earlier investigations [4] may be summarized as 
follows: In U-0.5 wt% Nb the two-phase structure 
((X + y3) appears, regardless of the cooling rate. 
U-1.0 wt% Nb and U-2.0 wt% Nb alloys quenched in 
oil, water or mercury from 850 °C transform to aci
cular (X, a structure, as opposed to the 3, 4 and 5 wt% 
alloys which transform to (X 1 

b martensite. Alloys either 
transform completely or they partly retain the high 
temperature y phase depending on the cooling rate 
and the niobium concentration (Figs. 9 and 10). 

Argon cooling of the 3, 4 and 5 wt% alloys from 
850 °C gives a rather complex structure which could 
not be identified as one of the known structures. In
tense development of the subgrains particularly in the 
3 and 4 wt% alloys is a pronounced characteristic of 
these microstructures (Fig. II). 

During recent experiments, special care has been 
taken in the X-ray diffraction examination of quenched 
alloys. Martensitic (X' phase was identified in all alloys 
containing 1-5 wt% Nb. There is an indication of dis
continuity of the a and c lattice parameters between 
2.0 and 3.0 wt% Nb. A sharp decrease in the b para
meter has been observed in the same concentration 
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Figure 9. U-2 wt% Nb alloy water 
quenched from 850 oc. Citric acid 
electroetching, oblique illumination 

Figure 10. U-2 wt% Nb alloy oil 
quenched from 850 oc. Citric acid 
electroetching, oblique illumination 

Figure 11. U-4 wt% Nb alloy cooled in 
argon from 850 °C. Citric acid electro
etching, oblique illumination ( x 500) 

(X 1 000) (X 500) 
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range. Specimens cooled in argon from 850 °C or 
annealed at 700 °C and water quenched show splitting 
of the y lines. This might be a result of an ordering 
reaction as reported by Dwight [11]. 

Broadening of the (llO)ot, (lll)ot, (112)ot and (13l)ot 
diffraction lines of the banded martensitic phase was 
noticed, which could indicate the presence of the 
ot" b phase. A detailed investigation is required to verify 
this. 
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A/701 Yougoslavie 

Proprietes metallurgiques de quelques alliages 
d'uranium 

par D. Djuric et a/. 

Le memoire decrit le travail experimental effectue 
sur quelques alliages d'uranium, en particulier sur le 
systeme uranium-molybdene. 

Un alliage a 0,5% de Mo en poids (impuretes totales 
dans l'uranium original 1 000 ppm environ) a l'etat 
coule a des grains fins assez equiaxiaux de 150 a 
200 microns de diametre. Les grains sont complete
ment occupes par une perlite lamelleuse. Cet alliage 
a ete expose a un recuit prolonge dans les hautes 
temperatures du domaine de Ia phase alpha. On a 
montre que les grains n'ont pas subi de croissance 
remarquable lors du recuit de 450 a 550 °C pendant 
une periode de 2 500 h. En ce qui concerne l'alliage 
expose a un recuit a 550 °C pendant plus de 2 500 h, 
une croissance sensible des grains a ete observee. Le 
traitement isothermique de l'alliage dans Ia region 
superieure de Ia courbe C donne, apres une trans
formation complete, des grains alpha relativement fins 
dont Ia taille moyenne diminue lorsque Ia terr perature 
de traitement diminue. La taille moyenne des grains 
de 35 microns de diametre, obtenue lors du traitement 
isothermique a 550 °C, n'a pas sensiblement change 
a pres un recuit a 550 °C pendant 2 000 h. La phase ~ 
est completement ou partiellement retenue par trempe 
dans le domaine ~. (~ + y) ou y. Dans certains cas, 
outre Ia phase ~. on obtient de Ia martensite ather
mique par Ia reaction y ->- ot' a- Dans d'autres cas, on 
observe une structure du type WidmansHitten. 

Le systeme ternaire avec !'aluminium presente un 
effet cooperatif prononce du molybdene et de l'alu-

minium sur Ia taille des grains de l'alliage a l'etat 
coule. On obtient les grains les plus petits (50 microns 
de diametre en moyenne) avec l'alliage a 0,6% de Mo 
en poids et 360 ppm d'aluminium. II a ete constate par 
l'essai de Jominy modifie que Ia presence d'aluminium 
donne des grains plus fins pour un intervalle etendu 
de vitesses de refroidissement continu et empeche 
efficacement Ia croissance des grains. 

Les recherches actuelles sur Ia cinetique de trans
formation des phases dans le systeme uranium
niobium (jusqu'a 5% de Nb en poids) indiquent une 
discontinuite pour les parametres a et c du reseau 
entre 2 et 3% de Nb en poids. La trempe a l'eau 
a partir de 700 °C produit une decomposition des 
raies gamma qui pourrait etre le resultat d'une reaction 
de rearrangement. 

A/701 IOrocnaBHR 

MerannyprHYeCKHe cso~craa HeKoro
p~x ypaHos~x cnnasoa 
6. ,lJ.mypHI.f et al. 

Coo6~aiOTCH peayJILTaThl :mcnepnMeHTaJILHhlX 
HCCJieAOB3HHH ypaHOBhlX CITJiaBOB C He60JiblliHMU 
npHCaAKaMH, B OC06eHHOCTH CHCTeMbl ypaH - MO
JIH6AeH. 

CnJiaB c 0,5 Bee. % Mo ( o6~ee KOJIHqecTBo 
IIpHMeceii: B HCXOAHOM ypaHe COCTaBJIJieT 0,1%) 
IIOCJie OTJIHBKH COCTOHT H3 MeJIKHX noqTH paBHO
OCHhlX aepeH AHaMeTpOM OT 150 AO 200 Mil:. 3epHa 
noqTH IIOJIHOCTbiO 3aiiOJIHeHbl IIJI3CTHHqaThlM 
nepJIHTOM. 8ToT cnJiaB 6LIJI IIOABeprHyT AJIHTeJib
HoMy OTiKHry B BhlCOKOM TeMnepaTypHOM HHTep
BaJie cx-<J!aaLI. ,ll;ocTaToqHo y6eAHTeJILHO noKaaaHo, 
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'ITO IIOeJie OTiKHra B Te'leHHe 2500 't IIpH TeMrrepa
Type OT 450 AO 550° C aaMeTHoro yneJIH'IeHHH paa
Mepon aepeH He IIpOHeXOAHJIO. 0AHaKO B errJiaBe, 
JIOABeprHyTOM OTiKHry IIpH 550° C B Te'leHHe 6o
Jiee 2500 tt, rrpoH30IIIJIO aaMeTHoe yneJIH'IeHHe 
paaMepa aepeH. MaoTepMH'IeeKaH o6pa6oTKa errJia
na B AHarraaoHe nepxHeH KpHBOH C AaeT rroeJie 
ITOJIHOrO OKOH'IaHHH rrpeBpall\eHHH OTHOeHTeJihHO 
MeJIKHe Cl-aepHa, paaMep KOTOpbiX yMeHbiiiaeTeH 
110 Mepe eHHiKeHHH TeMrrepaTypbl o6pa60TKH. 
CpeAHHII paaMep aepeH, rroJiyqeHHhlX rrpu H30Tep
MH'IeeKoH o6pa6oTKe rrpH 550° C, eoeTaBJIHJI 
35 .M~, H 3TOT pa3Mep 3aMeTHO He H3MeHHJieH rroe
Jie oTmHra B Te'leHHe 2000 tt rrpH TeMrrepaType 
550° c. 

IJpH 3aKaJIKe H3 ~' (~+i) H "j-tflaa qaeTH'IHO 
HJIH rroJIHoeTbiO eoxpaHHeTeH ~-tflaaa. B HeKoTo
pbix eJiy'laHX II pH peaK~HH j-Cl' a KpOMe ~ -tfla3bl 
rroJiyqaeTeH aTepMaJihHaH MapTeHeHTHaH tflaaa. B 
HeKOTOpbiX eJiyqaHX IIOHBJIHeTeH BHAMaHIIITeTTO
BaH eTpyKTypa. 

TpoiiHaH eHeTeMa e aJIIOMHHHeM rroKa3hlBaeT 
eHJibHOe eoBMeeTHOe B03AeiieTBHe MOJIH6AeHa Jl 

aJIIOMHHHH Ha paaMep aepeH B OTJIHBKe. HaH6oJiee 
MeJIKHe aepHa ( B epeAHeM paaMepoM 50 .M~) rro
JryqaiOTeH rrpH eoAepmamm B errJiane 0,6 nee. % 
Mo H 0,36% AI. MeeJieAOBaHHH rroKaabiBaiOT, qTo 
npHeyTeTBHe AI erroeo6eTnyeT oqJteTKe aepeH n 
IIIHpOKOM AHaiia30He eKopoeTeH OXJiaiKAeHHH H 
rrpemiTeTByeT poeTy aepeH. 

HaeTOHU\ee HeeJieAOBaHHe KHHeTHKH rrpenpall\e
HHH tflaa eJteTeMhl ypaH- HH06HH (AO 5 Bee. % 
Nb) yKa3hlBaeT Ha aHaqJtTeJibHoe H3MeHeHHe 
rrapaMeTpOB peiiieTKH a H C IIpH eOAepmaHHH 
2-3 nee. % Nb. 3aKaJIKa B BOAe rrpu 700° C 
Bbl3biBaeT pa3AeJieHHe raMMa-JIHHHH, l{TO MOiKeT 
HBJIHTbeH peayJibTaTOM yrropHAOqeHHH peaK~Hli. 

A/701 Yugoslavia 

Propiedades metalurgicas de algunas aleaciones 
de uranio 

por B. Djuric et al. 

En Ia memoria se describen los trabajos experimen
tales realizados con algunas aleaciones de uranio, 
en particular, del sistema uranio-molibdeno. 
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La aleaci6n que contiene 0,5% en peso de Mo 
(impurezas totales, del uranio, I 000 partes por 
mill6n, aproximadamente), en estado bruto de 
colada, presenta granos finos sensiblemente equiaxiales 
de 150 a 250 micrones de diametro. Los granos estan 
totalmente ocupados por una perlita laminar. Esta 
aleaci6n se someti6 a un recocido prolongado a 
temperaturas correspondientes a Ia parte superior 
de Ia fase alfa. Se ha demostrado de manera bastante 
convincente que los granos no experimentan un 
crecimiento sensible por recocido a temperaturas 
comprendidas entre 450 y 550 °C durante 2 500 h. 
En cambio, se ha observado un notable crecimiento 
de los granos en Ia aleaci6n sometida a recocido a 
550 °C durante mas de 2 500 h. El tratamiento 
isotermico de Ia aleaci6n en Ia region superior de Ia 
curva « C » produce, una vez completada Ia transfor
maci6n, granos alfa relativamente finos cuyo tamaiio 
disminuye con Ia temperatura del tratamiento. El 
tamaiio medio de los granos, obtenido por trata
miento isotermico a 550 °C, fue de 35 micrones de 
diametro y no vari6 sensiblemente despues de un 
recocido a 550 °C durante 2 000 h. Templando las 
regiones ~, (~ + y) o y se conserv6 total o parcial
mente Ia fase ~- En algunos casos, ademas de Ia 
fase ~. se obtiene Ia fase martensitica atermica 
mediante Ia reacci6n y-HJ.' a· En otros casos aparece 
Ia estructura de tipo Widmanstatten. 

El sistema ternario con aluminio presenta un 
efecto cooperativo acusado del molibdeno y del 
aluminio sobre el tamaiio del grano en el estado 
bruto de colada. Los granos mas pequeiios y regu
lares (50 micrones de diametro, por termino medio), 
se obtienen con una aleaci6n de 0,6% en peso de Mo 
y 360 partes por mi116n de AI. Se ha comprobado, 
por el ensayo de Jominy modificado, que Ia presencia 
de aluminio hace los granos mas finos en un amplio 
intervalo de Ia velocidad de enfriamiento continuo 
e impide eficazmente el crecimiento de los granos. 

Las investigaciones actuates sobre Ia cinetica de 
transformaci6n de las fases en el sistema uranio
niobio (hasta 5% en peso de Nb) indican una discon
tinuidad de los parametros a y c de Ia red entre el 
2 y el 3% en peso de Nb. El temple con agua desde 
los· 700 °C produce Ia descomposici6n de las lineas 
gamma que puede ser el resultado de Ia reacci6n 
de ordenaci6n. 
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Fundamental metallurgical studies for the improvement 
of metallic uranium fuel elements 

By M. R. Bastelli,* C. D'Amato,* G. C. Giacchetti,* S. Granata,* R. Renzoni,* 
F. S. Saraceno,* T. B. Wilson,* G. Piatti** and R. Theisen** 

The problem of improving metallic uranium fuel 
elements, to obtain better fuel cycle economy, has 
been investigated in the SNAM research and develop
ment laboratories (SNAM-LRSR). A large amount of 
work of a technological nature as well as the necessary 
related. fundamental research have been carried out 
particularly on the development of fuel elements for 
Latina type and advanced graphite-moderated, gas
cooled reactors. This paper reviews· results from the 
two topics upon which the greater part of the funda
mental research effort has been directed. The first part 
of the paper concerns the study of uranium-rich 
niobium alloys while the second part,*** deals with 
the indirect bonding between uranium fuel and the 
Magnox ALSO can which was investigated in collabo
ration with the Metallurgical Department of CCR 
(EURATOM), Ispra. 

URANIUM-NIOBIUM ALLOY STUDIES 
Up to the present, two types of alloy ("adjusted" 

uranium, containing aluminium and iron, and ura
nium-low molybdenum alloys), having superior 
irradiation stability to that of pure uranium, have 
been used to improve the performance of metallic 
uranium fuel elements in power reactors. Other 
alloying elements, such as niobium, zirconium and 
titanium, result in structures similar to those in 
uranium-molybdenum alloys, and their low capture 
cross sections could justify their use as a substitute for 
molybdenum. Irradiation experience indicates, how
ever, that the structural analogy between uranium
molybdenum and uranium-niobium (zirconium or 
titanium) alloys is not reflected in similar irradiation 
stability at high temperatures (above 450 °C), uranium
molybdenum alloys giving much better results. The 
present paper reviews the results of research performed 
in the framework of a larger programme, carried out 
in collaboration by CNEN, SNAM-LRSR and 
TNPG [1], having as its scope the irradiation of 
uranium binary alloys. This research, which was 
effected to examine the analogy between uranium-

* SNAM, Milan. 
•• CCR (EURATOM), Ispra. 
••• This work forms part of the contract EURATOM/ 

CNEN/SNAM-LRSR N.009/62/6/RGZI, which is concerned 
with the development of fuel elements for graphite-moderated, 
gas-cooled reactors. 
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molybdenum and uranium-niobium alloys in the 
range 0.2-7.0 wt%, should permit conclusions of a 
general nature regarding the factors affecting irradia
tion damag~ at high temperatures and burn-ups, and 
should also assist the development of uranium
niobium base ternary alloys having equal or better 
irradiation stability than uranium-molybdenum alloys 
but with lower capture cross sections. 

Equilibrium diagram 

Investigations to clarify the disagreement between 
the various diagrams published since 1957 [2-4], have 
shown that the ~ -+ ex transformation is eutectoidal 
and occurs at about 655 °C under equilibrium con
ditions. As a result of the lower solubility of niobium 
in the ex than in the ~ phase, the reaction is accom
panied by the precipitation of very fine particles 
(approximately 0.1 !L diam.) of y 1 phase in the ex phase. 
In addition it was found that the formation of the 
y2 phase, in equilibrium below the monotectoid 
temperature (650 °C), is invariably preceded by the 
formation of a metastable b.c.c. phase, having a 
much higher concentration of uranium than the 
equilibrium phase ( "" 90 wt% in comparison with 
"' 50 wt%). The transformation of this metastable 
phase, whicp has been termed y1, to the equilibrium 
condition y2, as indicated by X-ray diffraction, 
requires approximately 20 h annealing at 620 °C, the 
resulting decrease in volume of the y phase being 
accompanied by spheroidisation [5]. The behaviour of 
uranium-niobium alloys is, in these two respects, very 
similar to that of uranium-molybdenum alloys and it 
is possible that the analogy can be further extended to 
a a phase, there being valid indications that the y2 

phase should have a 'composition approximating to 
that of U2Nb [6]. 

Transformation kinetics 

The interrupted quenching and continuous cooling 
treatments from the y phase, which were employed to 
study the y-+ ~ and ~ -+ ex transformations in the 
l and 2 wt% Nb alloys, showed that, as in uranium
molybdenum alloys, different mechanisms operate at 
different transformation temperatures. 

Figure 1 shows the TTT diagram of the 1 wt% Nb 
alloy. Above 695 °C, the ~ phase is nucleated hetero-
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Figure 1. TTT curve for U-1 wt% Nb alloy 
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Figure 2. TTT curve for U-2 wt% Nb alloy 

Figure 3. Continuous cooling diagram from the (fl + y1) field 
for U-1 wt% Nb alloy 
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Figure 4. Continuous cooling diagram from the y field 
for U-1 wt% Nb alloy 
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geneously at the y grain boundaries and the non
metallic' inclusions and then grows slowly into the y 
grains along preferred planes in a lamellar form. 
Coalescence of the ~ lamellae leads to a final structure 
consisting of coarse non-continuous lamellae of y 1 in 
a ~ matrix. Between 695 and 655 °C, the nucleation 
of ~ is homogeneous and occurs at random in the y 
grains. Both nucleation and growth of tlie ~ lamellae 
are very rapid and the final structure, although of a 
similar type to that obtained above 695 °C, is much 
finer. At the lower end of the temperature tange the 
lamellae tend to radiate from the nucleation points and 
extend along preferred planes of the y phase, so that 
the structure after transformation has a "star-like" 
appearance. In the range 655 to about 560 °C, the 
formation of a completely different type of structure 
accompanies that of the "star" structure, the volume 
of the latter formed decreasing with decreasing trans
formation temperature. This new type of structure 
which is nucleated at the y grain boundaries and is 
composed of packets of very fine lamellae or droplets 
often radiating from a central spine, could not be 
related to the crystallographic system of the y phase. 
The "star" structure produced in this temperature 
range (i.e., below the [~-~1 equilibrium temperature) 
appears to be the result of a rapid y --. ~ -+ ~ trans
formation, the orientation relationships of the 
lamellae depending upon the y-+ ~ transformation, 
while the very fine structure is the result of the trans
formation of y directly into super-satured ~ which 
then precipitates y1 very rapidly ~long habit planes of 
the ~ crystallographic structure. The latter reaction is 
similar to the bainite reaction in steels. 

The structures described above become further 
complicated below 635 °C by the appearance of plates 
and needles resulting from the y-+ ~~a martensitic 
transformation (Ms ""635 °C, Mt ""560 °C). As the 
holding time, after the completion of transformation, 
increases, the lamellar structures undergo gradual 
spheroidisation while the martensitic structure tends 
to decompose very slowly with the precipitation of 
y1 phase. 

The scheme of transformations for the 2 wt% Nb 
alloy (Fig. 2) is completely analogous to that of the 
1 % alloy, the main differences in detail being that ~ 
nucleation becomes predominantly homogeneous 
below 670 °C instead of 695 °C and that the martensitic 
y-+ ~~a transformation range (Ms "" 565 °C, Mr "" 
545 °C) is lower and much narrower. 

The continuous cooling diagrams obtained by 
dilatometry followed by metallography for the 
1 wt% Nb alloy from the ~ phase and for the I and 
2 wt% Nb alloys from the y phase are shown in 
Figs. 3-5. The ~ -+ ~ transformation in the I % alloy 
is undercooled by about 20 °C by cooling rates as 
slow as 0.5 °C/min, but is further undercooled only 
very slightly (about 5 °C) as the cooling rate is 
increased to 100 °C/min, in contrast with the U-1 wt% 
Mo alloy, the corresponding interval for which is 
about 70 °C [6]. The ~ grain size is only slightly 
influenced in the range 0.5 to 300 °C/min, but the 
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twinning density and the degree of grain boundary 
irregularity increase. At low rates, the or. matrix con
tains islands composed of lamellae of or. and YI> 
resulting from the monotectoid decomposition of the 
pre-existing YI> while a very fine precipitate of y1 

occurs in the inter-island space due to the [3 -+- (or. + Yl) 
eutectoid reaction. As the cooling rate increases, the 
degree of both precipitation and monotectoid decom
position decrease producing at high rates an or. matrix 
slighly supersaturated in niobium containing y1 islands 
supersaturated in uranium, with the probability that 
at very high rates (e.g., water quenching) the islands 
transform into highly supersaturated or. phase. The 
structural changes occurring in the 2 wt% Nb alloy 
during cooling from the ([3 + y1) field are identical to 
those in the I% alloy but due to the much higher y: [3 
ratio the dilatometric curves_ tend to become com
plicated by the change-over from the y 1 -+- [3 to the 
y 1 -+- or. transformation as the cooling rate is increased. 
Therefore the continuous cooling diagram is not 
presented. 

The transformations y -+- [3 and [3 -+- or. occurring in 
the I wt% Nb alloy during cooling from the y phase 
can be separated dilatometrically at rates below 
25 °C /min, while at higher rates these two trans
formations and subsequently the direct y-+- or. trans
formation are superimposed. The degree of under
cooling of the y phase increases significantly with 
cooling rate, while that of the [3 phase remains 
substantially unaltered. Increase in the cooling rate 
causes refinement of the or. grains accompanied by a 
change in their form from large equiaxed with regular 
boundaries to fine non-equiaxed with serrated boun
daries. Under slow cooling conditions, the [3 phase 
grows into the y in a lamellar form and becomes the 
matrix containing a dispersion of discontinuous 
lamellae of y 1 . The subsequent [3-+- (or. + , 1) eutectoid 
and y 1 -+- (or. + y1) monotectoid reactions lead to the 
precipitation of very fine y1 in the or. matrix and to the 
degeneration of the lamellae. With increased cooling 
rates, the [3 (later or.) and y1 lamellae become increa
singly finer and the fine precipitate and decomposition 
of the gamma lamellae disappear, while at high rates 
the direct y-+- (or.+ y 1) transformation (described in 
relation to the TTT curve) becomes prevalent, 
extremely fine lamellae of y1 in an or. matrix being 
obtained. The transformations occurring during the 
cooling of the 2 wt% Nb alloy from the y phase are 
all superimposed in the range 0.5 to 400 °Cfmin. The 
increase of y phase undercooling with cooling rate is 
of the same order as that in the 1 wt% alloy. The or. 
grain size, which is relatively fine after slow cooling, 
decreases only slightly as the rate is increased, while 
the (IX + y1) structures are similar to those found in 
the 1 wt% alloy, allowing for the different y1 : IX ratio, 
and are in agreement with those used to interpret 
the TIT diagram. 

Quenched and aged structures 
The following metastable structures (7], analogous 

to those found in similarly treated uranium-molyb-
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denum alloys [8-10], are obtained in uranium-niobium 
alloys by water quenching from the y phase: 
up to 0.2 wt% Nb: oc'n - orthorhombic, granular in 

polarised light; 
0.3-2.5 wt% Nb: «'a - orthorhombic, acicular in 

polarised light; 
3.2-3.7 wt% Nb: oc'b- orthorhombic, banded in 

poladsed light; 
4.0-5.9 wt% Nb: «"b- monoclinic, banded in po

larised light; 
7.2 wt% Nb: y - body centred cubic, no 

response to polarised light. 
The or.' n structure is formed by a rapid y -+- ~ -+- «n 

transformation as in the case of pure uranium, while 
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the rx' a, rx'b and rx"b structures appear to be formed 
by direct y-->- rx martensitic transformations. In con
tr~st with uranium-molybdenum alloys [8-10] no 
evidence of the y-->- ~ __.. rx' a transformation was 
found. The Ms temperatures of both types of alloy 
decrea~e with increasing alloy content (Fig. 6), but 
for a giVen alloy content the Ms temperature is always 
lower for the uranium-molybdenum alloys. The 
metastable rx phases are characterised by a contraction 
of the b parameter of the orthorhombic lattice 
(Fig. 7) and here also the major difference between 
the two types of alloy is that the effect of molybdenum 
is greater, i.e., less molybdenum than niobium is 
required to obtain a given contraction. From the 
data shown in Fig. 7, apart from the general sequence 
of the phases, there seems to be no correlation between 
the two alloys with regard to the degree of b contrac
tion and the appearance of a new phase. A plot of 
hardness of the metastable phases in uranium
niobium alloys vs. alloy content gives a curve similar 
to that obtained for uranium-molybdenum alloys, in 
that the hardness of the rx' a structure increases while 
that of the rx'b and the rx"b structures decreases with 
alloy content, giving a hardness peak as the structure 
passes from rx' a to rx'b· This peak is higher in the case 
of the uranium-molybdenum alloys. 

Ageing the single phase rx' a and rx" b structures in 
uranium-niobium alloys at temperatures high in the 
(rx + Y2) field (450-620 °C) leads to gradual relaxation 
of the strained lattice as a result of the precipitation 
of_?!· In the ~'a structure, this occurs initially at the 
ongmal y gram boundaries and in the fine structure 
between the martensitic plates, prior to extending 
throughout the whole volume of the structure as the 
ageing time increases. Two precipitation reactions 
occur during the ageing of the rx"b structure the 
initially rejected fine )\ particles throughout the 
~tructure ~!ng taken into solution and reprecipitated 
m a pearhtJc form. The pearlite is nucleated at the 
original y grain boundaries and grows slowly into the 
grains as the ageing proceeds. Gradual transformation 
of the ?1 precipitate into y2 phase takes place in all of 
the alloys as the ageing time is extended. 

Hardness versus ageing time curves show that the 
changes observed metallographically are accompanieq 
by normal age-hardening and over-ageing effects. 
The hardness peak of the originally rx' a alloys moves 
to a lower ageing time as the ageing temperature or 
the ~Hoy content is increased and the hardening pro
cess m these alloys (0.3-2.5 wt% Nb) appears to obey 
~ law o.f the type tm = to exp (- E/KT), where tm 
ts the time of the hardness peak; t0 is a frequency 
constant equal to the time to the hardness peak at 
T = en, K is Boltzmann's constant, Tis the absolute 
temperature and E is an energy of the activation type. 
A value of about 1.5 eV for E is obtained for these 
alloys while the value of 10 decreases from about 
3.8 X I0-6 to 3.4 x Io-s as the niobium content 
increases from 0.3 to 2.5 wt%. The hardness versus 
ageing time curve of the 5.2 wt% alloy (initially rx"b) 
was more complex than the curves of the alloys con-
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taining the rx' a structure prior to ageing, due to the 
superimposition of two different mechanisms of 
precipitation. 

Metallurgical condition for irradiation 

The foregoing work served as a basis for the 
selection of heat treatments for the production of 
structures considered of interest with regard to irra
diation experiments. Four different types of structure 
were obtained in the alloys containing 0.2 to 3.7 wt% 
Nb, depending upon the heat treatment and the alloy 
content as follows: · 

(a) 0.3-2.5%, water quenched from the y phase and 
aged at 620 °C - a fine dispersion of y1 in an rx 
matrix; 

(b) 0.2-1.0%, slowly cooled from the y phase- a 
sparse distribution of globules and interrupted 
lamellae of y1 in an rx matrix; 

(c) 2.0-3.7%, slowly cooled from the y phase- a 
uniform distribution of y1 and rx lamellae; 

(d) 2.0-3.2%, step-annealed in the (~ + y1) field 
fro~ !he y phase - islands of rx containing fine y1 

precipitate, surrounded by very fine lamellae of y1 

and rx. 
These structures were subjected to long-term 

annealing tests in the high (rx + y2) field to evaluate 
their morphological stability. As a result of the 
?1 > Y2 transformation the volume of y phase present 
decreased and there was a tendency for·the lamellae 
in types (b), (c) and (d) to break up. Spheroidisation 
also took place, being most marked in type:> (b) and 
(d), while some coalescence of the fine precipitate also 
occurred. These changes were complete within 50 h 
at 620 °C, after which time the structures could be 
considered stable and can be described respectively 
as follows: 

<!~ A uni~orm very fine .dispersion of y2 in rx; 
(n) A uniform coarse dispersion of y2 in rx; 
(iii) A uniform dispersion of fine degenerated 

lamellae of y2 in rx; 
(iv) A dispersion of y 2 in rx, non-uniform both in 

size and distribution. 
. Types (i) and (ii) in I wt% Nb alloy and type (iii) 
m 2 wt% Nb alloy were selected for irradiation tests 
for comparison with similar structures obtained in 
uranium-molybdenum alloys [1]. Type (iv) was elimi
nated from consideration as it was thought that 
difficulties could arise in the interpretation of irra
diation effects occurring in non-uniform structures. 

INDIRECT METALLURGICAL BONDING BETWEEN 
URANIUM AND MAGNOX ALSO 

Since it is impossible to obtain direct metallurgical 
bonding between uranium and Magnox AL80, the 
feasibility was investigated of achieving indirect 
bonding by the insertion of a thin layer of titanium. 
A study of diffusion in couples of uranium-titanium 
and titanium-Magnox AL80 was therefore made, 
commercial purity materials being used to permit the 
extension of results to fuel element technology. 
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The compositions (manufacturers specifications) of 
the materials used are given below in ppm, the major 
impurity levels being checked by chemical analysis: 

Uranium: C 300, Fe 130, Si 120, AI 100, 
Ni 55, Cr 40, Cu 20, Mn 15; 

Titanium: 0 1 400, Fe 900, C 300, N 200, 
H 20; 

Magnox ALSO: AI S 000, Zn 150, Si 100, Ca SO, 
Be 70, Fe 60, Cu 30, Cl 30. 

The research was conducted in plane geometry 
using discs having their contacting faces levelled 
metallographically. Diffusion was "initiated'~. by 
heating under axial load in a controlled atmosphere 
and was subsequently extended by heating, without 
loading in the same atmosphere, the specimens being 
held at different temperatures for increasing times and 
then water quenched. The initiating conditions were as 
follows: 

Load Temp. Time Atmosphere 
(kg/cm2) (OC) (h) 

U-Ti ........ 324 650 2 Vacuum "I0-6 torr 
Ti-Magnox 

ALSO ..... 32.4 500 2 Argon 2 atm 

In no case was the diffusion layer after this pre
liminary treatment greater than I fl. thick. After the 
complete diffusion treatment, the various layers 
observed metallographically, were interpreted using 
electron probe microanalysis, which showed also that, 
within each temperature range considered, the com
position at each of the parent material-diffusion band 
boundaries was constant and independent of the time 
and the temperature of the treatment. 

The reliability of the microprobe results from a 
modified CAMECA instrument used, was increased 
considerably by including recent developments in this 
analytical method. The rather uncommon use of the 
U M~ line for analysis of uranium in uranium
titanium couples presented a double advantage: 

(a) The simultaneous analysis of uranium and 
titanium (Ti Koc) in the same microvolume, under 
appropriate and identical experimental conditions; 

(h) A higher geometrical resolution of the analysis, 
.due to the smaller electron diffusion in the target, as 
a consequence of the lower electron acceleration 
(EK forUM~« EK for U Loc) . 
. The measured X-ray intensities were corrected for 

diffuse electron penetration and backscattering, as 
well as for X-ray mass absorption, employing the 
recent method of Quataert and Theisen [15]. The 
effective diffusion bonding between titanium and 
Magnox ALSO as well as other phenomena described 
later concerning uranium-titanium diffusion were 
observed using a special increased sensitivity method 
[ 16, 17] which extends the range of microanalysis to 
the detection of trace amounts (a statistical technique 
involving long-time analysis and prevention of spe
cimen surface contamination). 

Uranium-titanium diffusion 

Diffusion between uranium and titanium was 
studied in a high temperature range (960, 940 and 
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Figure 8. Uranium-titanium diffusion at 960 °C, quenching bands, 
microphe analysis and microhardness results 
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Figure 9. Uranium-titanium diffusion at 735 °C, diffusion bands, 
microprobe analysis and microhardness results 

Figure 10. Uranium-titanium diffusion at 960 oc 
Localisation of titanium carbides at original interface, a: Bright 
field; b: Polarised light. Distribution of titanium carbides in 
the zone of diffusion of titanium in uranium; c: Bright field; 

d: Polarised light 

920 °C, i.e., in the region of complete solid solubility 
between y uranium and ~ titanium) and in a low 
temperature range (760, 745 and 735 °C, i.e., where 
five intermediate phases are encountered). 

The various bands observed metallographically in 
the high temperature specimens (Fig. S) are due to the 
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effects of quenching, smce the composition curves 
given by microprobe analysis do not contain dis
continuities. This effect has also been reported by 
other investigators [18]. The compositions at the 
boundaries of the bands are consequently those aL 
which there occurs a change in mechanism of y 
transformation during water quenching. These com
positions are therefore constant and independent of 
treatment temperature in the range of complete solid 
solubility. Intergranular diffusion preceded the volume 
diffusion in these specimens. Leitz microhardness 
results (LMHN 50) indicated two hardness maxima 
(Fig. 8), one at the original interface, where titanium 
carbides had formed, and the other in a narrow zone 
where the composition approximated to that of the 
intermetallic compound U2Ti. 

The results after diffusion of uranium-titanium 
couples in the low temperature range is shown in 
Fig. 9, the different zones corresponding to the 
following equilibrium phases present at the diffusion 
temperature [19]: I'J. titanium, titanium-rich y2 (re
tained), intermetallic compound U2Ti, uranium-rich 
y1 (transformed into supersaturated I'J. having a 
martensitic structure) and ~ uranium (transformed 
into I'J. having a granular structure). In these specimens 
also two microhardness maxima were found, one at 
the original interface where a zone dense in titanium 
carbides begins, and the other at the intermetallic 
compound U 2Ti. 

It is important to note that the diffusion mechanism 
is sensitive to the impurity level in the base materials. 
The particular case of the effect of the carbon present 
in the uranium is examined below. In all of the 
diffusion couples, prepared with commercial purity 
uranium, carbides were formed by the combination of 
carbon (present in the uranium) with titanium 
accompanied by the consequent decarburisation of the 
uranium in the zone adjacent to the diffusion front. 
The titanium carbide distribution depended upon the 
carbon concentration in the uranium, the dissolution 
rate of uranium carbides and the relative diffusion 
rates of carbon and titanium in uranium. 

In the high temperature range and with carbon 
contents between 300-400 ppm, the carbide formation 
is localised exclusively at the original interface, since 
the quantity of carbon which migrates to the interface 
is sufficient to trap in the form of carbide all of the 
titanium diffusing into the uranium, and in this case 
a diffusion zone of titanium in uranium is absent 
(Fig. lOa, b). In the low temperature range, however, 
the quantity of carbon arriving at the interface is 
insufficient to combine with all of the titanium and so 
some of the latter can diffuse into the uranium. The 
carbides in this case are distributed inside the zone of 
diffusion in uranium, their density decreasing with 
distance from the interface, (Fig. JOe, d). A similar 
carbide distribution to that in the latter case is ob
tained during diffusion in both temperature ranges 
when the carbon content is less than 300 ppm. Since 
the carbon content in commercial uranium varies 
between 200-400 ppm, it is therefore extremely 
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Figure 12. Titanium-Magnox ALSO diffusion, mocroprobe analysis 
results 

difficult to forecast the distribution of titanium car
bides in couples diffused in the high temperature range. 

The diffusion kinetics in both temperature ranges 
were studied by measuring the penetration of diffusion, 
i.e., the distance between the two base material
diffusion band boundaries observed metallographi
cally, in couples prepared with uranium having a 
carbon content less than 300 ppm. It is evident from 
Fig. II, which shows the curves of penetration as a 
function of the square root of annealing time, that 
the points fall on a straight lines thus the value of n 
in the equation 

xn = Kt (1) 

is approximately two. In order to achieve a better 
approximation the data were processed in an elec
tronic computer using a method based upon least 
squares, and values of the parameters n, Ko and Q 
were obtained on the assumption that the parameter K 
of Eq. (I) is related to the temperature according to 
the equation 

K = Ko exp (- Q/[RT]) (2) 

In the high temperature range the values are n = 1.9, 
Ko = 2.9 x 107 cm2/s, Q = - 39 000 cal/mole in 
good agreement with those given by other investi
gators [18], using the Matano method, while in the 
low temperature range n = 2.24, Ko = 7.6 x 1012 

cm2 /s and Q = - 67 000 cal/mole. The values of n 
very near to two indicate that the diffusion is pre
dominantly by volume and therefore the intergranular 
diffusion occurring at high temperature is negligible. 
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Titanium-Magnox ALSO diffusion 
The possibility of diffusion between titanium and 

Magnox ALSO was demonstrated by both the perfect 
adherence of the materials and the results obtained by 
microprobe analysis using the highly sensitive method 
described previously. From the curve of concentration 
of titanium in Magnox ALSO and of magnesium in 
titanium as a function of penetration, shown in 
Fig. 12, it was possible to deduce that the limit of solid 
solubility of titanium in Magnox ALSO is about 
0.5 wt% at 600 °C, and about 0.4 wt% at 550 °C. 

Tests of indirect bonding 

Consequent upon the above study, "indirect 
bonding" specimens were prepared by first diffusing 
together discs of uranium and titanium followed by 
the diffusion of a disc of Magnox ALSO onto the 
titanium. This double procedure was necessary since 
the conditions for bonding titanium to each material 
differed considerably. The excellent adhesion between 
the materials, the absence of cavities in the diffusion 
zones and the good thermal cycling behaviour of these 
specimens lead to the conclusion that the results of 
this research will most probably be applied in fuel 
element technology. 
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ABSTRACT-RESUME-AHHOTAI..tii1Jl_;_RESUMEN 

A/864 ltalie 

Etudes metallurgiques fondamentales sur 
!'amelioration des elements de combustible 
en uranium metallique 

par M. R. Bastelli et al. 

Le memoire resume le travail de recherche effectue 
par Ia SNAM-LRSR dans le domaine de Ia metallurgic 
des elements de combustible en uranium metallique, 
etse refere en particulier a l'etude des alliages uranium
niobium riches en uranium (0, 2-7, 2% Nb en poids) 
et de Ia diffusion intermetallique uranium-titane et 
titane-Magnox ALSO. 

L'emploi des alliages uranium-molybdene riches en 
uranium dans les elements de combustible des reac
teurs de puissance a oriente Ia recherche vers les 
alliages uranium-niobium riches en uranium, qui ont 
des caracteristiques metallurgiques similaires et une 

section de capture beaucoup plus faible. L'analogie 
entre Ies alliages des deux types a ete examinee sur Ia 
base de Ia cinetique et du mecanisme des transfor
mations tors de Ia trempe interrompue et du refroi
dissement continu des domaines y et ~ + y1• On a 
compare Ies caracteristiques des phases metastables 
obtenues par trempe a I'eau de Ia phase yet Ies courbes 
de Ia temperature Ms en fonction de Ia composition 
des alliages. On decrit aussi Ies changements de durete 
et de structure qui ont lieu au cours du vieillissement 
des phases metastables oc' a et OC

11
b dans les alliages 

uranium-niobium. Pour les experiences d'irradiation, 
on a examine les diverses structures que l'on peut 
obtenir dans Ies alliages uranium-niobium par diffe
rents traitements thermiques, et Ia stabilite de ces 
structures a Ia temperature du reacteur. 

En vue d'ameliorer le comportement des elements 
de combustible en ce qui concerne l'echange de 
chaleur et Ies proprietes mecaniques de Ia gaine, on a 
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etudie le comportement de titane comme element de 
liaison entre uranium et Magnox ALSO, en utilisant 
des materiaux de purete commerciale. On donne les 
resultats de Ia diffusion intermetallique obtenus soit 
par des examens metallographiques, soit avec Ia 
microsonde electronique pour les couples uranium
titane et titane-Magnox ALSO. La diffusion uranium
titane a ete etudiee dans un domaine polyphase et un 
domaine monophase du diagramme d'equilibre. Les 
resultats obtenus montrent que le carbone present 
dans !'uranium joue un role important au cours de Ia 
diffusion. En fait le carbure de titane a tendance a 
s'agglomerer de fa90n a empecher Ia diffusion du 
titane dans !'uranium. La diffusion en volume de ces 
metaux s'accompagnait d'une composante inter
granulaire de diffusion, tandis qu'on observait une 
croissance anomale des grains dans le titane en raison 
probablement de contraintes durant le traitement de 
diffusion. Au moyen d'une technique speciale d'ana
lyse a Ia microsonde electronique il a ete possible 
d'etablir !'existence d'une diffusion du titane dans le 
Magnox ALSO et aussi d'evaluer les limites de solu
bilite solide. 

A/864 HTallHR 

TeopeTHYeCHHe HccneAOBaHHH B o6-
nacrH MerannyprHH c 4enbto ycosep
weHcrsosaHHH rennoBb1AeflHIOL1.4HX 3ne
MeHTOB H3 MerannHYeCHoro ypaHa 
M. P. 5acTennH et al. 

B naeTon~eM )J,OKJia)J,e )J,aeTen o6aop peayJih
TaTon HCeJie)J,onaHJill MCTaJIJJyprnn TCIIJlOnhi)J,CJIH
IO~IIX ;)JJCMCHTOn H3 MCTaJIJIIfliCeKOI'O ypana, 
6oraTbiX ypaHOM HII06IICnhlX errJianon (0,2-
7,2 nee. % HII06HH) H HHTCpMeTaJIJIH'IeeKOH ).I,JI!fJ
<pyann eneTeM ypaH - TUTaH II THTaH - Mar
HOKe-AL80. 

HenoJibaonaune 6oraThiX ypauoM MoJJn6)J,euo
nLIX errJJaBOB B TCIIJIOnhi)J,CJIHIOIU;IIX 3JICMCHTaX 
:mepreTH'IeCKIIX peaKTOpOB CTIIMYJUipOBaJIO neeJie
;~oBaHJIH aHaJJornqHhiX e TOqKJI 3pCHIIH MCTaJIJiyp
rnn Hno6neBhiX cnJianon e 6oJihiUHM co;:~epmauueM 
ypana, no c MeHhiiiHM ceqeHneM aaxnaTa nei1Tpo
non. AuaJJornH MCIRAY 3THMn ;J.BYMH TnnaMJI 
CIIJiaBOB H3Y'IaJiaeb IIYTCM neCJIP)J,OB3HJIH I\IIHCTII
I.;II n MexaunaMon rrpeo6paaonauuii, nMero:ru;IIx 
Ml'CTO BO npeMH eTyneuqaTOii: 33KaJIKI1 H IIpO)J,OJI
ifOITCJJbHOI'O OXJJ3/R)J,CHHH 06JJaCTCii 'f H 2+·;1 • 

llpone)J,eHo TaKme epanueuHe xapaKTepneTnK 
MeTaeTa6nJJhHLix lflaa, noJJyqenHhiX npn aaKaJJKe 
D BO)J,C II3 'j -lfla3hl, H KpHBhiX 3aBJieiiMOCTH TCM
uepaTyphi oT eoeTana CIIJianon. Coo6m;aeTCH o 
TnepAOCTn n eTpyi\TYPHhiX naMeueunHx, npouexo
;J:n~nx npu CTapeunn MeTaeTa6JIJJhHhiX tfJaa a' a n 
rx"b n cnJianax ypau - uno6uii:. B aKcnepnMeuTax 
c ooJJyqeuneM BHIIMaHIIe YACJJHJIOCh paaJinqnro 
CTPYKTyp, IIoJJyqaeMhiX n cnJianax ypau -
nno6Hi1, n peayJJhTaTe paaJnttmoii Tep!lwo6pa6oT
Im, n nonpoey yeTofiqiinoeTn 3Tnx cTpyKTYP npu 
TCMIIPpaTypax B peaKTOpe. 
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C ~CJibiO yJiyqmeHUH CBOHCTB TCIIJIOBhl)J,CJIHIO
~HX 3JICMCHTOB B OTHOIIICHUH TCIIJIOIIepe)J,aqJI H 
MexannqeeKnx cnofteTB o6oJioqKu na MaTepuaJiax 
TCXHnqeeKOll queTOTbl nayqaJIOCb IIOBC)J,CHHC TJITa
Ha KaK eBH3YIO~ero 3JICMCHTa MCIRAY ypaHOM H 
MaruoKeoM-AL80. Coo6~aroTeH peayJI~>TaThl Me
TaJIJiorpa~uqecKnx nceJie)J,onanuii n MnKpoanaJJn
aa JIHTCpMCTaJIJinqeCKOii ).I,UifJ~yann CHCTCM 
ypaH- TJITaH II TIITaH- MarHOKC-AL80 e IIO
MO~hiO 3JICKTpOHHOfO 30H)J,a. Jl:nlf!lflyanH CHeTeMLI 
ypau - THTaH nayqaJiaeh KaK B O)J,HO-, TaR Jl B 
MHorolflaaonoii o6JiaeTn )J,narpaMMLI pannoneeuH. 
IIoJiyqenuhie peayJII.TaThl cnn)J,eTeJibeTnyroT o 
ToM, qTo yrJiepo)J,, npucyTeTnyro~nft n ypane, nr
paeT namuyro poJih no npeMH Anif!~yann. 0TMc
qaeTcH TCH)J,CH~JIH K o6pa30BaHUIO arJIOMepanm 
Kap6n)J,a THTaHa n TaKOll lflopMe, 'lTO 3TO npeiiHT
CTDYCT )J,JI~~Y3llll TJITaHa n ypaue. 06'bCMHaH 
Anif!lf!yanH B 3THX rrapHhiX eneTeMax eonponom)J,a
JJaeb IIHTeprpauyJIHpHOH KOMIIOHCHTHOM ).l,lllfJif!yaH
CM, n TO npeMH KaK neo6hiqHLiii poeT aepeu n 
THTaue, nepOHTHO, rrpoHeXO)J,JIJI IIO;l )J,CifcTBHCM 
nanpHmeunii, no3HHKanrnnx B rrpo~eeee )J,H~~>y
:mii. Cue~HaJihHhlM MHKpoaua.rrJJ30M e noMO:IU;hiO 
;)JJCKTpOHHOfO 30H)J,a OKa3aJIOeL no3MO/RHbiM 
yeTaHOBIITh HaJIJfqHe )J,H~~Y3HJI TlfTaHa n Mar
HOKee-AL80, a TaKme AaTb Oll,CHKY npe)J,eJia 
paCTBOpiiMOeTH n Tnep)J,OM eOCTOHIIJflf. 

A/864 ltalia 

Estudios metalurgicos fundamentales para me
jorar los elementos combustibles de uranio 
metalico 

por M. R. Bastelli et at. 

Esta memoria recoge los resultados del trabajo 
de investigacion llevado a cabo porIa SNAM-LRSS 
en el campo de Ia metalurgia de elementos combus
tibles de uranio metalico, y comprende el estudio 
de aleaciones de niobio con metal base uranio en el 
intervalo de 0,2-7,2% en peso de niobio y Ia difusion 
intermetalica entre las parejas uranio-titanio y 
titanio-Magnox ALSO. 

El empleo de aleaciones de molibdeno y uranio 
como base, en elementos combustibles en reactores 
de potencia, estimulo Ia investigacion en las alea
ciones de niobio con uranio como base, similares 
metalurgicamente, que tienen una seccion eficaz 
menor. Se examino Ia analogia entre estos dos tipos 
de aleaciones, estudiando Ia cinetica y los mecanismos 
de las transformaciones que tienen Iugar durante 
el temple escalonado y el enfriamiento continuo 
desde Ia region y y desde ~ + y1. Tam bien se han 
comparado las caracteristicas de las fases metastables 
obtenidas por temple en agua desde fase y y las 
curvas en que se representan las temperaturas Ma 
frente a Ia composicion. Se indican los cambios 
estructurales y de dureza que tienen Iugar durante el 
envejecimiento de las fases metastables (J,' a y (J," b 
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en las aleaciones de uranio-niobio. Con vistas a los 
experimentos de irradiaci6n se ha fijado Ia atenci6n 
en las diferentes estructuras que se obtienen en las 
aleaciones de uranio-niobio por diversos tratamientos 
termicos, y en Ia estabilidad de estas estructuras 
a las temperaturas del reactor. 

Con Ia idea de mejorar el comportamiento de los 
elementos combustibles en cuanto a Ia transmisi6n 
de calor y a las propiedades mecanicas de Ia vaina, 
se ha estudiado el comportamiento del titanio como 
elemento de union entre el uranio y el Magnox ALSO 
utilizando materiales de pureza comercial. Se des
criben los resultados del examen metalografico y del 
analisis con micro-sonda de Ia difusi6n intermetalica 
que tiene Iugar entre las parejas uranio-titanio y 
titanio-Magnox ALSO. La difusi6n entre uranio-
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titanio se ha estudiado en una zona monofasica y 
en una polifasica del diagrama de equilibrio. Los 
resultados obtenidos indican que el carbono presente 
en el uranio juega un papel importante en Ia difusi6n. 
De hecho existe una tendencia a Ia formaci6n de 
aglomerados de carburo de tiranio, que dificultan 
Ia difusi6n del titanio en el uranio. La difusi6n 
masiva en estas parejas va acompaiiada de un com
ponente intergranular de difusi6n, en tanto que en 
el titanio tiene Iugar un crecimiento an6malo del 
grano debido probablemente a las tensiones origina
das por el tratamiento de difusi6n. Por medio de 
una tecnica especial con microanalizador se ha 
podido establecer Ia existencia de Ia difusi6n del 
titanio en Magnox ALSO y tambien valorar el limite 
de solubilidad s6lida. 
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Comportement de l'uranium sous irradiation 

par Y. Adda, J.-P. Mustelier et Y. Quere* 

Nous avons groupe dans cette communication un 
ensemble d'experiences sur le comportement de !'ura
nium sous irradiation aux neutrons. Les etudes ont 
ete menees ou bien directement sur !'uranium lui
meme, ou bien, dans le cas de Ia diffusion des gaz 
rares, sur des modeles ou les mecanismes sont plus 
faciles a mettre en relief. 

DEFAUTS DANS L'URANIUM 

Avant d'interpreter correctement des experiences 
sur l'effet des irradiations, il faut faire le point de nos 
connaissances sur les defauts de reseau de I' uranium· 
celles-ci sont minimes. On sait en particulier fort pe~ 
de choses sur les defauts ponctuels. Dans Ies tenta
tives pour tremper et etudier les lacunes, il est difficile 
de faire Ia part de ce qui revient aux lacunes ou aux 
effets d'impuretes, le metal utilise etant generalement 
tres impur. 

Une premiere necessite absolue est done de tra
vailler sur un metal aussi pur que possible. Nous 
avons purifie de !'uranium electrolytique par fusion 
de zone (G. Clottes, 1963); on peut juger du degre 
de purification obtenu en constatant que Ia tempera
ture de recristallisation est abaissee a 270 °C ou que 
Ia resistivite a 4,2 °K de fils trefiles puis recuits en 
phase rx (done caracterises par une forte texture [010]) 
est egale a 0,3 [1.0-cm. 

Cet uranium est sans doute propre a des etudes de 
lacunes, mais il ne faut pas compter faire !'experience 
en trempant le metal dans l'helium Iiquide. En effet, 
si I'on trempe de l'uranium depuis des temperatures 
aussi basses que 100 °K dans un bain d'helium liquide, 
on constate que Ia resistivite, mesuree a 4,2 OK, aug
mente par trempe (J. C. Jousset, 1963). L'augmenta
tion de resistivite est independante de Ia temperature 
avant trempe dans un large domaine de temperature 
au-dessus de 40 °K. Ce dernier point, mais surtout 
I'ordre de grandeur de ces temperatures avant trempe, 
montrent clairement qu'il ne s'agit pas de trempe de 
lacunes. On observe, de plus, que cette augmentation 
de resistivite est guerie par des recuits a tres basse 
temperature avec des energies d'activation d'environ 
0,02, 0,05 et 0,08 eV (J. C. Jousset, 1964). 

L'interpretation de ces resultats est certainement 
liee a \'existence nombreuses anomalies des proprietes 
physiques de l'uranium a 40 °K. Entre 18 et 40 OK, 
deux coefficients de dilatation deviennent negatifs et 
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le troisieme fortement positif. On peut done supposer 
qu'en traversant ce domaine de temperatures, Ie 
metal subit un Ieger ecrouissage qui produit des inter
stitiels. Ces interstitiels seraient retenus a 4,2 °K et 
c'est leur disparition par migration que !'on observe
rait au cours des recuits. Une telle interpretation 
demande a etre confrontee avec des resultats d'irradia
tion dans I'helium liquide. 

L'ecrouissage a basse temperature peut egalement 
fournir des renseignements sur les defauts. On a 
ecroui de l'uranium dans l'hydrogene liquide (20 oK). 
Les allongements a rupture sont faibles a cette tem
perature (inferieurs a I0-2), mais le point le plus remar
quable est que Ia resistivite de l'uranium decroit 
notablement par ecrouissage. La decroissance ao est 
en general lineaire avec l'allongement e:. Elle se:Ubte 
cependant presenter une saturation avant Ia rupture 
dans le cas de ]'uranium recuit en phase y (fig. 1). 
II est possible que !'interaction des dislocations avec 
le defaut de trempe signale au paragraphe precedent 
(introduit lorsque I'on plonge le fil a ecrouir dans 
I'hydrogene liquide) soit a l'origine de cette diminu
tion anormale de resistivite. Une explication de ce 
type ne se suffit certainement pas car l'effet subsiste, 
bien qu'a un moindre degre, si l'on ecrouit a une tem
perature ou le phenomene de trempe n'apparait pas 
(77 °K) (E. Ostertag, 1964). 

Nos connaissances sur les dislocations sont un peu 
plus solides. Depuis les premieres observations d'ura
nium par transmission en microscopie electronique 
(B. Hudson eta/., 1962), on a mis en evidence certains 
caracteres des dislocations dans !'uranium. Ainsi les 

-0,5 ·, rupture 

·"-. t -.. 

l'!..p (fLll. em} 

Figure 1. Variation de Ia resistivite a 20 °K d'uranium recuit en 
phase y, par ecrouissage a 20 °K. £ est l'allongement relatif 

(E. Ostertag, 1964) 
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Figure 2. Variation de Ia resistivite a 77 °K d'uranium brut de 
trefilage, par irradiation a 77 °K. cp =flux de neutrons thermiques 

dislocations parfaites reagissent avec les dislocations 
de made pour creer des dislocations de Frank, immo
bilisees a !'intersection du plan de glissement et du 
plan de made, doQC rectilignes (J. Leteurtre, 1962). 
On observe de ~ombreux dipoles souvent dans Ia 
direction [001], ainsi que des boucles dans le metal 
ecroui. Le mouvement des dislocations s'accompagne 
de nombr~uses deviations par exemple du plan (ITO) 
au plan (Ill). Quant aux dislocations de made, on 
montre qu'elles doivent etre non pas des dislocations 
simples de Shockley, mais des dislocations de zone 
(J. Leteurtre, 1964), telles que les deplacements ato
niiques accompagnant le maclage interessent une zone 
d'une certaine epaisseur et non un plan. Entin une 
etude de Ia polygonisation (G. Clottes et a!., 1964) 
a montre Ia formation de reseaux par recuits a tempe
ratures comprises entre 150 et 300 °C. Ces reseaux 
avaient ete precedemment observes dans de !'uranium 
moins pur pour des recuits a plus haute temperature 
(E. Ruedl et S. Amelinckx, 1963). La resistivite elec
trique, mesuree dans l'argon liquide, diminue au cours 
de Ia polygonisation. Ces mesures permettent de deter
miner une energie d'activation qui croit de 1 a 1,5 eV 
quand 1a temperature de traitement varie de 150 a 
300 oc. 

EFFETS DE COURTES IRRADIATIONS 
SUR L'URANIUM 

En effectuant des irradiations de courte duree, on 
evite de manipuler des echantillons tres radioactifs et 
en meme temps on peut esperer comprendre mieux les 
mecanismes elementaires de Ia creation des defauts. 

Ces courtes irradiations permettent en particulier 
d'etudier Ia croissance. Ce phenomime, qui se traduit 
par un changement de forme de !'uranium, sans 
changement de volume, est maintenant clairement 
associe a Ia presence apres irradiation de boucles de 
dislocation lacunaires et interstitielles. Ces boucles 
n'ont pour vecteurs de Burgers possibles que [100] 
et t< 110 > (J. Leteurtre, 1963), ce qui corrobore bien 
les previsions' de Buckley. II est normal que Ia crois
sance soit plus forte a 77 et surtout a 20 OK qu'a plus 
haute temperature, cette derniere defavorisant Ia ger
mination des petites boucles. D'autre part tous les 
defauts d'ecrouissage peuvent faire precipiter les inter
stitiels focalises ou canalises (Ia canalisation etant 
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probablem~nt un processus important dans I' uranium): 
II est done egalement normal que Ia croissance so it ac
centuee p~r les forts ecrouissages. Si l'on tient compte 
de correctiOns dues a des textures differentes, on montre 
ql}e Ia croissance est 2 fois (a 20 oK) et 16 fois (a 
300 °K) plus accentuee dans !'uranium fortement 
ecroui qu~ ?ans l'uraniu?I recristallise (C. Weinberg 
et Y. Quere, 1962). Cec1 ne semble pas etre vrai si 
l'ecrouiss~ge est modeste (S. N. Buckley, 1961). 

La crOissance est mise aussi en evidence par des 
mesur~s .de resistance electrique dans lesquelles on 
peut d1stmguer les changements de forme et Ies varia
tions de resistivite. Ces dernieres (fig. 2) permettent 
d'avoir des informations sur les defauts de reseau. 
II est difficile de faire Ia part des defauts ponctuels des 
boucles de dislocation, des amas (par exemple z~nes 
lacunaires) mais on peut dire en gros que: 

a) Environ 50 000 paires de Frenkel subsistent dans 
le reseau a pres une fission, a 20 °K, en adoptant pour Ia 
resistivite d'une paire Ia regie de Lucasson et Walker· 

b) Le modele de Ia pointe de deplacement (J. A: 
Brinkman, 1954) s'adapte correctement au cas de 
!'uranium. Le volume total d'une pointe est d'environ 
0,9. I0-16 cm3

• II semble cependant que dans un 
volume plus grand et variable avec Ia temperature 
(quelques I0-16 cm3), les defauts ponctuels soient 
annihiles par un processus thermique (Y. Quere, 1963); 

c) Tout se passe, pour !'uranium recuit, comme si 
les boucles formees par irradiation possedaient une 
faute d'empilement, effacee quand elles atteignent un 
rayon critique par creation d'une dislocation partielle. 
On sait a ce sujet que les dislocations de !'uranium 
peuvent etre dissociees. 

GONFLEMENT DES ALLIAGES 
U-Mo EN PHASE CUBIQUE 

Les alliages uranium-mo1ybdene a 10% de Mo en 
poids, irradies a 600 °, presentent des changements de 
volume particulierement faibles, comme l'ont montre 
de nombreux auteurs (G. W. Greenwo.od, 1962; 
W. C. Hayes et B. R. Hayward, 1961; M.A. Silliman, 
1960). Nous avons confirme ces observations a Ia 
suite d'irradiations dans Ia pile EL3 d'alliages ura
ni~m-molybdene bruts de coulee a 11 ,4% de Mo en 
pmds. L'examen au microscope electronique de ces 
echantillons fait apparaitre une repartition tres regu
liere de nombreuses petites huiles (fig. 3): ce sont Ia 
les conditions d'un gonflement faible. On sait en effet 
que !'augmentation de volume du metal est d'autant 
plus reduite que les sites de precipitation sont plus 
nombreux. On constate de plus que Ia germination 
des huiles ne se produit pas completement au hasard; 
les parois de polygonisation formees dans le metal 
avant irradiation se distinguent en effet de Ia matrice 
par des huiles plus grosses qui les decorent. 

DIFFUSION DU XENON DANS L'URANIUM 
IRRADIE ET L'ALLIAGE U-Mo 

On a montre que le faible gonflement des alliages 
U-Mo (de structure cubique centree) ne pouvait etre 
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Figure 3. Alliage U-Mo irradie (x 3150) 

attribue a une reduction de Ia vitesse de diffusion des 
lacunes (Y. Adda, A. Kirianenko, 1961); il peut done 
etre dii a un abaissement des coefficients de diffusion 
des gaz de fission. L'atome de molybdene etant plus 
petit que celui d'uranium, on peut penser a priori 
qu'il a tendance a s'associer aux gros atomes de gaz 
rares pour relacher une partie des contraintes elas
tiques que ces derniers introduisent dans Ia matrice 
d'uranium (J. A. Brinkman, 1959). 

Le « complexe » ainsi forme etant moins mobile 
qu'un atome de gaz rare isole (il faudra fournir une 
energie supplementaire pour le « briser »), on doit 
done s'attendre a un abaissement des coefficients de 
diffusion des gaz de fission dans !'uranium. 

La determination des coefficients de diffusion des 
gaz rares dans les metaux est en general tres delicate 
~ar Ia. precipitation du gaz sous forme de huiles, qui 
mtervlent souvent dans les echantillons de diffusion, 
conduit a des coefficients apparents qui n'ont aucune 
signification physique (G. Brebec et a!., 1962). Pour 
eviter cette difficulte on a cherche a effectuer des expe
riences sur des echantillons contenant une concen
tration de gaz rare extremement faible: I 0 lo at.Xe/ 
at. U; on a etudie Ia diffusion du xenon 133 dans 
!'uranium et dans un alliage U-Mo a 1% en poids de 
Mo, faiblement irradies (dose inferieure a 1016 neu
tronsfcm2). La methode experimentale utilisee pour 
Ia determination des coefficients de diffusion est clas
sique (degazage sous vide des echantillons); les resul
tats obtenus sont portes dans Ia fig. 4. On remarque 
que l'energie d'activation correspondant a Ia diffusion 
du xenon dans !'uranium pur est beaucoup plus elevee 
pour Ia phase y (Q = 88 kcal/at.g) que pour Ia phase~ 
(Q = 27kcal/at.g). 

On note, de plus, qu'une faible addition de molyb
dene 0% en poids) reduit d'un facteur 100 environ 
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Ies coefficients de diffusion du xenon (tableau ci
dessous a titre d'exemple). 

Uranium pur Alliage U-Mo (1%) 

Temperature . . . 720 oc 920 oc 720 oc 920°C 
2,3.10-12 D em• s-1 . . . . . . S.to-1• 2,S.to-1o 8.10-1• 

Comme il en est probablement de meme pour Ia 
diffusion du krypton, on peut penser que le gonfle
ment de !'uranium, tout au moins pour Ia phase 
cubique, est controle par Ia diffusion des gaz de fis
sion. La comparaison entre l'energie d'activation pour 
Ia diffusion du xenon dans !'uranium y (3,83 eV fat) 
et celle correspondant au gonflement, determine par 
Greenwood (communication personnelle) (4,3 eV) 
confirme ces conclusions. 

MECANISME DE LA PRECIPITATION DES GAZ 
RARES DANS LES METAUX 

On a tout d'abord essaye de preciser les mecanismes 
de precipitation des gaz rares a partir d'alliages metal
gaz rare prepares par decharge e1ectrique. L'etude de 
ces alliages au moyen de differentes techniques 
(microscopie electronique, rayons X, resistivite a 
basse temperature) a apporte des renseignements d'un 
grand interet sur leur structure electronique (V. Levy 
eta/., 1964), mais peu de precisions sur les mecanismes 
de precipitation. L'insucces des etudes de precipitation 
etait dfi essentiellement au fait qu'il etait impossible 
dans de tels alliages de faire varier Ia concentration 
des defauts (joints de grains, dislocations) pour une 
teneur donnee de gaz rare. Les alliages aluminium
lithium (a faible teneur en Li) irradies aux neutrons 

~0 

)( 

0 

3 

1

--------

-+--Xenon 133 dans !'uranium __ -

8,5 9,5 10,5 
1/T (°K) X 104 

Figure 4. Variation du coefficient de diffusion en fonction de Ia 
temperature 
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Figure 5. Alliage AI-Li irradie a 8.1018 

nfcm, recuit a 450 oc 
Figure 6. Alliage AI-Li irradie a 8.1018 

nfcm, ecroui par laminage et recuit 
2 h a 450 ac. Aspect des bulles sur un 

Figure 7. Alliage AI-Li irradie a 8.101• 

njcm faiblement ecroui et recuit 2 h 
a 450 oc 
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Figure 8. Influence de l'ecrouissage sur le nombre, Ia taille et Ia repartition des bulles d'helium 

a) Alliage Al-Li irradie a 8.1018 n/cm recuit 2 h a 450 oC; b) Alliage Al-Li irradie a 8.1018 n/cm 
faiblement ecroui par laminage croise et recuit 2 h a 450 °C (polygonise); c) Alliage Al-Li irradie 

a 8.1018 n/cm n!duit de 50% par laminage et recuit 2 h a 450 °C 

• 

Figure 9. Uranium martele, irradie a 370 oc (X 3 500) Figure 10. Uranium brut de coulee, irradie a 450 °C (X 600) 
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no us ont ·semble etre un materiau de choix pour etu
dier le role de Ia densite et Ia repartition des defauts 
reticulaires sur Ia precipitation des gaz rares (V. Levy 
eta/., 1964). Nos essais ont porte sur un alliage AI-Li 
contenant 1% de lithium entierement en solution 
solide (enrichi a 60% en 6 Li). On sait que !'irradiation 
de 6 Li par des neutrons conduit a Ia formation 
d'helium. 

Germination des bulles 

La plupart des observations que nous avons effec
tuees sur Ia precipitation de !'helium dans l'alliage 
Al-Li semblent en accord avec les theories classiques 
de Ia germination dans les solutions solides sursatu
rees. 

Influence de Ia temperature 

Quelle que soit Ia concentration de !'helium, Ia 
precipitation s'effectue toujours aux joints de grains 
pour les temperatures les plus basses. Si Ia concen
tration est suffisamment elevee, on peut observer tous 
les types de precipitation: germination aux joints a 
basse temperature; puis, lorsque Ia temperature 
s'eleve, precipitation dans les dislocations; et enfin, 
lorsque Ia temperature est suffisamment elevee (pour 
que Ia diffusion en volume du gaz et des lacunes 
intervienne) on note une germination homogene. Aux 
temperatures elevees, tous ces types de precipitations 
peuvent etre observes a pres une duree suffisante: les 
bulles associees aux joints et aux dislocations etant 
alors formees dans les tout premiers stades sont alors 
plus grosses (fig. 5). 

Influence de Ia concentration d'helium a une tempera
ture donnee 

Lorsque Ia sursaturation en helium est faible, 
!'helium precipite sur les joints de grains, puis lorsque 
Ia concentration croit, on observe des bulles sur les 
dislocations, et enfin une germination homogene (en 
plus des 2 modes de germination precedents). 

Influence de Ia concentration des defauts (dislocations, 
joints) 

Les atomes d'helium, a cause de leur effet de taille 
ont tendance a segreger dans les joints ou les disloca
tions. Comme, de plus, aux temperatures pas trop 
elevees Ia diffusion est tres rapide dans ces defauts 
(J05 a 1010 fois pJUS grande que dans Je VOlume), il 
s'y forme rapidement des germes stables. Enfin les 
dislocations et les joints de grains pouvant jouer le 
role de sources de lacunes, il est evident qu'ils seront 
des sites preferentiels de germination. 

Pour qu'une germination homogene soit possible, 
le temps necessaire a Ia formation d'un germe stable 
devra etre inferieur a celui mis par les atomes de gaz 
rare pour atteindre les dislocations. Si !'on suppose 
par exemple que 3 atomes de gaz rare constituent un 
germe stable, un calcul simple permet d'evaluer les 
conditions de germination hom ogene: pour une con
centration donnee C d'helium, Ia distance moyenne 
entre dislocations 7, doit etre suffisamment grande, 
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par exemple pour C = 5.10-5 at.He/at.AI7)3.10 4 em 
et pour C = 4.10 4 at.Hejat.Al7)1,5.10- 5 em. 

Ces resultats sont en assez bon accord avec nos 
observations. On note, de plus, qu'il est possible de 
modifier Ia repartition des bulles en agissant sur Ia 
densite et Ia distribution des dislocations. En effet, si 
!'on introduit des reseaux de dislocations en polygo
nisant les echantillons apres irradiation (faible ecrouis
sage suivi d'un recuit a 450 °) les bulles precipitent, 
essentiellement sur les reseaux de dislocations (fig. 6, 7). 
Une telle structure reduit les chances de germina
tion homogene (ce qui n'est pas excellent pour Ia 
resistance au gonftement) mais aussi celles de Ia 
germination aux joints de grains. On peut done penser 
que si le gonftement d'un materiau est du essentielle
ment a une precipitation de bulles aux joints de grains, 
!'introduction de joints de polygonisation reduira 
peut-etre le gonflement (a titre d'exemple fig. 8a 
et 8b). 

Croissance des bulles 

II est en general difficile de separer les processus 
de germination et de croissance, cependant nos obser
vations semblent indiquer que la croissance des bulles 
est, suivant les conditions experimentales, controlee 
par la diffusion du gaz rare (en volume, dans les joints 
de grains ou dans les dislocations) ou celle des lacunes. 

De plus, no us n'avons jamais, dans nos experiences, 
pu mettre en evidence le phenomene de « migration » 
des bulles propose par Barnes pour expliquer Ia 
croissance (R. S. Barnes, 1963). Au contraire, )'ob
servation d'echantillons chauffes dans le microscope 
semble indiquer que les bulles grossissent sur place 
par diffusion dans les dislocations ou en volume. 

Diffusion en volume 

Des bulles situees au sein des grains, n'ayant pas 
de dislocation ou de joint de grain a leur voisinage 
immediat, grossissent par traitement thermique. La 
diffusion en volume du gaz ou des lacunes determine 
certainement leur croissance. On peut d'ailleurs pen
ser que, dans certains cas, Ia diffusion en volume con
tribue a Ia croissance d'une bulle, meme si celle-ci 
est situee sur une dislocation. 

Diffusion dans les dislocations 

Si l'on ecrouit fortement les alliages contenant une 
teneur elevee d'helium (reduction d'epaisseur de 
100~~ par laminage), on constate que Ia croissance des 
bulles est fortement acceleree par un recuit ulterieur 
(2 h a 450 °) (fig. 8c): Ia taille moyenne des bulles est 
de l'ordre de 2 000 A environ alors qu'elle n'est que 
de 500 A pour des echantillons identiques mais non 
ecrouis apres irradiation. Cet effet ne peut etre lie a 
un deplacement des joints de grains, car de tels echan
tillons ne recristallisent pas a des temperatures infe
rieures a 600 °. II faut noter, par contre, que Ia 
densite de dislocation s'est accrue fortement: elle 
passe de 107/cm2 a une valeur superieure a 1010jcm2, 

ce qui semble favoriser !'intercommunication des 
bulles entre elles. Cela ainsi que Ia disttibution et 
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Figure 11. Uranium trempe depuis Ia phase {3. irradie a 450 oc 
(X 3 500) 

Figure 13. Uranium trempe depuis Ia phase {3, irradie a 600 oc 
(X 350) 

Figure 15. Uranium trempe depuis Ia phase {3. irradie a 500 oc 
(X 900) 

l'aspect des bulles conduit a penser que les disloca
tions favorisent Ia redissolution du gaz contenu dans 
les petites bulles au profit des plus grosses, ce qui est 
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Figure 12. Uranium brut de coulee, irradie a 450 "C ( x 2 100) 

Figure 14. Uranium trempe depuis Ia phase {3. irradie a 600 oc 
(X 200) 

en accord avec une hypothese d'Hasiguti (R. R. Hasi
guti, N. Igata, 1962). 

Diffusion aux joints de grains 

Les bulles pn!cipitees auxjoints de grains grossissent 
plus vite que celles qui sont situees dans Ia matrice; 
cela est certainement dfi au fait que Ia diffusiO!: du 
gaz est plus rapide dans le joint que dans le volume. 
Si !'on provoque Ia recristallisation du metal (par 
ecrouissage et recuit) apres irradiation, on constate 
de plus que le deplacement du joint provoque une 
redistribution du gaz contenu dans les bulles: elles 
deviennent plus grosses et moins nombreuses. Comme 
dans le cas des dislocations, on peut penser que Ia 
presence du joint favorise Ia redissolution du gaz 
contenu dans les petites bulles au profit des plus 
grosses. 

GONFLEMENT DE L'URANIUM EN PHASE ALPHA 

Le gonflement de l'uranium en phase alpha est un 
phenomene beaucoup plus difficile a comprendre a 
cause de ('intervention de Ia croissance et de l'aniso
tropie de dilatation. 
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Dans ces conditions, Ia structure du metal avant 
irradiation ainsi que sa purete semblent jouer un role 
considerable. C'est pourquoi nos observations ont 
porte sur des echantillons de trois types: a) uranium 
trempe depuis le domaine beta (grains sensiblement 
equiaxes); b) uranium brut de coulee (gros grains); 
c) uranium martele a froid et recuit en phase alpha 
(petit grains et forte texture [010]). 

. Les temperatures d'irradiation etaient comprises 
entre 430 et 600 °C, les taux de combustion s'eta
geaient entre 1 200 et 5 500 M Wj/t. 

Irradiations a temperature comprise entre 
430 et 500 °C 

A ces temperatures, Ia croissance de l'uranium par 
irradiation qui est encore importante s'effectue sans 
provoquer de tensions internes dans !'uranium a forte 
texture recristallise a pres martelage; les differents 
grains croissant tous dans des directions voisines de 
l'axe de l'echantillon. Aussi les contraintes intergra
nulaires et les deformations dans les grains, relative
ment faibles, expliquent-elles l'aspect micrographique 
(fig. 9): pas de fissures, peu ou pas de macles, presence 
de petites bulles reparties regulierement dans les 
grains. Le gonflement dft en majeure partie aux bulles 
est dans ce cas particulierement faible: 12% pour un 
taux de combustion de 3 000 MWj/t. 

Le comportement de l'uranium brut de coulee ou 
trempe depuis Ia phase beta est tres different. A cause 
de leur cristallisation sensiblement equiaxe, Ia crois
sance et les cycles thermiques dans Ia pile provoquent 
des contraintes et des deformations importantes qui 
se traduisent surtout par un maclage des grains 
(fig. 10). Ces macles sont d'autant plus fines et plus 
nombreuses que Ia temperature d'irradiation est 
basse; leur contour est d'autant plus sinueux que 
l'echantillon est plus irradie. Aux faibles taux de 
combustion (1 000 MWj/t) les porosites ne sont 
visibles qu'au microscope electronique: elles appa
raissent sous Ia forme de petites bulles dont Ia plupart 
sont alignees sur les joints de made (fig. II). A des 
taux de combustion plus eleves (2 800 MWj/t), les 
huiles alignees le long de certains systemes de macles 
grossissent et coalescent pour former des amorces de 
fissures (fig. 12). Des aspects analogues ont ete decrits 
par R. D. Lagett, B. Mastel et J. W. Weber (1963). 
En outre, Ia matrice non maclee contient un grand 
nombre de bulles plus petites. La formation de fissures 
sur les joints de made semble Ia cause du gonflement 
considerable que l'on observe si !'irradiation se pour
suit (de l'ordre de 100% pour 5 000 MWj/t). 

Irradiations a temperature comprise entre 
575 et 600 °C 

A ces temperatures, Ia croissance de !'uranium est 
encore notable: des echantillons recristallises a pres 
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martelage a froid voient leur longueur augmenter de 
50% pour des taux de combustion de 5 000 M Wj/t. 
Les joints de grains des echantillons a cristallisation 
equiaxe sont soumis a de fortes contraintes, Ia tempe
rature est d'autre part suffisamment elevee pour que 
leur deformation par cisaillement soit possible. La 
precipitation des gaz de fission facilite considerable
ment leur rupture par un mecanisme de « cavitation » 
souvent observe dans les experiences de fluage a haute 
temperature (A. H. Cottrell, 1961); les petites bulles 
de gaz qui precipitent sur les joints de grains forment 
des amorces de cavites qui croissent par apport de 
lacunes sous l'effet des contraintes. Aussi observe
t-on dans l'uranium sans texture de larges fissures 
dans Ia plupart des joints de grains et dans certains 
joints de polygonisation (fig. 13) des 2 000 MWj/t. A 
ces temperatures, Ia deformation des grains ne se 
produit plus par maclage mais par glissement. A ces 
glissements il semble qu'on puisse associer Ia precipi
tation de bulles de gaz dans les bandes allongees qui 
apparaissent en sombre sur Ia fig. 14. Ces bandes se 
presentent au microscope electronique comme des 
zones tres riches en bulles qui traversent une matrice 
a peu pres libre de toute precipitation (fig. 15). Cette 
repartition heterogene de bulles conduit a des gonfle
ments importants de l'ordre de 15 a 20% pour 2 000 
MWj/t. La precipitation est au contraire a nouveau 
tout a fait reguliere dans les echantillons d'uranium a 
forte texture. On observe cependant !'apparition pro
gressive de Ia decobesion intergranulaire sans relation 
apparente avec les bulles; Ie gonflement est alors assez 
faible: 20% pour 5 000 MWj/t. 

CONCLUSION 

L'ensemble des problemes poses par !'irradiation 
de l'uranium requiert un affinement de nos connais
sances sur les defauts de reseau de ce metal. On est 
en particulier amene a travailler avec de !'uranium 
tres pur, a etudier les defauts ponctuels (resistivite) 
et les dislocations (microscopic electronique). 

Dans le domaine du gonflement, on peut penser 
que: 

a) La diffusion du gaz rare en volume ou dans Ies 
defauts (plans ou lineaires) joue un role important sur 
Ia croissance des bulles; 

b) Les defauts cristallins: joints de grains, parois de 
polygonisation, joints de macles, dislocations, jouent 
un role important dans Ia germination et Ia croissance 
des bulles; 

c) Certains aspects du gonflement de !'uranium 
irradie en phase alpha, comme Ia «cavitation » aux 
joints de grains, ne paraissent pas etre caracteristiques 
de Ia precipitation des gaz de fission mais plutot de Ia 
fragilisation de !'uranium so us irradiation; les bulles 
de gaz de fission ne jouent alors qu'un role d'amorce 
dans Ia fissuration intergranulaire. 
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A/62 France 

Behaviour of uranium under irradiation 

By Y. Adda et a/. 

The main results obtained in a study of the for
mation of defects caused in uranium by low-temper
ature fission are reported. By irradiating the metal 
at 20 °K it was possible to determine the number of 
Frenkel pairs produced by one fission. An analysis 
of the curves of variation in electrical resistivity 
enabled the size of the displacement spikes and the 
mechanism of defect creation resulting from fission 
to be established. Irradiation at 77 °K gave additional 
information, bringing out behaviour differences 
between recrystallised and cold-worked uranium. 

The diffusion of rare gases was studied, using 
metal-rare-gas alloys obtained by electrical discharge, 
as well as samples of irradiated uranium. Release of 
the rare gases under vacuum proceeds by simple 
diffusion only in those cases where the rare-gas con
tent is very low (very slightly irradiated uranium). 
When the concentration is higher (samples prepared 
by electrical discharge), the gas is evolved by the 
formation, growth and coalescence of bubbles; the 
apparent diffusion coefficient is then quite different 
from the true coefficient, and cannot be used in 
swelling calculations. 

The various factors governing the phenomenon of 
simple diffusion were studied. It was shown in 
particular that the addition of a small quantity of 
molybdenum could reduce the diffusion coefficient by 
a factor of 100. 

The precipitation of gas (He) in an Al-Li alloy (He) 
was studied by measuring the crystal parameter and 
the electrical resistivity, and by the examination of 
thin sections under the electron microscope. The 
important part played by dislocations in the genera
tion and growth of bubbles was demonstrated, and 
it was shown also that precipitation of bubbles on 
the dislocation lattice could inhibit the process of 
recrystallisation. 

The results of these studies were compared with 
observations on the swelling of uranium and an 
U-Mo alloy strongly irradiated between 400 and 
700 °C. 

In the case of cubic-phase alloys (U-Mo), the size 
and distribution of the bubbles are greatly influenced 
by the existence of a polygonisation lattice, formed 
before irradiation, inside the grains. During high
temperature annealing, the bubbles on the poly
gonisation lattice grow much faster than those which 
are scattered inside the crystal. 

In the case of uranium metal, the bubbles are 
either scattered at random, or grouped in flat agglo
merations that can give rise to transgranular cracks, 
according to the state of the metal and the irradiation 
temperature. At high temperature, intergranular 
decohesion is also observed. 

A/62 ttlpaHU.HR 

noeeAeHHe ypaHa nOA oonyYeHHeM 
H. AAAa et al. 

OnHcaHhl ocHOBHbie peayJibTaThi uccJie,n;oBaHHii 
o6pa30BaHHH ,n;e<fleKTOB B ypaHe no,n; ,n;eii:CTBUeM 
p,eJieHHH npH HH3KOH TeMnepaType. llyTeM o6Jiy
'leHUH npu 20° K MOJKHO npoHaBecTH KoJin'lecT
BeHHoe onpe,n;eJieHne ,n;e<fleKTa <DpeHKeJIH, Bhi3hi
BaeMoro ,n;eJieHHeM. AHaJina KpnBbiX H3MeHeHun 
3JieKTpH'IeCKOfO y,n;eJibHOfO conpoTHBJieHUH no3BO
JIHeT YCTaHOBHTh TO'IHOe pacnpOCTpaHeHHe TO'IeK 
cMei.U;eHUH ( CMei.U;eHue CnaiiKa) H MexaHH3M o6pa
aoBaHHH ,n;e<fleKTOB, o6yCJIOBJieHHhiX ,n;eJieHHeM. 
OnbiTbi no o6Jiy'leHHIO npH 77° K ,n;aJIH B03MOii\
HOCTb yTO'IHHTb n no,n;TBep,n;IITb paaJIH'IHOe noBe
,n;eHHe peKpiiCT3JIJIU30B3HHOfO II XOJIO,!I;HO,!I;e<fJopMII
pOBaHHOfO ypaHa. 

MccJie,n;oBaHa ,n;IIqwpyaHH pe,n;KIIX raaoB B cnJia
Bax MeTaJIJI - pe,n;KHM ra3, noJiy'leHHhiX C nOMO
I.U;biO 3JieKTp1I'IeCKOfO paapH,n;a, II B o6paau,ax 
o6Jiy'leHHoro ypaHa. Bhi,n;eJieHHe pe,n;KIIX raaoB B 

BaKyyMe 06'bHCHHeTCH MeXaHH3MOM npOCTOH ,n;u<fJ
tPY3HH TOJibKO npH O'leHb HH3KOM CO;:J;epmaHHII 
pe,n;Koro raaa ( CJia6oo6Jiy'leHHbiJi ypaH). ll pH Bhi
COKOM me co,n;epmaHHH raaa ( o6pa3IJ,hi, npuroToB
JieHHbie C noMOI.U;biO 3JieKTpH'IeCKOfO paapH,n;a) Bhi
)J;eJieHHe raaa npOHCXO,!I;HT nyTeM o6pa30B3HHR, 
pocTa H CJIHHHHH nyabiphKOB. B 3TOM cJiyqae Ha-
6JIIO,n;aeMbTM K03tPtPHIJ,HeHT ,n;n<fJ<flyaHII CHJihHO OT
JIH'IaeTCH OT HCTIIHHOfO K03tPtPHIJ,HeHT3 II nona
My He MO/KeT 6biTb HCnOJih30BaH npn paC'IeTaX 
paanyxaHuH. 

MccJie,n;oBaHbi paaJIH'IHbie Ko3<fJ<fluu,HeHTbi, onpe
,n;eJIHIOI.U;He npou,ecc npocToii: ,n;u<fJ<flyanH. lloKaaa
Ho, B '13CTHOCTH, 'ITO HC60Jiblli3H ,n;o6aBKa MOJIU6-
,!I;CHa MO/KCT CHH3l1Th K03tPtPHIJ,HCHT ,n;u<fJ<fJyaHH B 
100 paa. 

May'leHo ocam,n;eHue raaa B cnJiaBe aJIIOMHHHii
JIHTHii: ( fCJIHH) nyTeM H3MepeHHH napaMeTpOB 
KpHCTaJIJIIf'ICCKOM pemeTKII H YACJihHOfO 3JICKTpii
'ICCKOfO ConpoTHBJieHHH, a T3K/KC nyTeM H3y'leHHH 
TOHKHX nJiaCTHH B 3JICI\TpOHHOM MHKpOCKone. 
06HapymeHa BaJKHaH poJih ,n;ucJioKau,uii npn 
aapom,n;eHuu H pocTe nyabipbKOB. KpoMe Taro, 
noKa3aHO, 'ITO ocam,n;eHue ny3blphKOB Ha CeTKe 
J.IHCJIOKaiJ,UM MOJKeT OCT3HOBUTb npOIJ,CCC peKpHC
T3JIJIH33Il,HH. 

PeayJihTaTbi nHx HCcJie,n;oBaHHii conocTaBJieHhl 
C Ha6JIIOJ.~eHHHMH Ha,n; paanyxaHHeM ypaHa H CnJia
BOB ypaH - MOJIH6,n;eH, CIIJibHO 06Jiy'leHHhiX np11 
TeMnepaType 400-700° C. 

B cJiy'lae cnJiaBOB c xy6uqecKoii CTPYKTypoii 
(ypaH- MOJili6AeH) Ha pacnpe,n;eJieHne n paaMep 
nyahipbKOB O'ICHh BJin.HeT HaJIH'Ine BHYTPll aepeH 
CCTKH nOJillfOHH33IJ,Hll, o6pa30B3BlliCHC.H nepe,n; 
o6Jiy'ICHIICM. llpH BhiCOKOTeMnepaTypHOM OT/KJffC 
IlY3blpbKII, paCIIOJIO/KeHHhie Ha CCTKe IIOJIHfOHU-
3aWIM, pacTyT aHa'IHTeJihHO 6biCTpee, 'ICM nyaLipb
Im, Haxo,n;RI.U;HecH BHYTPH xpucTaJIJia. 
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B ypaue B 3aBHCHMOCTH OT ero <J>a3oBoro co
CTO.RHH.R H TeMnepaTypbi OOJiy'leHH.R ny3hlpbKII 
pacnpe)J,eJieHhi cJiyqaifno HJIH o6pa3yiOT nJIOCKne 
CKOnJieHlf.R, KOTOpble MOryT Bhi3BaTb oopa30BaHUe 
TpancKpncTaJIJIH'IecKnx Tpenvm. l\poMe Toro, npn 
BhiCOKoii TeMnepaType oTMe'leHo uapymeuue Mem
KPHCTaJIJIHTnoro cu;enJienuJI. 

A/62 Francia 

Comportamiento del uranio bajo Ia irradiaci6n 

por Y. Adda et a/. 

Se exponen los principales resultados obtenidos 
en el estudio de Ia formaci6n de defectos introducidos 
en el uranio por Ia fisi6n a baja temperatura. Por 
irradiaci6n a 20 °K se ha podido evaluar el numero 
de pares Frenkel producidos por cada fisi6n. El 
analisis de las curvas de variaci6n de resistividad 
electrica ha permitido precisar Ia extension de las 
espigas de desplazamiento y el mecanismo de creaci6n 
de defectos debidos a Ia fisi6n. Irradiaciones a 77 °K 
han aportado datos suplementarios e indican un 
comportamiento diferente del uranio recristalizado 
y en estado de acritud. 

Se ha estudiado Ia difusi6n de gases nobles a partir 
de aleaciones metal-gas noble obtenidas por descarga 
electrica y muestras de uranio irradiado. El despren
dimiento de gases nobles en vacio no viene definido 
por un proceso de difusi6n simple mas que en el caso 
en que la concentraci6n de gas noble sea muy baja 
(uranio irradiado muy debilmente). 

Por el contrario, cuando Ia concentraci6n en gas 
noble es mas alta (muestras preparadas por descarga 
electrica) el desprendimiento del gas se produce por 
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nucleaci6n, crecimiento y coalescencia de burbujas; 
el coeficiente de difusi6n aparente es entonces muy 
diferente del coeficiente real y no puede ser utilizado 
en calculos de hinchamiento. 

En el caso de un proceso de difusi6n simple se han 
estudiado los diferentes factores que regulan el 
fen6meno. Se ha demostrado en particular que una 
pequefia adici6n de molibdeno podria reducir el 
coeficiente de difusi6n en un factor de 100. 

Se ha seguido Ia precipitaci6n de gas en Ia aleaci6n 
Al-Li (He) mediante medida del parametro de red, 
de Ia resistividad electrica y por examen de laminas 
delgadas al microscopio electr6nico. Se ha puesto de 
manifiesto el papel importante de las dislocaciones 
sobre Ia nucleaci6n y el crecimiento de burbujas. 
Se ha demostrado ademas que Ia precipitaci6n de 
burbujas sobre Ia red de dislocaciones podia bloquear 
el desarrollo de Ia recristalizaci6n. 

Se han comparado los resultados de estos estudios 
con las observaciones efectuadas sobre el hincha
miento del uranio y de las aleaciones U-Mo irra
diadas fuertemente entre 400 y 700 °C. 

En el caso de aleaciones en fase cubica (U-Mo) 
Ia distribuci6n y el tamafio de las burbujas estan 
fuertemente influidos por Ia existencia en el interior 
de los granos de una red de poligonizaci6n formada 
antes de la irradiaci6n. En el curso de recocidos de 
alta temperatura, las burbujas situadas sobre Ia 
red de poligonizaci6n, crecen mucho mas deprisa 
que las que se distribuyen en el interior del crista!. 

En el caso del uranio, segun el estado del metal 
y Ia temperatura de irradiaci6n, las burbujas se 
encuentran repartidas al azar o agrupadas en pianos 
densos que pueden dar Iugar a fisuras transgranulares. 
A alta temperatura se observa ademas una descohesi6n 
intergranular. 
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Effet de l'irradiation neutronique sur divers combustibles 
de Ia filii~re graphite-gaz 

par M. Englander, J. Laniesse, j. Lehmann, C. Allain et H. Aubert* 

La recherche des lois qui regissent les effets de 
l'irradiation neutronique sur un materiau combustible 
ne peut se faire que sur des echantillons de petites 
dimensions pour lesquels il est possible de fixer les 
principaux facteurs chacun separement (temperature, 
contrainte, gradient thermique, etc.). Mais du fait' de 
Ia complexite de l'interaction des phenomenes entre 
eux, et de l'heterogeneite des conditions d'irradiation 
a l'interieur d'un meme element combustible, le com
portement global de celui-ci ne peut valablement 
s'apprecier que par des irradiations sur des elements 
de vraie grandeur. 

TECHNIQUES D'ESSAIS 
Les canaux disponibles des reacteurs fran~ais EL3, 

02 et 03 ont ete charges avec des elements com
bustibles experimentaux (dans lesquels la nuance 
etait differente de celle du jeu normal). La forme et les 
dimensions exterieures etaient identiques a celles des 
elements du jeu normal; par contre, les diametres 
interieurs, les enrichissements et, le cas echeant, le 
debit du fluide caloporteur pouvaient subir des modi
fications importantes. Le tableau l resume les con
ditions d'irradiation normale des elements combus
tibles formant le jeu du reacteur. On voit d'apres ce 
tableau que les irradiations sont caracterisees: 

a) Dans EL3, par une vitesse d'irradiation elevee 
sous une pression exterieure et une temperature 
faibles; 

* Commissariat a l'energie atomique. 

b) Dans 02, par une pression exterieure elevee 
(15 kgfcm2) et une temperature relativement elevee. 

Le tableau 2 donne en exemple Ia carte de tempe
ratures, en regime stationnaire, d'un element com
bustible place dans le flux maximal, en fonction de son 
enrichissement et de son epaisseur. 

Les observations apres irradiation ont ete princi
palement axees sur les deformations globales de 
I' element combustible: fleches, variations de longueur 
et de diametre. Ont ete egalement examinees et 
evaluees les deformations de surface (peau d'orange, 
excroissances) et les variations de volume et Ia struc
ture. 

ALLIAGES IRRADIES 

Le tableau 3 groupe quelques-uns des alliages 
etudies. Ils ont ete classes en deux categories: les 
alliages a faibles teneurs en elements d'addition 
(moins de 2 000 ppm) [1, 2] et Ies alliages uranium
molybdene (0,5 a 3% en poids) [3 a 7]. 

Les premiers ont un cofit en reactivite tres faible, 
mais necessitent des traitements de trempe dont les 
conditions doivent etre adaptees chaque fois a Ia 
geometrie de I' element eta Ia composition du materiau. 
Les alliages uranium-molybdene ont une microstruc
ture plus fine et plus homogene et, par ailleurs, des 
caracteristiques mecaniques elevees a haute tempe
rature, ce qui leur confere un avantage dans le cas 
d'elements tubulaires soumis a une pression externe. 

Tableau 1. Conditions d'irradiation 

Fluide caloporteur (nature) ...................... . 
Temperature de sortie ......................... . 
Pression ..................................... . 
Debit .................•..................... 

Orientation des canaux .......................... . 
Nombre de cartouches dans un canal ............. . 
Longueur du combustible ....................... . 
Diametre exterieur maximal ..................... . 
Diametre interieur ............................. . 
Taux en 235U .................................. . 
Puissance specifique maximale ................... . 
Flux de chaleur superficiel ...................... . 
Temperature point chaud U ..................... . 
Temperature point froid U ...................... . 
Nuance courante .............................. . 
Flux moyen en neutrons thermiques .... ' ......... . 

208 

EL3 

Eau lourde 
40°C 

2 kg/cm2 

2,8 kg/s 
Verticale 

4 
325 mm 
29,5 mm 
23,3 mm 

1,6% 
35 W/g 

200 W/cm2 

350°C 
240 °C 

U-Mo 2% 
5,6 x I 013 n/cm2 s 

G2-G3 

Gaz carbonique 
340°C 

15 kg/cm2 

0,7 kg/s 
Horizon tale 

28 
280mm 
31 mm 
Omm 
0,71% 

3,8 W/g 
55 Wfcm• 

60QOC 
470°C 

Sicra1 F, 
1,7 x 1013 n/cm• s 
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Tableau 2. Carte de temperatures 
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Tableau 3. Composition des alliages (% poids) 

Nuances 

U technique ... . 
Sicral F1 ..... .. 

Sicral F2 ••••••• 

U-Mo ........ . 
U-Mo ........ . 
U-Mo ........ . 
U-Mo ........ . 

Fe 

O,ot 
0,02-0,04 
0,02-0,04 

0,005 
0,005 
0,005 
0,005 

Cr 

0,002 
0,005-0,015 

0,01-0,03 

COMBUSTIBLES A FAIBLES TENEURS 

a) Uranium de purete technique, traite 
Des barreaux, diametre 31 mm, ont ete irradies 

dans G2 jusqu'a 700-800 MWj/t sans deformations 
prejudiciables. Au-deJa, Ia temperature s'etagrant 
dans le combustible, entre 450 et 550 °C, et les grains 
n'ayant pu subir qu'un affinage insuffisant, il en n!sulte 
des excroissances superficielles dangereuses. Des 
elements tubulaires ont subi dans EL3 un taux de 
combustion de 3 700 MWj/t avec des deformations 
assez faibles. II faut souligner que Ia gaine en alumi
nium des cartouches EL3 possede a Ia temperature 
de 100 °C des caracteristiques mecaniques suffisantes 
pour limiter les deformations dues a Ia croissance. 
On observe en effet que Ia peau d'orange est moins 
importante que pour les cartouches G2 possedant une 
gaine en magnesium, chaude. 

b) Sicral F1 

Ce combustible, apres trempe a I'eau a partir de 
720 °C, est constitue de grains dont Ia taille est de 
0,30 mm. Industriellement, trois modes de traitement 
thermique ont ete utilises: a) chauffage en bain de sel 
suivi d'immersion rapide dans un hac d'eau; b) chauf
fage puis trempe du barreau entier par un inducteur 
douche: c) trempe au defile par passage dans un 
inductcur puis dans un collier douche. 

11 a ~~te constate [8] que Ies combustibles trempes au 
defile ont une texture nettement plus faible et plus 
homogene que ceux traites par les deux autres metho
des. II en resulte un comportement different sous 
irradiation. 

Dans le reacteur EL3, dans une plage de tempe
rature 150-320 °C, les deformations restent faibles 
meme jusqu'a 2 500 MWjft. 

Si 

0,005 
0,005-0,015 
0,03-0,05 

0,005 
0,005 
0,005 
0,005 

AI 

0,01 
0,05-0,09 
0,07-0,09 

O,ot 
0,01 
0,01 
0,01 

Mo 

0,5-0,8 
1,1-1,3 

1,5 
2 

Dans le reacteur G2 (410-530 °C et 480-600 °C) les 
deformations sont un peu plus importantes; Ia diffe
rence de textures entre le bord et Ie centre des bar
reaux traites en bain de sel provoque, apres I 200 
MWjft, une deformation en cupule des extremites, 
(fig. I). L'examen macrographique (fig. 2) d'une 
extremite montre un grain tres deforme et perturbe 
dans les parties les plus froides (fig. 3a et b), alors 
que Ia forme des grains n'a que tres peu varie dans 
les zones Ies plus chaudes (fig. 3c et d) ou Ia croissance 
anisotrope des cristaux oc est faible. Si, par suite 
d'une incursion accidentelle, Ia temperature d'une 
zone s'est elevee temporairement au-dessus du point 
de transformation oc/~. elle presente apres refroidisse
ment une structure a grains basaltiques grossiers et 
fortement fissures (fig. 4). 

c) Sicral F2 

Ce combustible, qui contient davantage d'elements 
d'addition, necessite une trempe etagee pour assurer 
son affinage. La taille moyenne du grain est de 0,2 mm 
et l'alliage obtenu possede une resistance mecanique 
superieure a celle du Sicral F1 [2]. En outre, son 
orientation preferentielle n'est guere detectable. 

A pres irradiation dans EL3 (4 200 MWj/t a 120-
180 °C) et dans G2 (> 1 500 MWj/t a 480-600 °C), 
on n'a pas observe de deformations appreciables. 
Bien que son traitement thermique soit plus difficile 
a realiser industriellement, cet alliage a un meilleur 
comportement en pile que le Sicral F1 (fig. 5). 

COMBUSTIBLES EN ALLIAGE 
URANIUM-MOL YBDENE 

a) Alliage a 0,5% de Mo 
II est caracterise par un grain grossier de l'ordre de 

0,5 mm qui peut etre affine par une trempe etagee de 
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Figure 1. Extremite du barreau G2-Sicral F1, 1 200 MWj/t Figure 2. Macrographie de l'extremite du barreau G2-Sicral F,. 
1 200 MWjft 

Figure 3. Evolution de Ia structure entre le bord et le centre d'un barreau de Ia figure 2 

a et b: parties les plus froides; c et d: parties les plus chaudes 
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Figure 4. G2-Sicral F" passage en phase {J 

Figure 5. EL3-Sicral F2 , 4 200 MWj/t 

.. 

Figure 6. EL3-U-Mo 0.5%, 5 300 MWjft: coupe longitudinale 
d'un tube 

Figure 7. G2-U-Mo 0,5%, 3 000 MWjft, 430 "C: partie poreuse 
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Figure 8. Coupe transversale d'un barreau Gl-U-Mo 5%, 1 500 MWj/t. ~volution de Ia structure 

a: Bord, 430 °C; b: Milieu, 500 °C; 

Figure 8. c: Centre, 580 °C Figure 9. EL3-U-Mo 1%. 4 000 MWjft: zone mediane poreuse 

Figure 10. EL3-U-Mo 1,5%, 7100 MWj/t: surface externe Figure 11. Gl-U-Mo 1,5%. 5 000 MWjft: diminution du diametre 
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Ia phase ~· Des cartouches brutes de coulee et trai
tees, irradiees dans EL3 (a 250-370 °C) ont atteint 
1 500 MWj/t sans deformations. On constate cepen
dant une Iegere fleche (2 mm sur 330 mm) et des 
deformations de surface dont !'amplitude est du meme 
ordre de grandeur que Ia taille des grains (fig. 6). Des 
cartouches irradiees dans G2-G3 ont atteint 4 200 
M Wj/t (a 400-530 °C} et 3 000 M Wj/t (a 430-580 °C} 
sans presenter de fleches ou de deformations locales. 
La surface presente des irregularites d'environ 0,5 mm 
d'amplitude. Sur une coupe micrographique trans
versale d'un element irradie a 430-580 °C, on decele 
une couronne d'environ I mm de largeur, assez 
poreuse (fig. 7), qui s'etend sur toute Ia longueur de 
!'element et qui semble suivre une surface isotherme 
dont Ia temperature se situe entre 430 et 450 °C. Les 
examens micrographiques d'une coupe transversale 
du barreau montrent des deformations et des fragmen
tations des grains dont !'importance croit du centre 
au bord. La temperature maximale a laquelle est 
decelee une evolution structurale demeurant Iiee a Ia 
croissance est de l'ordre de 525 °C (fig. 8). 

b) Alii age a 1,1% de Mo 

Les alliages contenant I, I% de Mo possedent une 
microstructure a pseudo-grains IX tres fins (0, 10 mm) 
constituee par les deux phases lamellaires IX et y 
[4, 7]. Leur taux de combustion atteint 10 500 MWj/t 
dans EL3 (260-400 °C) sans qu'on observe d'autres 
defauts qu'une Iegere ovalisation: sur les surfaces 
internes et externes des tubes, on remarque de fines 
asperites qui correspondent vraisemblablement a Ia 
croissance individuelle des pseudo-grains IX. Des car
touches irradiees jusqu'a 5 500 MWj/t ne pres.:.ntent 
aucune deformation. 

Dans G2, Ia meme nuance irradiee a 430-580 "C 
jusqu'a 2 700 MWj/t, et a 400-530 "C jusqu'a 4 800 
M Wj/t ne presente aucune deformation sauf un Ieger 
allongement longitudinal de l'ordre de I%. Par 
contre, des irradiations dans EL3 a 260-600 oc jusqu'a 
4 000 MWj/t conduisent a une Iegere augmentation 
d'epaisseur de paroi, Ia surface interieure reste par
faitement lisse, Ia surface exterieure accuse une Iegere 
rugosite, mais !'element entier ne presente aucune 
deformation. Une couronne de I mm de largeur 
environ apparait a Ia mi-epaisseur de Ia paroi du tube 
(fig. 9); cette zone cylindriq ue se pro Ionge tout le 
long de !'element (comme dans le cas de Ia nuance 
a 0,5% irradiee dans G2); elle semble suivre une 
isotherme dont Ia temperature se situe entre 420 et 
450 °C et apparait poreuse et friable. 

c) Alliage a 1,5% de Mo 

Cet alliage a constitue le combustible des premiers 
jeux d'EL3, et s'est trouve irradie jusqu'a un taux 
de 4 500 MWjjt a 260-400 oc sans qu'aucune defor
mation globale n'apparaisse. Certains elements ont 
ete irradies jusqu'a 7 100 MWjjt sans montrer davan
tage de deformations (fig. 10). lrradies dans G2 a 
430-585 oc jusqu'a 4 000 MWj/t, les combustibles de 
cette nuance confirment leur excellente tenue; seuls 
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les tubes minces (4 mm d'epaisseur) irradies a 400-
530 °C jusqu'a 5 000 MWj/t subissent dans leur 
partie mediane une diminution de diametre de 10% 
(fig. II), mais ils ne presentent aucune fleche ni 
deformations de surface interieure ou exterieure. 

d) Alliages a 2 et 3% de Mo 

Des cartouches ont ete irradiees dans EL3 jusqu'a 
des taux de 4 000, 6 000 et 9 000 MWj/t sans presenter 
de deformation. 

Les observations de microstructure des alliages de 
teneurs I, I a 3% de M o irradies montrent une distor
sion importante des lamelles y dans les pseudo
grains IX, Ia courbure de ces lamelles est due a Ia 
croissance individuelle des pseudo-grains IX (fig. 12). 
A 600 °C on n'observe plus de distortion des lamelles, 
mais au contraire une spheroldisation; a cette tempe
rature, il n'y a plus de croissance. 

Figure 12. EL3-U-Mo 1,5%, 2 500 MWjft: distorsion des lamelles 

DISCUSSION 

Dans tous les alliages a faibles teneurs en elements 
d'addition, le materiau contient toujours une quantite 
importante de phase IX. Done en plus du gonftement 
on retrouvera les inconvenients de Ia phase ortho
rhombique: croissance et fragilisation excessives. Ces 
inconvenients sont plus ou moins marques suivant Ia 
nature des alliages. 

Les manipulations apres irradiation, notamment 
les usinages et prelevements, montrent que le metal 
est extremement fragile, meme apres un faible taux 
de combustion. L'observation de deformations impor
tantes sans rupture sur des elements combustibles 
dans le reacteur montre que dans certaines conditions 
(deformations Jentes SOUS flux de neUtJOns), Je metal 
possede une grande plasticite. II est necessaire d'eviter 
!'application brutale de contraintes importantes 
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Tableau 4. Mesures de densite (alliage a 1% deMo) 

Densite aprCs irradiation 

Recuit a ................... . 

Duree: 50 h .............. . 
150 h .............. . 
350 h .............. . 

Echantillon I 

17,88 

500 oc 
d 

17,88 
17,88 
17,86 

0 
0 
0,11 

(chocs, variations rapides de temperatures) qui con
duisent a une fissuration du materiau. 

Sous des pressions externes de moins de 0,2 kgjmm 2, 

Ies tubes minces (3 a 4 mm d'epaisseur) laissent appa
raitre, a Ia longue, des ovalisations et des diminutions 
de diametre. II est a remarquer que, meme dans ce 
cas, Ia pressicm du fluide caloporteur maintient par
faitement Ia gaine en contact etroit avec le corps du 
combustible. 

Les deformations peuvent etre considerablement 
diminuees par les gaines et les systemes de centrage 
des elements combustibles dans les canaux, malgre 
leur relatif manque de rigidite. 

En ce qui concerne Ia croissance, nous constatons 
que celle-ci est macroscopiquement peu apparente si 
le grain demeure suffisamment fin et ne developpe pas 
d'orientations preferentielles accentuees. Nous avons 
constate, pour les materiaux les plus susceptibles de 
presenter ces phenomenes (materiaux ayant subi Ia 
trempe directe de ~). des allongements eu raccourcis
sements de quelques pour cent et des deformations 
d'extremites. Ceci montre Ia necessite de maitriser les 
conditions de traitements thermiques de maniere 
a eviter le plus possible !'orientation preferentielle. 

Au point de vue gonflement, nos observations sur 
les alliages d'uranium irradies sous forme d'elements 
combustibles de vraie grandeur nous ont montre 
que ceux-ci n'accusent qu'une faible tendance a se 
gonfler. 

Des mesures de densite sur les alii ages a I~~ Mo 
irradies jusqu'a 10 500 MWjjt ont montre un accrois
sement de volume de 3,2%, valeur qui correspond 
approximativement au volume des produits de 
fission sol ides pour un taux de combustion de I%. 
Des recuits a 450, 500, 550, 600, 700 et 725 °C ont 
ete effectues successivement sur des echantillons 
preleves sur cet element. Les durees des recuits 
etaient de 50, 150 et 350 heures. Le tableau 4 et Ia 
fig. 13 montrent Ia variation de volume en fonction 
de Ia temperature de recuit; jusqu'a 550 oe, les recuits 

Echantillon 2 

17,93 

550"C 

d ~V% 
---v;:-

17,80 0,77 
17,78 0,85 
17,76 0,99 

~P% 

at% t.e. 

Echantillon 3 

17,95 

600 oc 
-----~--

d 

17,56 
17,46 
17,39 

~V% 

2,22 
2,79 
3,24 

P"% 
lOr----r--~--T-,_---r----~-,-+----

oc+y (3+y y 

0 
,_I._) T mperature 

SOQ 600 700 

Figure 13. EL3-U-Mo 1%, 10 500 MWj/t: variation de Ia densite 
en fonction de Ia temperature de recuit 

n'apportent qu'une variation de volume supple
mentaire negligeable; apres recuit a 600 et 700 °C, 
Ia variation de volume atteint environ 3%; a 725 °C, 
elle devient tres importante, l'alliage etant constitue 
a cette temperature par une forte proportion de 
phase y. 

Des mesures de densite faites sur l'alliage a I ,5% 
de Mo, irradie dans G2 jusqu'a 3 500 MWj/t, ont 
montre un accroissement de volume de 2, I~~· Les 
recuits isothermes ont ete effectues sur quatre echan
tillons distincts aux temperatures respectives de 500, 
550, 600 et 650 °C pendant 200 heures. Les variations 
de volume sont reportees dans le tableau 5. 

Tableau 5. Mesures de densite (alliage a 1,5% de Mo) 

Temperature Densite avant Densite a pres 
J. v ("/) Echantillon de recuit recuit ft!CUit v .• 

("C) (g/cm') (g/cm') (I 

N"2 500 18,08 18,00 0,44 
N"1 550 18,06 17,91 0,84 
N°3 600 18,07 17,72 1,97 
N"4 650 18,04 17,64 2,28 
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A pres recuit a 600 °C, l'accroissement de volume de 
l'alliage a l% de Mo, lO 500 MWjjt, et de l'alliage 
a 0,5% de Mo, 3 500 MWjft, demeure faible et equi
valent, respectivement 7,25 et 4%. Cependant, il n'est 
pas certain qu'un recuit sur echantillon irradie a basse 
temperature apporte le meme accroissement qu'une 
irradiation directe a une temperature equivalente a 
celle du recuit. 

Par contre, pour l'alliage a I, l% de Mo irradie a 
260-600 oc (4 000 MWj/t), Ia densite s'est abaissee de 
10%. Cet accroissement de volume s'est trouve 
localise non vers Ia paroi interne Ia plus chaude mais 
a mi-epaisseur; cette zone mediane est le siege d'un 
phenomene de cavitation correspondant a !'appa
rition de porosites de grandes dimensions. Le volume 
des porosites est tel qu'il est difficile de l'attribuer aux 
seuls gaz de fission; il est probable que ce phenomene 
soit dfi a une interaction de Ia croissance et de !'accu
mulation de ces gaz. La temperature critique de 420-
450 °C correspond au maximum d'accroissement de 
volume mis en evidence par Granata et Saraceno [10] 
d'apres les resultats de Pugh [II]. Jusqu'a maintenant, 
nous n'avons pas observe ce phenomene sur les 
alliages a faibles teneurs, mais des essais sont en 
cours pour etablir une comparaison. 

CONCLUSION 

Des elements combustibles constitues par des 
alliages d'uranium de compositions et de structures 
tres differentes ont ete irradies dans un domaine de 
temperatures relativement large: 150-600 °C. 

De !'ensemble des resu\tats, on peut tirer diffe
rentes conclusions: 

I. Les deformations du combustible, et speciale
ment les deformations de surface, sont limitees p~r 
l'effet de retreint dfi a une gaine, de resistance meca
nique meme faible. 

2. Les deformations de surface liees a Ia croissance 
sont pratiquement inexistantes lorsque Ia taille des 
grains est inferieure a 0,2 mm. Une taille de grain de 
l'ordre de 0,5 mm permet d'atteindre sans deformation 
dangereuse des taux de combustion de 2 000 a 5 000 
MWj/t, suivant le type de reacteur. 

3. La temperature a laquelle Ia croissance devient 
faible est voisine de 525 °C; elle semble independante 
de Ia nature de l'alliage. 

4. Les orientations preferentielles induites lors du 
traitement thermique des elements peuvent conduire 
a des allongements, · raccourcissements et deforma
tions d'extremites genants. 

5. II n'a pas ete constate de gonftement genant au 
cours de ces essais sur elements combustibles. 

6. Sous irradiation, les materiaux combustibles 
peuvent subir des deformations importantes sans 
rupture (aplatissement de tubes), alors qu'apres leur 
sortie de pile its accusent une grande fragilite. 

7. Pour aucun alliage il n'a ete observe de grossis
sement de grain, meme lorsque Ia temperature d'irra
diation a atteint 600 "C. 
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Les essais d'irradiation ont montre que pour les 
piles fonctionnant avec de !'uranium metallique, a des 
temperatures inferieures ou egales a 600 °C, il est 
possible d'atteindre des taux d'irradiation eleves, 
compatibles avec !'utilisation economique de !'ura
nium naturel. 

Plusieurs alliages, differents par leurs tailles de 
grains, leurs proprietes mecaniques, leurs modes 
d'elaboration, sont utilisables. La determination du 
materiau le plus convenable pour un reacteur depend 
principalement de Ia forme de !'element, de Ia tem
perature et des · contraintes externes qui lui sont 
appliquees. 

Les alliages a faibles teneurs, traites thermique
ment, peuvent etre avantageusement utilises pour des 
elements combustibles de forme simple soumis a des 
contraintes faibles (barreaux) [12]. 

Les alliages d'uranium-molybdene presentent par 
rapport aux precedents l'avantage de ne pas neces
siter de trempe a partir de Ia phase ~. qui risquerait de 
leur communiquer certaines textures d'orientation. 
Leur haute resistance mecanique a temperature 
elevee les destine particulierement a une utilisation 
sous forme de tubes soumis a une forte pression 
exterieure. 
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ABSTRACT -RESUME-AHHOTA~ll1.si-RESUMEN 

A/97 France 

The effect of neutron irradiation on certain 
fuels used in gas-graphite type reactors 

By M. Englander et at. 

The behaviour of natural-uranium fuels in the 
shape of rods and tubes after irradiation in several 
French reactors was studied. 

Two categories of uranium alloys were investigated: 
alloys containing from 0.5% to 3% by weight of 
molybdenum; and alloys obtained by the addition 
to nuclear-purity uranium of less than I 500 ppm of 
elements such as iron, aluminium, chromium. and 
silicon in the metallic state. 

The tests were carried out on two types of fuel 
element: one canned with a magnesium alloy and 
cooled by carbon dioxide under pressure (in French 
reactors G2 and G3), the other canned with aluminium 
and cooled by heavy water (in the EL3 reactor). 
Each of these elements had the same outside form as 
the standard elements used in the reactors, but the 
enrichment and thickness of the fuel were adjusted 
to meet widely differing irradiation conditions. 

The post-irradiation examinations described in the 
paper involved techniques of metrology, radiography 
and density measurements before and after isochronic 
annealing, as well as macrographs or optical and 
electronic micrographs. 

The experimental results obtained reflect the changes 
in the internal and external structures of the full-size 
fuel elements; they are discussed in terms of the 
combined effects of pressure, temperature and burn
up on the morphological state, on the isotropy and 
on the mechanical characteristics of the initial 
polycrystalline aggregate. 

An analysis of the results makes it possible to 
deduce the various advantages of un-enriched metallic 
fuels designed to operate with a hot-point of around 
600 "C in reactors of the gas-graphite type, and for a 
length of time corresponding to an output of 4 500 
MWd/t. 

A/97 ttlpaHLVtR 

BnHHHHe Hel1rpoHHoro o6ny4eHHH paa
nH4HbiX BHAOB ronnHsa a raao-rpalfJH
TOBbiX peaKTOpax 

M. SHrnaHAep et al. 

CnoiicTBa pa3JIH'IHhlx Bll,li,OB ypaHonoro TOllJIII
Ba, 113fOTOBJieHHLIX B «J>opMe CTepameii II Tpy6oK, 
6LIJIII IICCJie,li,OBaHLI llOCJie 06Jiy'leHII11 IIX B pa3-
JIII'IHLIX «J>paHD;Y3CKIIX peaKTOpaX. 

TaKIIM MeTO,li,OM 6LIJIII nccJie,ll,oBaHLI ,li,Ba Tllrra 
CllJiaBOB ypaHa: CUJiaBLI, CO,ll,epmaiiJ;He OT 0,5 iW 
3 Bee. % MOJIII6,!1,eHa, II CllJiaBLl, IIOJiyqeHHLie B 
peayJILTaTe ,ll,o6aBJieHII11 K ypaHy H,ll,epHoii qacTo-

TLI He 6onee 1,5% MeTaJIJioB, TaKIIX, KaK meneao, 
aJIIOMIIHHH, XpOM H KpeMHIIH. 

Mccne,ll,oBaHHH, npoBO,li,IIJIHCL Ha ,li,Byx TenJIOBhi
AeJIHIOIIJ;HX 3JieMeHTaX: O,li,HII B o60JIO'IKe H3 CIIJia
Ba MarHIIH H ·oxnam,ll,eHHhle cmaTLIM yrneKHCJihiM 
raaoM (B peaKTopax G-2, G-3), ,!1,pyr11e B o6oJIO'l
Ke 113 aJIIOMIIHHH If OXJiam,ll,eHHhiC THlliCJIOH BOl];Oii 
(B peaKTope EL-3). BuemHHH reoMeTpllqecKaH 

«J!opMa 3THX 3JieMeHTOB He OTJIH'laCTCH OT tf>opMLI 
06hi'IHLIX 3JICMCHTOB 3THX peaKTOpOB, HO K03tPtPH
D;IICHT o6oraiiJ;CHHH II TOJIIIJ;HHa TCIIJIOBhl,li,CJIHIOIIJ;HX 
3JICMCHTOB 6LIJIII 113MCHCHhl ,li,JIH TOrO, 'IT06hl B 
CJiyqae Heo6XO,li,IIMOCTII IIOJIY'IIITh pa3JIII'IHLie yc
JIOBH11 06Jiy'leHIIH. 

McrrLITaHIIH MaTepHaJioB rrocne o6Jiy'leHHH rrpo
BO,li,HJIIICL C IIOMOIIJ;hiO CJIC,li,YIOIIJ;HX MCTO,li,OB: MeT
pOJIOrllll, pa,li,IIOrpatPIIII, 113MepeHII11 IIJIOTHOCTII ,!1,0 
II IIOCJie II30XpOHHOrO o6m11ra, a TaKme C llOMO
IIJ;LIO MaKpO- IIJIII MHKporpatf>H'ICCKIIX, OIITII'ICCKJIX 
II 3JICKTpOHHLIX MeTO,li,OB. 

floJiy'leHHLIC peayJILTaTLI liCCJICl);OBaHIIH rOBO
pHT o6 113MeneHIIII BHyTpenHero n Bnemuero cTpo
enll11 TCIIJIOBhl,li,CJIHIOIIJ;IIX 3JICMeHTOB; o6cym,ll,aJIOCh 
BJIIIHnne o6Jiy'leHIIH B pa3JIII'IHLIX ycJIOBUHX ,ll,aB
JieHHH, TCMIIepaTypLI If rJiy6HHbl BLiropaHHH Ha 
MOPtPOJIOflflJCCKOe COCTOHHHC, 1130TpOIIHIO ll MCXa
IIH'l~CKHe CBOiiCTBa rrepBOHa'laJILHOfO llOJIUKpU
CTaJIJIIf'ICCKOrO MaTCpllaJia. 

AHanua noJiy'leHHLix peayJILTaTOB noaBOJIHeT 
C)l;eJiaTh BLIBO,ll, 0 pa3JIIIlJHLIX npeHMYIIJ;CCTBaX 
MeTaJIJIII'lecKoro Heo6oraiiJ;eHHoro TOIIJIIIBa, npep:
uaaHa'leHHoro p:JIH pa6oThi B peaKTopax c rpatf>nTo
BhiM 3aMC,li,JIIITCJICM II ra3o0'6pa3HLIM TCilJIOHOCIITC
JICM npH TeMnepaType 6nuaKoii K 600° C B Teqeune 
BpeMCHH, HC06XO)l;JfMOI'O )l;JIH )l;OCTlllliCHIIH Bhl
ropaHUH auepmH B paaMepe 4500 Mre · cyr~>u/r. 

Af97 Francia 

Efectos de Ia irradiaci6n neutr6nica sobre 
varios combustibles del sistema grafito-gas 

por M. Englander et at. 

El comportamiento de los combustibles, a base de 
uranio natural, en forma de barras y tubos, se ha 
examinado despues de irradiacion en varios reactores 
franceses. 

Se han estudiado dos tipos de aleaciones de urania: 
por un lado, una con contenidos de molibdeno en 
peso de 0,5 a 3~~; y por otro, otras obtenidas adicio
nando al urania nuclearmente puro contenidos infe
riores a I 500 ppm de elementos metalicos tales 
como hierro, aluminio, cromo y silicio. 

Las experiencias se han realizado con dos tipos 
de elementos, uno de ellos con vainas de aleaciones 
de magnesia refrigerados por gas carbonico a presion 
(caso de G2 y G3), otros con vainas de aluminio y 
refrigerados por agua pesada (caso del EL3). Todos 
los elementos tenian Ia misma geometria exterior 
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que e1 juego de elementos normales de estos reactores, 
pero el enriquecimiento y el espesor del combustible 
fue adaptado para obtener condiciones de irradiacion 
diferentes. 

Los examenes post-irradiacion que se describen, 
han necesitado tecnicas de metrologia, radiografia, 
medidas de densidad antes y despues de recocidos 
isocronos, asi como de macrografia o micrografia 
optica y electronica. 

Los resultados experimentales asi obtenidos mues
tran Ia evolucion de Ia estructura interna y externa 
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del combustible a plena escala; se discuten en funcion 
de los efectos combinados de Ia presion, Ia tempe
ratura y el quemado sobre el estado morfologico, 
sobre Ia isotropia y sobre las caracteristicas meca
nicas del agregado policristalino inicial. 

El analisis de los resultados hace posible deducir 
varias ventajas de un combustible metalico no enri
quecido destinado a funcionar con un punto caliente 
proximo a los 600 °C en reactores del sistema grafito
gas, durante un periodo de funcionamiento corres
pondiente a una liberacion de energia de 4 500 MWd/t. 
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The irradiation behaviour of uranium and uranium alloy 
fuels 

By R. S. Barnes, R. G. Bellamy, B. R. Butcher and P. G. Mardon* 

The UK nuclear power programe involves the 
construction by 1969 of "Magnox" reactors fuelled 
with metallic uranium which will produce nearly 
5 000 MW of electricity. The economics of this 
system have been assessed on a target mean fuel 
irradiation of 3 000. MWdjt, to which the swelling 
behaviour of unalloyed uranium originally seemed 
a possible limitation. Thus there has been an incentive 
to continue work on metallic fuels to ensure and 
extend the mean fuel endurance. At Harwell, the 
swelling behaviour of uranium and uranium alloys 
has been studied after irradiation in sodium-filled 
capsules, by investigating their physical metallurgy, 
and by fundamental studies of the behaviour of 
inert gase!l in various metals. It is believed that 
significant advances in the understanding and control 
of the swelling process have been made since earlier 
investigations and interpretations were summarised 
at the last Geneva Conference [1]. 

BASIC MECHANISMS OF GROWTH AND 
SWELLING 

Irradiation growth 
During irradiation below about 500 °C a uranium 

crystal extends in the <010> direction and contracts 
in the <100> direction with no change in volume. 
Polycrystalline uranium with a preferred orientation 
thus changes its shape during irradiation. It has been 
proposed that this growth results from the large 
number of vacancies and interstitials created by the 
passage of a fission fragment through the crystal. 
Above about 500 °C self-diffusion is sufficiently 
rapid for these point defects to be annihilated, but 
at lower temperatures they aggregate into flat mono
layer plates which can be observed by transmission 
electron microscopy [2]. Stresses due to anisotropic 
thermal expansion in the fission spike force the 
vacancies and interstitials to aggregate on different 
crystal planes [3]. Elongation, which is due to inter
stitial clusters, is therefore in the direction of minimum 
thermal expansion, <010>, and contraction, which 
is due to collapsed vacancy clusters, is in the direction 
of maximum thermal expansion, < 100 >. This 
correlation of the direction of irradiation growth 
with the direction of minimum thermal expansion 
has been observed in other anisotropic lattices [3], 

* UKAEA, Atomic Energy Research Establishment, Harwell, 
Berkshire. 
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and measurements of total dislocation loop areas 
in irradiated uranium are in approximate agreement 
with the growth observed [2]. 

Buckley [3] predicts that as the fission rate in
creases there will be proportionately less mutual 
annihilation; the temperature at which irradiation 
growth becomes negligible should therefore also 
increase with increasing fission rate. 

This mechanism suggests no simple way to eliminate 
the basic growth process and the remedy for changes 
in shape is sought in producing uranium of small 
grain size and minimum total preferred orientation. 

Gaseous fission product swelling 

Irradiation swelling is a net volume increase due 
chiefly to the gaseous fission products xenon and 
krypton which at reactor operating temperatures 
tend to precipitate to form gas bubbles. The gas 
pressure in these bubbles decreases as their radius 
increases, so that as the bubbles enlarge the rate 
of volume increase shows a greater than linear 
dependence on the rate of gas generation [4]. Any 
reduction in the number of bubbles enhances this 
effect lmd · eventually breakaway swelling occurs 
when the gas bubbles become an appreciable fraction 
of the total volume with eventual coalescence to 
form inter-connected bubbles; most of the gas is then 
released from the metal. Three forms of breakaway 
swelling can be distinguished: (a) breakaway in the 
matrix; (b) breakaway at the grain boundaries which 
trap some of the gas and where larger bubbles form; 
and (c) an enhanced grain boundary swelling effect 
which occurs at intermediate temperatures and is 
believed to be associated with irradiation growth. 

The inert gases are extremely insoluble in solids; 
xenon and krypton atoms formed by fission rapidly 
supersaturate the uranium and precipitate to form 
embryo gas bubbles on any suitable nuclei, e.g., 
point defect clusters and dislocation lines. Above 
500 oc in alpha-phase uranium there are few point 
defect clusters and nucleation will occur primarily 
on dislocation lines, grain boundaries and twin 
boundaries. There is the additional possibility that 
the gas nucleates "homogeneously", i.e. by the 
association of gas atoms colliding during random 
walk diffusion. 

Since swelling is least when the gas pressure is 
high, i.e., when the bubbles are small, swelling would 
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be reduced by increasing the number. of heterogeneous 
nuclei if there was no subsequent coarsening. The 
gas bubbles can grow only when vacancies are avail
able [5]; these are plentiful above about 450 °C 
but a more important limitation to bubble growth 
is the ability of the gas to redistribute within the 
metal. 

A gas bubble can migrate through the crystal by 
the surface diffusion of the metal atoms from the 
leading to the trailing edge of the bubble. A driving 
force would cause a more rapid migration than 
Brownian motion alone. Barnes and Mazey [6] 
have observed movement of helium bubbles in 
copper foils by pulse-annealing in the electron 
microscope; the driving force in this instance arose 
from the large thermal gradient produced during 
the pulse heating. The measured bubble velocities (v) 
agreed with those calculated from the known surface 
coefficient (Ds) [7] and the formula 

v = _1_ Ds (~ \4 F 
81t kT r / 

where a0 is the lattice parameter of a f.c.c. crystal 
and F the driving force on a bubble, radius r; k is 
Boltzmann's constant and Tthe absolute temperature. 
F in this instance was proportional to the volume 
of the bubble and produced observed bubble velocities 
which were inversely proportional to their radii. 

The bubbles were observed to move within 100 A 
of the surface of the foil and to remain close to 
other bubbles with no observable alteration in size. 
Even when a dislocation line joined bubbles to the 
free surface or to one another, there was no detectable 
leakage of gas. It was concluded that the bubble 
coarsening processes proposed by other workers in 
which inert gas atoms redissolve and diffuse singly 
from one bubble to another did not take place in 
this instance even at about 800 °C or when there 
were dislocations to assist such diffusion. 

Barnes and Mazey observed that when bubbles 
came into actual contact coalescence occurred and 
the surface area of the combined bubble was equal 
to the sum of the surface areas of the combining 
bubbles, i.e. there was a net volume increase. This 
is a necessary consequence if the pressure (p) in the 
bubble is inversely proportional to the bubble radius 
(r) as it is if the surface energy restraint is balanced 

by the gas pressure (p = ~) and demonstrates 
r 

the importance of retaining the gas in a large number 
of small bubbles if swelling is to be minimized. The 
rapidity with which this equilibrium was attained 
illustrates that vacancies were readily available at 
these temperatures (about 800 °C). 

The very large temperature gradients which pro
duced bubble movement in the pulse-annealed copper 
foil do not exist in the uranium fuel element, but 
Barnes [8] has postulated that stressed dislocations 
can provide a suitable driving force. A model has 

~v 
been constructed in which swelling (--) results v 
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from the coalescence of bubbles migrating under a 
driving force F and 

~v 3''• 
for post-irradiation annealing ---v- = 

4
1t.1• kTao 

(~)''• (D8Ft)'l•; and for continuous irradiation 
y ., . 

~ V 3 • m ,1 )'I 'I -- = -
4 

,1 kTao (-) • (DsF lnt • t ' v 1t' y 
where m = number of gas atoms per cm3 of metal 

m = rate of formation of gas atoms 
y = surface tension of metal 
t = irradiation time. 

The model agrees with experiments on the post
irradiation annealing of copper containing helium, 
but cannot be adequately tested in the case of uranium 
as nothing is known of its surface diffusion coefficient 
which, it is suggested, is the dominant physical 
material constant determining swelling. 

Grain boundaries, like dislocation lines, will tend 
to adhere to gas bubbles because this lowers the 
total surface energy. The bubble migration will then 
be restricted to the boundary surface and coalescence 
and ultimately breakaway is likely to occur more 
readily than in the matrix. A moving grain boundary, 
like a moving dislocation, will also tend to drag 
the bubbles and owing to the greater binding force 
the grain boundary will be able to drag very much 
larger bubbles than a dislocation. If the grain boun
daries move, i.e., if recrystallization or grain growth 
occurs, small bubbles in the matrix will be swept 
and will undergo rapid coalescence. This effect has 
been observed by Barnes [9] in copper. However, 
it is not believed that severe swelling in alpha-phas') 
uranium is always associated with recrystallization, 
as Loomis and Pracht suggested [10], but certainly 
recrystallization should be avoided. 

On the basis of this model, therefore, the numbers 
of gas bubbles will be kept to a maximum and swelling 
to a minimum by preventing their migration. 

SWELLING OF URANIUM AND URANIUM ALLOYS 

Swelling of pure uranium 

Very pure uranium, prepared by fused salt electro
lysis, was irradiated in sodium-filled capsules in a 
DIDO-type materials testing reactor. The results, 
summarised in Table 1 and Fig. I, show that the 
volume increases were considerable at quite low 
burn-ups, e.g., 16% at 550 MWdjt. Of two casts 
irradiated, the least pure (cast 2) consistently showed 
the lowest volume increases (Fig. 1). 

The effects of minor alloying additions and impurities 

The effects on the volume increase of small additions 
of iron, aluminium, carbon, chromium, molybdenum, 
titanium and niobium were studied by irradiation 
tests at 500-650 °C in sodium-filled capsules and the 
results are summarised in Table 2. Carbon, which 
is present in most commercial uranium in amounts 
of 300-1 000 ppm, had a marked effect in reducing vol
ume increases, confirming post-irradiation annealing 
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Table 1. Irradiation data on uranium of varying iron, aluminium and carbon content. 
Beta-quenched and alpha-annealed unless otherwise stated 

Composition (ppm) Average Fission rate Burn-up Volume 
irradiation (MWd/t) (MWd/t) increase 

Fe AI c (•C) (%) 

19 15 37 505 6.2 2000 74.1 
78 65 925 8.8 

280 750 40 3.4 
290 740 900 2.1 
40 25 740 565 24 I 670 7.1 

270 25 725 8.9 
45 540 900 1.0 

310 570 615 0.3 
40 25 740 590 58 4100 5.3 

270 25 725 3.4 
45 540 900 3.6 

310 570 615 2.7 
40 25 740 490 65 4 500 165· 

270 25 725 19.2 
45 540 900 3.8 

310 570 615 7.1 
310" 570 615 575 38 2 700 11.3 

• Gamma-annealed. 

75 t ~ Table 2. Uranium with minor alloying additions irra-
X diated at 500-650 oc 

70 X Composition (ppm) Burn-up Volume 
(MWd/t) increase 

Fe AI c Cr Ti Nb Mo (%) 

65 
18 37 47 2000 46.5 
15 13 45 980 88.1 

60 15 21 28 520 2000 29.2 
6 7 50 II 900 14.0 

55 300 440 1000 4300 20.2 
200 350 1 950 24.2 

UJ 50 
Vl observations made by Loomis and Pracht [10]. <( 
UJ Chromium had no effect, while iron, titanium and ~ 
u niobium, which were studied only in uranium con-z 
UJ 

taining carbon, had no effect which could not be 
::::;:: attributed to the carbon. Molybdenum had a bene-
::::> ficial effect, 3 at. % Mo being approximately equi-_J 
0 X valent to 600 ppm carbon. With both pure uranium > 
1- and uranium containing carbon only, the volume 
z + 
UJ 0 increase appeared to be less at high fission rates, 
u + (e.g., Table 1). 
~ + The greatest individual effect in reducing swelling UJ 

" [L 

" was produced by 400-1 200 ppm aluminium, and 
" + this was slightly enhanced by the presence of about 

" 

+ 
Figure 1. Volume increases in uranium with no added aluminium 8 

• t 3 irradiated at 500-650 •c. Curves for high purity uranium, 
+ U-6 at.% Mo and adjusted uranium superimposed. e: US results, 

* ++ 
" + 4 direct irradiation; C!): US results, post-irradiation annealing; 

x : AERE results, direct irradiation, 30-90 ppm carbon; +: AERE 

1000 2000 3000 4000 5000 7000 
results, direct irradiation, 300-1 000 ppm carbon; Curve I: High 

6000 purity uranium, cast I; Curve 2: High purity uranium, cast 2; 
BURN-UP MWd/t Curve 3: U-6 at.% Mo; Curve 4: Adjusted uranium 
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300 ppm iron and 600 ppm carbon [11, 12]. However, 
to produce this effect it was necessary to quench 
the uranium from the beta phase and subsequently 
anneal it in the alpha phase. In this condition the 
fractional volume increases were remarkably small 
and unaffected by fission rate and can be summarised 
by the equation: 

~v V = 7 X I0-8 B'l, + 2.6 X I0-6 B + 0.0018 

where B is the burn-up in MWd/t. 
Uranium of this composition and heat treatment 

is the standard UKAEA Springfields factory produce, 
known as adjusted uranium; the purpose of the 
composition and heat treatment is to refine the grain 
size and reduce the overall preferred orientation 
and thus to minimise irradiation growth effects. 
This same uranium has exceptionally good resistance 
to swelling. 

The structure and swelling resistance of adjusted 
uranium 

When adjusted uranium is held in the beta phase 
most of the particles of the intermetallic compound 
UA1 2 and all the particles of U6Fe precipitated 
during casting are redissolved; Dixon and Fern [13] 
have shown that the' fifteen second heating involved 
in the factory process of traverse quenching is suf
ficient to dissolve much of the precipitate. During 
quenching the aluminium and iron are retained in 
solution, and during alpha~annealing are re-precipi
tated as fine particles at the grain boundaries and 
within the grains. The importance of both composition 
and heat treatment in promoting swelling resistance 
suggests that these finely dispersed precipitates are 
responsible rather than aluminium atoms in solution. 
This view has been supported by electron microscope 
studies [14] which have shown that in the uranium
aluminium and uranium-iron-aluminium alloys 
quenching and annealing produced a fine intra
granular and intergranular dispersion of UA1 2 

particles, 50-IOOA diameter and possibly with some 
iron in substitutional solid solution, while in the 
uranium-iron alloy, i.e. the composition showing 
low swelling resistance, the precipitates were coarse 
and mainly intergranular. 

Electron microscopy shows that, as expected, the 
fission gas bubbles in irradiated adjusted uranium 
are very much larger in number and smaller in size 
than those in pure uranium (Figs. 2 and 3). The 
swelling resistance· of the adjusted uranium might 
result either from the nucleation of increased numbers 
of fission gas bubbles, when each bubble will be 
associated with a precipitated particle, or from the 
anchoring of bubbles by the particles so that migration 
and coalescence cannot take place, when only a 
small proportion of the bubbles need be associated 
with precipitates to anchor all the bubbles which lie 
on dislocation networks. Hudson [15], using transmis
sion electron microscopy, has not observed precipi
tates associated with the majority of the bubbles, 
which favours the latter explanation. 
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Figure 2. Replica of high purity uranium irradiated to 550 MWd/t 
at 500 oc ( x 6 000) 

figure 3. Replica of adjusted uranium irradiated to 4100 MWd/t 
at 590 oc ( x 6 000) 

The effects of thermal cycling 

It is known that thermal cycling of uranium, 
which is very anisotropic, induces internal stresses, 
.particularly at the grain boundaries. These stresses 
might encourage bubble migration and would enlarge 
the bubbles, particularly those at the grain boundaries, 
increasing the swelling. 

Adjusted uranium has been irradiated under 
thermal cycling conditions covering the range expected 
in commercial Magnox reactors with no significant 
effect on volume increase (Fig. 4) whereas uranium 
with no aluminium additions has shown a greater 
volume increase when thermally cycled. These results 
support the precipitated particle hypothesis, suggesting 
that in adjusted uranium the bubbles are anchored 
and cannot be swept by moving dislocations, even 
in their highly strained condition. 
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Figure 4. Effect of simulated Magnox reactor thermal cycling on 
the volume increase of adjusted uranium under irradiation at 
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Enhanced grain boundary swelling 

Capsule irradiation tests at high fission rates 
(above 15 MW/t) over a range of temperatures in 
the alpha phase have shown that the volume increase 
of uranium is greatest, not at the highest temperatures 
where higher diffusion coefficients . should apply, 
but at a temperature between 400 and 500 °C (Fig. 5). 
This maximum swelling is associated with the appear
ance of ragged holes at the grain boundaries [12] 
and gives rise to breakaway swelling at about 3 000 
MWd/t in uranium containing about 600 ppm 
carbon but with no added aluminium and at about 
5 000 MWd/t in adjusted uranium (Fig. 6). This 
effect has not been observed at low ratings (about 
4 MW /t) and is therefore not important in the 
Magnox reactors [17]. 

At high fission rates it has been observed that, 
as predicted by Buckley, irradiation growth effects 
persist to a much higher temperature, e.g., surface 
wrinkling has been observed at 80 MW/t and 570 °C. 
It is suggested that at these higher fission rates 
growth stresses persist to temperatures above the 
equi-cohesive temperature in uranium and are 
accommodated not by plastic deformation of the 
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Figure 6. Volume increases in uranium irradiated at 400-500 oc 
and fission rates above 15 MWft. @;Adjusted uranium AERE; 
e: Uranium with no added aluminium, AERE; X: 1, 2, and 3 wt% 

uranium-molybdenum alloys, CEA 
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grain but by grain boundary sliding and cavitation; 
this is enhanced by fission gas trapped at the boundary 
and increased swelling follows. 

The superior resistance of adjusted uranium to this 
form of swelling may in the first instance be due to 
a finer grain size and improved mechanical properties, 
so that a larger growth stress and therefore burn-up 
is needed to exceed the grain boundary yield stress. 
Subsequently, its resistance to gas bubble movement 
and growth are of importance in that gas bubble 
migration to the grain boundary is limited. 

Uranium-molybdenum and uranium-plutonium-molyb-
denum alloys 

U-6 at. % Mo alloys were considered as potential 
Magnox fuels (despite the high neutron absorption 
and chemical processing penalties), when greater 
difficulty with growth and swelling was anticipated 
than has proved the case. The growth and swelling 
behaviour of this alloy in four heat-treated conditions 
has been studied in capsule irradiation experiments 
at 200~250 °C and 550-600 °C. Irradiation growth 
effects were very small as is to be expected from the 
fine random size, but swelling resistance was no 
better than that of adjusted uranium (Fig. 1). The 
large volume increases observed by CEA [16] in 
similar alloys in the enhanced grain boundary 
swelling range of temperature and fission rate form 
a curve intermediate between those for unalloyed 
and adjusted uranium (Fig. 6) suggesting that the 
alpha phase in these alloys is experiencing marked 
growth stresses. 

Uranium-plutonium-molybdenum alloys have been 
investigated as potential fast reactor fuels by capsule 
irradiation tests (Fig. 7). Plutonium additions sub
stantially reduce the swelling resistance of the uranium
molybdenum alloys, but the reduction is less for the 
25 at. % than for the 15 at. % Mo alloys; this reduction 
may be associated with the lowering of the melting 
point of the alloys by plutonium which would be 
expected to increase the surface diffusion coefficient 
Ds; molybdenum should act in the opposite sense. 

Electron microscopy of the uranium-plutonium
molybdenum alloys has shown that bubbles occur 
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Figure 7. Volume increases in uranium-plutonium-molybdenum 
alloys irradiated at 600 ac. Curve 1: U-7.5 at.% Pu-15 at.% Mo; 
Curve 2: U-15 at.% Pu-15 at.% Mo; Curve 3: U-7.5 at.% Pu-25 
at.~ 0 Mo; Curve 4: U-15 at.% Pu-25 at.% Mo; Curve 5: Adjusted 

uranium 

uniformly throughout the matrix (Fig. 8) and that 
as the burn-up is increased, breakaway commences 
at the grain boundaries (Fig. 9) as suggested above 
resulting in severe grain boundary cracking. However, 
bubble measurements indicate that the majority of 
the large density changes shown in Fig. 7 are asso
ciated with bubbles in the matrix. 

~.. . · ... 
Figure 8. Photomicrograph of U-7.5 at.% Pu-25 at.% Mo irra

diated to 10 800 MWd/t at 600 ac (X 150) 

Figure 9. Replica of U-7.5 at.% Pu-25 at.% Mo irradiated to 
10 800 MWdft at 600 ac ( x 10 000) 

SUMMARY 

Resistance to swelling in uranium is promoted by 
distributing the fission gas in the largest possible 
number of small bubbles and inhibiting the sub
sequent movement and coalescence of these bubbles, 
Adjusted uranium has markedly superior swelling 
resistance to unalloyed uranium and the results 
suggest that the finely dispersed precipitates in 
adjusted uranium anchor the fission gas bubbles 
and prevent coalescence. Even a U-6 at. % Mo 
alloy is slightly inferior to adjusted uranium in its 
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swelling behaviour and carries high neutron absorp
tion penalties, while the molybdenum content is a 
considerable problem in the chemical reprocessing 
stage. 

Adjusted uranium is also superior to unalloyed 
uranium and U-6 at. % Mo alloy in its resistance 
to the enhanced grain boundary swelling ob.>erved 
at 400-500 °C and high fission rates, and believed 
to be due to growth stresses. Its good mechanical 
properties will play a part here, but its ability to 
retain fission gases in a large number of small bubbles 
is also believed to be of importance. 

The swelling hypotheses suggest that uranium in 
which the gas bubbles are free to move will show 
enhanced swelling under thermal cycling, and there 
is some experimental evidence to support this. The 
swelling of adjusted uranium is unaffected by thermal 
cycling of the amplitude and frequency expected 
in Magnox reactors, again suggesting that the gas 
bubbles have been stabilized. 

CONCLUSIONS 

Standard UKAEA factory uranium, or adjusted 
uranium shows excellent resistance to irradiation
induced growth and swelling, even under the thermal 
cycling conditions expected to be associated with 
the Magnox reactors. It achieves this with minor 
additions and without the large nuclear and chemical 
processing penalties associated with more highly 
alloyed materials. 

The data are compatible with the hypothesis that 
the improved properties of adjusted uranium are 
due to a finely dispersed second-phase precipitate. 
It is now considered that the uranium is not a limita
tion in the operation of Magnox fuel elements up 
to 5 000 MWd/t average irradiation level, and in 
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the light of these results the previously accepted 
limitations applied to uranium metal fuels should be 
reviewed. 
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A/145 Royaume-Uni 

Comportement sous irradiation des com
bustibles d'uranium et d'alliage d'uranium 

par R. S. Barnes et a/. 

Des mecanismes fondamentaux pour les deux phe
nomenes produits par !'irradiation que sont Ia crois
sance et le gonflement ont ete recemment proposes 
a Harwell. La croissance est attribuee a Ia condensa
tion selective des lacunes et des atomes interstitiels 
dans Ies plans cristallographiques preferentiels sous 
les efforts de dilatation thermique anisotropique dans 
les « pointes de fission », et on a deduit que les effets 
de croissance persistent a des temperatures plus 
elevees avec un taux de fission croissant. On a propose 
que Ie gonflement dfi aux gaz inertes produits par 
irradiation dans l'uranium est regi, en majeure partie, 
par Ia diffusion superficielle des atomes de metal, qui 
permet aux huiles de se deplacer, d'entrer en collision 

et d'adherer les unes aux autres. Les theories fondees 
sur ce mecanisme peuvent expliquer le gonflement 
excessif et les phenomenes aux joints de grains, et 
n'exigent pas Ia redissolution des gaz inertes. 

Pendant les essais d'irradiation en conteneurs, 
!'uranium pur a accuse un gonflement important 
dans Ia gamme des temperatures comprises entre 
500 et 650 °C. De petites additions de carbone, de 
molybdene, et d'aluminium reduisent le gonflenient, 
tandis que le fer, le chrome, le titane et le niobium 
n'ont aucun effet sensible. Le plus faible gonflement 
s'est produit dans de !'uranium « ajuste », c'e~t-a-dire 
le produit de l'usine de I'UKAEA a Springfields con
tenant 200-500 ppm de fer, 500-1 200 ppm <~:alumi
nium et 300- I 200 ppm de carbone, trempe a partir de 
Ia phase beta et recuit en phase alpha pour reaHser de 
petits grains a orientation aleatoire qui reduisent au 
minimum Ia croissance lors de !'irradiation et les 
rides de surface. II contenait un precipite intermetal
lique fin, principalement UAI2• Apres des irradiations 
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comparables, les bulles de gaz ont ete beaucoup plus 
petites et plus nombreuses que celles dans !'uranium 
pur, et puisque Ia pression dans les petites bulles est 
elevee, l'accroissement de volume etait moindre. On 
pense que c'est au precipite fin que sont dues les faibles 
dimensions des bulles et Ia plus grande resistance au 
gonflement, probablement parce qu'il empeche le 
deplacement des bulles. Les cycles thermiques a pre
voir dans un reacteur Magnox n'affectent pas Ia 
resistance au gonflement de !'uranium ajuste. 

Le gonflement accru, dfi aux grosses fissures aux 
joints de grains, a ete remarque dans de !'uranium
alpha irradie a 400-500 °C et a des taux de fission 
egalant ou depassant 15 M W ft. Ce phenomene a ete 
denomme gonflement accru aux joints de grains et 
il serait dfi aux efforts de croissance tors d'irradr<ition 
agissant probablement de concert avec les bulles aux 
joints de grains pour produire de grandes fissures. 
Une fois de plus, !'uranium ajuste s'est avere supe
rieur a !'uranium pur dans sa resistance a cet effet, 
qui n'est pas important avec les faibles rendements 
employes dans les reacteurs Magnox puisque les 
efforts de croissance ne persistent pas a des tempe
ratures suffisamment elevees. 

Les alliages d'uranium-plutonium-molybdene irra
dies dans Ia phase gamma a 600 °C ont accuse un 
gonflement accru avec une teneur en plutonium 
croissante ou une teneur en molybdene decroissante. 
Toutefois, quoique le gonflement ait ete faible par 
rapport a !'uranium pur, le meilleur alliage uranium
plutonium-molybdene s'est avere inferieur a !'ura
nium ajuste. 

On conclut que !'uranium ajuste oppose une excel
lente resistance a Ia croissance et au gonflement SQUS 

irradiation, resistance qu'il acquiert avec de faibles 
additions seulement et sans entrainer les grosses 
difficultes de traitement nucleaire et chimique asso
ciees avec !'uranium plus hautement allie. On pense 
que les caracteristiques d'irradiation de cet uranium 
ajuste ne reduiront pas Ia duree utile de l'actuel 
combustible Magnox au-dessous de Ia moyenne de 
5 000 MWj/t. 

A/145 CoeAHHeHHOe KoponescTBO 

noaeAeHHe ypaHa H ypaHOBbiX TOn
flHBHbiX cnnaBOB nOA o6nyLieHHeM 

P. C. 5apHC et al. 

He)J.aBHo B Xapy3JIJie ohlJIH npenJiomeHbi ocnoB

Hbie MexaHH3Mbi ABYX Bbi3hlBaeMbiX neii:CTBHeM 

J!3JiylieHII:H .HBJieHHM - pall,HaiJ;HOHHOfO poCTa II 

pacnyxann.H. Pannau;noHHbiH poeT npnnncbmaeTcH 

H30HpaTeJibHOMy CKOTIJICHHIO BaKaHCHM H npoMe

iKYTOliHbiX aTOMOB B npe)J,TIOliTHTCJibHbiX KpHCTa,'l

JIOrpa~H'ICCKHX TIJIOCKOCTHX B pe3yJibTaTe HanpH

.meHIIii, B03HllKaiOIIJ;HX B 30HaX )J,eJieHHH IIpH aHH-

30TpOIIHOM TepMH'IeCKOM pacmnpeHHH, H )J,eJiaeTCH 

BbiBO)J, 0 TOM, liTO 3~cpeKT pOCTa npO)J,OJiil\aCT CO

xpaiiHTbCH IIpH OOJiee BhlCOKHX TeMrrepaTypax C 
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yBeJIII'IeHneM 3HepronanpHmeHHOCTH. IlpeiJ.TIOJia

raeTCH, 'ITO pacnyxaHIIe, Bbi3hlBaeMoe o6paayiO

IIJ;HMncH BO BpeMH 06Jiy'IeHHH ypaHa 11HCJlTHblMI1 

raaaMn, onpe)J.eJIHeTcH rJiaBHbiM o6paaoM noBepx

HOCTHoii: )J,Hcpcpyaiieii: aTOMOB MCTaJIJia, KOTOpaH 

JI03BOJIHeT nyahipbKaM raaa MHrpnpoBaTb u;emr

KOM, cTaJIKnBaTbCH H JwaryJinpoBaTb. OcHoBaH

Hbie Ha 3TOM MeXaHI13MC TCOJlHH II03BOJIHIOT ,[l.aTb 

oo'hHCHeHne paapymaiOIIJ;eMy )J,eHCTBniO pacnyxa

HHH 11 HBJICHHHM Ha rpaHHu;ax aepeH, He npn6eraH 

1..: KaKoMy-mt6o TIOBTOJlHOMY paCTBOJlCHHIO HHCpT

HLIX ra30B. 

II pu uciibiTaHnHX B KancyJiax IIOA o6Jiy'IeHueM 
1111CTbiH ypan IIJIOXO IIpOTHBOCTOHJI pacnyxaHHIO ll 

HHTepBaJie TeMnepaTyp 500-650° C. He6oJibnnte 

IIJlHCall,Kll yrJiepo)J,a, MOJIHOlJ,eHa li aJIIOMHHliH TIO

Hl1iKaiOT pacnyxaHire, TOI')J,a KaK meJieao, xpoM, 

TUTaH 11 Hl100llii He OKa3biBaiOT CYIIJ;CCTBCHHOfO 

BJIHHHI1H. HanMeHbmee pacnyxanne IIMeJio MecTo 

B «perymtpOBaHHOM>> ypaHe, TO CCTh B BbiTIYCKae

MOM CnpnHrcpHJI)J,CKHM aaBoll,OM ¥npaBJICHHH no 

aTOMHoii 3HeprHH CoennHeHHoro KopoJieBCTBa 

nponyKTe, co)J.epmmu;eM 0,02-0,05% meJieaa, 

0,05-0,12% aJIIOMHHHH n 0,03-0,12% yrJiepona, 

3aKaJICHHOfO H3 6eTa-~a3bl H OTOil\il\eHHOfO B 

aJILcpa-~aae, c TeM 'ITo6hi noJiyliHTb He6oJibmne 

np_OI13BOJibHQ opneHTHpOBaHHbie 3epHa, KOTOpbiC 

CBO)J,HT K Ml1HHMYMY pa)J,Hau;noHHhiM poCT H .me

HaHHOCTb llOBCpXHOCTII. 8TOT ypaH CO)J,CpiKHT TOH-

1\0~HCllCpCHhiii UHTCpMeTaJIJIII)J,, COCTOHIIJ;IIM npe

UMYIIJ;CCTBCHHO na UAh IlocJie cpaBHHTeJILHLIX 

ncnLITannii no)J, o6JiyqenneM nyaLiphKH raaa B 

IICM Oh!JIH MHOfO MCHhiDC li OOJiee MHOfOliHCJICH

Hhl, lieM B liHCTOM ypaHe, li IIOCKOJILKY )J,aBJICHIIC 

B 60JICC MeJIKliX TIY3LipbKaX BhiiDC, TO yBeJIH'ICHHC 

o6'heMa o6paau;a ypana 6LIJIO MeHLme. Tipe)J,rtoJia

raeTcH, liTO TOHKO)J,liCIICpCHhiM liHTepMeTaJIJIH)J, 

HBJIHCTCH IIpH'IliHOM He60JibiDOfO paaMepa ny-

3blpbKOB li npeBOCXO)J,HOfO COIIpOTIIBJICHliH pacny

XaHIIIO, BCpOHTHO, BCJIC)J,CTBHC npe)J,OTBpaiiJ;CHHH 

Mnrpau;nn nyaLipLKOB. TepMu'IeCKHe IJ;HKJibi, 

O.lf\H)J,aCMbiC B MafHOKCOBOM peaKTope, HC BJIHHIOT 

na ycTOH'IIIBOCTh peryJinpoBaHnoro ypana no OT

nomeHHIO K pacnyxaHHIO. 

B aJib!f>a-ypane, o6JiytieHHOM npn 400-500° C 

n npH aneproHanpHmennoCTH 15 MBr/r IIJIH 6o

Jiee, na6JIIO)J,aJIOCh cnJibHoe pacnyxanne BCJIC)J,CT

BHe TpeiiJ;HH na rpanHu;ax KpynnLIX aepen. 8To 

HBJICHHe 6LIJio naaBano TIOBhliDeHHLIM MeampHc

TaJIJIHTHLIM pacnyxaHHCM, H npe)J,TIOJiaraeTCH, liTO 

OJiafO)J,apH HaiipHiKCHHHM pa)J,HaiJ;HOHHOfO pOCTa, 

BepO.HTHO, )J,CMCTBYIOIIJ;HM BMCCTC C MCiKKpHCTaJI

JIHTHbiMH nyabipbKaMn, rroJiytiaiOTC.H KpynHLie 

<<CJIC3hl>>. Haii)J,eno, 'ITO peryJinpoBaHHLiii: ypan 

npeBOCXO)J,liT liliCTbiM ypaH ITO CTOMKOCTU II K aTO

MY a~~eKTy, KOTOpbiM HBJIHCTCH HC3'Ha'IUTCJihHhiM 

npn Hli3KliX aneproHaTipHiKCHHOCTHX, UCTIOJlb3ye

MhiX B MafHOKCOBhiX peaKTOpax, TaK KaK HallpH

iKCHIIH pa)J,nau;noHI~oro pocTa He coxpaHHIOTCH AO 

)J,OCTaTO'IHO BbiCOKliX TCMIIepaTyp. 

¥paH-TIJIYTOHllli-MOJili6)J,eHOBbiC CTIJiaBbl, 06Jiy-

1JCHHbiC B raMMa-~aae npn 600° C, o6napymnua

JIH TIOBbiiDeHHOe pacnyxanne C YBCJIIlliCHHCM CO-
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):lepiKaHJIH IIJIYTOHHH HJIH IIOIIHiKeHHeM CO):Iepma

HHH MOJIH6):1eHa. 0):1HaKO XOTH ):IJIH 3THX CIIJiaBOB 

pacnyxanne n 6hiJio nnme, 'leM y 'IHCToro ypana, 

HaHJiyqrnnii H3 HIIX ycTyiiaJI B 3TOM OTHOllieHllll 

peryJiupoBannoMy ypany. 

AeJiaeTCH BhiBOl-1, 'ITO peryJIHpoBaHHhiii ypan 

06HapyiKHBaeT oqeHh XopornyiO CTOHKOCTh B OT

HOllieHllll pa):IHau;Honnoro pocTa n pacnyxaHHH, 

1\0TOpaH ):IOCTHraeTCH TOJihKO 3a C'leT He3Ha'IH

TCJihHhiX llpHCa):IOK H 6e3 60JihlliliX ):IOTIOJIHHTeJih

HhiX H3):1epmeK rrpH H):lepnoii II XHMH'IecKoii rrepe

pa6oTKe 6oJiee BhiCOKoJierHpOBaHnoro ypana. llpe):I

HoJiaraeTCH, 'ITO IIO CBOIIM pa):IHaiJ;HOHHhiM xapaK

TepuCTIIKaM 3TOT peryJiupoBaHHhiH ypaH He 6y):leT 

orpaHU'IliBaTh CpOK CJiyiK6hi COBpeMeHHOfO TOIIJIII

Ba Mai'HOKCOBOrO peaKTOpa C BhiropaHHeM B cpe):I

HeM nnme 5000 MBr · cyrNu/r. 

A/145 Reino Unido 

Comportamiento de los combustibles de 
uranio y sus aleaciones sometidos a irradiaci6n 

por R. S. Barnes et a/. 

En Harwell se han propuesto recientemente dos 
teorias para explicar respectivamente los fenomenos 
de crecimiento e hinchazon de combustibles sometidos 
a irradiacion. El crecimiento se atribuye a Ia conden
sacion selectiva de huecos y atomos intersticiales 
en pianos cristalograficos preferenciales, por efecto 
de las tensiones de dilatacion termica anisotropica 
desarrolladas en puntas de fisi6n localizada, y se ha 
deducido que los efectos de crecimiento persisten 
hasta temperaturas mas elevadas cuando aumenta 
el numero de fisiones. En cuanto a Ia hinchazon 
debida a los gases inertes producidos por Ia irradia
ci6n en el uranio, se supone que depende sobre todo 
de Ia difusi6n superficial de los atomos metalicos, 
que permite que las burbujas migren en masa y 
choquen, uniendose entre si. Las teorias basadas 
en este mecanisme pueden explicar el fenomeno 
de hinchaz6n violenta y los fenomenos intergranu
lares y no suponen Ia necesidad de que los gases 
inertes vuelvan a disolverse. 

Durante los ensayos de irradiacion en capsula, 
el uranio puro se hincho severamente entre los 500 
y los 650 °C. Agregando pequefi.as cantidades de 
carbono, molibdeno y aluminio se atenua Ia hincha
zon, pero el hierro, el cromo, el titanio y el niobio 
no ejercen efectos sensibles. La hinchazon menor se 
observo en el uranio ajustada, que es un producto 
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de Ia UKAEA Springfields Factory que contiene de 
200 a 500 partes por million de hierro, 500 a I 200 de 
aluminio y 300 a I 200 de carbono, templado en 
fase beta y recocido en fase alfa para obtener una 
estructura granular tina desordenada, que reduce al 
minimo el crecimiento y el arrugamiento superficial 
provocado por Ia irradiacion. Este producto .contiene 
un precipitado intermetalico fino, constituido prin
cipalmente por UAI2• Las burbujas gaseosas que 
contiene son mucho mas pequefi.as y numerosas 
que las que aparecen en el uranio puro despues de 
irradiaciones de intensidad comparable y, puesto 
que Ia presion en las burbujas pequefias es elevada, 
el aumento de volumen es menor. Se supone que 
Ia pequefiez de las burbujas y Ia mayor resistencia 
a Ia hinchaz6n se deben a Ia presencia del precipitado 
fino que, probablemente, impide Ia migracion de las 
burbujas. Los ciclos termicos habituales en un reactor 
Magnox no afectan Ia resistencia a I~ hinchazon del 
uranio ajustado. 

En el uranio alfa, irradiado a temperaturas com
prendidas entre 400 y 500 °C, con regimenes de 
fision de 15 MW/t, o mas, se observo una pro~un
ciada hinchazon debida a grandes grietas en los 
pianos intergranulares. Se supone que esta hinchazon, 
que se ha dado en llamar pronunciada, se debe a 
tensiones de dilataci6n provocadas por Ia irradiaci6n, 
cuya acci6n se combina, probablemente, con Ia 
de las burbujas en las superficies intergranulares 
para producir grandes grietas. El uranio ajustado 
es tambien superior al uranio puro en lo que respecta 
a Ia resistencia a e~te efecto, que no tiene mayor impor
tancia cuando se trata de bajos regimenes de combus
tion como los que se usan en los react ores M agnox, 
porque las tensiones de crecimiento no persisten 
hasta temperaturas suficientemente elevadas. 

Las aleaciones de uranio-plutonio-molibdeno irra
diadas en fase gamma a 600 °C se hinchan mas al 
aumentar Ia proporci6n de plutonio o disminuir Ia de 
molibdeno, pero aunque Ia hinchaz6n es reducida 
si se compara con Ia del uranio puro, Ia mejor alea
ci6n de uranio-plutonio-molibdeno es · inferior al 
uranio ajustado. 

En conclusion, el uranio ajustado resisto muy bien 
el crecimiento y Ia hinchazon por irradiaci6n si se le 
agregan pequefi.as cantidades de ciertos elementos, 
sin necesitar los extremados tratamientos nucleares 
y quimicos que exige el uranio mas hiperaleado. 
Se considera que las caracteristicas de irradiaci6n 
de este uranio ajustado no limitaran Ia duracion del 
combustible Magnox del tipo actual a menos de 
5 000 MWd/t en promedio. 
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Irradiation behavior of metallic fuels 

By J. H. Kittel,* T. K. Bierlein,** B. R. Hayward*** and W. C. Thurber**** 

Metallic nuclear fuels provide significant advan
tages over non-metallic fuels in certain types of 
reactors. Metallic fuels can be easily fabricated 
with close dimensional tolerances into complex 
shapes; they also have excellent compatibility with 
liquid metal coolants, high fissile and fertile atom 
densities, and high thermal conductivities. The 
irradiation behaviour of metallic fuels is influenced 
by many interrelated variables associated with the 
pre-irradiation and irradiation history of the metal. 
Frequently, experiments have yielded confusing 
results that are generally ascribed to the effect of 
unknown or poorly defined experimental parameters. 
Nevertheless, two basic types of irradiation damage 
to metal fuels have been recognized: (a) fission 
event damage, which can lead to anisotropic growth 
of the metal usually without a significant change 
in its volume, and (b) fission product damage, which 
in certain temperature regions can lead to a relatively 
large change in the volume of the metal. The latter 
effect, commonly referred to as swelling, occurs in 
all nuclear fuels but in metal fuels at comparatively 
lower temperatures. 

UNALLOYED URANIUM 

Through a co-operative effort among several 
USAEC installations, procedures are being established 
for predicting the growth of uranium during irradia
tion(!]. A growth index, GN, derived from X-ray 
preferred orientation measurements, has been cor
related with actual irradiation growths, and attempts 
at establishing the relative importance of pre-irradia
tion and irradiation parameters on this relationship 
have been made (2, 3]. 

The growth rate, GN, in polycrystalline uranium 
is influenced by the preferred orientation present and 
tends to obey the relationships that G11001 is negative 
G10101 is positive and numerically equal to G11001, 

and G10011 = 0. The rate of elongation under irradia
tion is therefore proportional to the amount of [OIO] 
component present, as has been shown experimen
tally [4]. The growth rate appears to be essentially 
independent of the total burn-up, burn-up rate, 
residual cold work, grain size, and impurity level [2-4]. 

• Argonne National Laboratory, Argonne, Illinois. 
•• Hanford Atomic Products Operation, Richland, Washing

ton. 
••• Atomics International, Canoga Park, California. 
•••• Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Early studies with single crystals irradiated at 
~ 75 °C[5] yielded: G[lOO) = - 420, G[OlOI = + 420, 
and G10011 = 0. More recent studies [2] indicate 
that G10101 may in some instances be as high as I 600. 
Conclusive data regarding the temperature dependence 
of G are lacking. The apparent inconsistencies in 
experimental data prevent favoring any of the pro
posed irradiation growth mechanisms [6-9]. Regardless 
of the actual growth mechanism, it has been estab
lished that a randomly oriented, fine-grained micro
structure minimizes dimensional instability. 

Analyses of the swelling of uranium must not 
ignore contributions and complications ascribable 
to anisotropic growth. Data on specimens irradiated 
to various exposures at a series of constant controlled 
temperatures have shown that in the 400-650 °C 
temperature range, fission event damage and fission 
product damage must be considered jointly. In Fig. I 
the volume change (derived from density measure
ments) versus irradiation temperature, Curve I, and 
the pertinent microstructures, reveal heretofore un
recognized innate irradiation behavior of uranium 
[IO, 11]. Below 350 °C, little or no volume change 
occurs and a severely twinned and worked micro
structure (photographs A and a), attributable solely 
to anisotropic growth, develops. Between 350 and 
500 °C anisotropic growth causes inter- and intra
granular tearing (photographs B and b) that accounts 
for the large volume increases. In the range 500-600 °C, 
partial recovery from fission event damage occurs 
(photographs C, c, D and d) and the formation 
of crystallographically aligned voids and tears is 
responsible for the large volume increases. At 625 °C, 
relatively small fission event induced voids and fission 
gas pores have formed at the original grain boundaries 
and to a lesser extent in the general matrix (photo
graphs E and e). These data define the swelling 
behavior of uranium of normal purity unencumbered 
by ·cladding restraint, thermal cycles, thermal 
gradients, etc. 

Curve II and photographs F, f, and G of Fig. 1 
indicate results derived from large clad specimens 
irradiated at temperatures up to 650 °C [12]. Curve II 
also includes data for uranium irradiated at low tem
peratures under conditions of restraint and then sub
jected to post-irradiation annealing [13-15]. Curve III 
pertains to high purity uranium irradiated under 
restraint and then given post-irradiation annealing 
treatments [16]. It is significant that Curve IV, a 
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Figure 1. Damage to uranium due to fission: microstructures and volume changes (Photographs A-G are magnified 3 000 x a-f 250 x) 
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Table 1. Cumulative percentage density decreases during annealing of uranium and 
U-4.4 wt% Mo alloys previously irradiated to 0.4 at.% burn-up [21] 

Material After Sh 20 h lOb 24 h 24 h 24 h 
irradiation at 650 °C at 650 °C at 680 °C at 750 °C at 850 °C at 9SO °C 

Unalloyed uranium 3.7 25.8 26.9 
U-4.4 wt% Mo .......... -0.8 -1.2 11.0 16.1 
U-4.0 wt% Mo-0.1 wt% Si • 1.2 1.3 1.2 1.6 2.5 23.9 
U-4.0 wt% Mo-0.1 wt% Sib 0.6 0.8 0.5 1.3 1.7 7.0 43.2 

"Original particle density 1010/cm•; original particle size 2JL. 
b Original particle density 4 x 1012/cm•; original particle size 0.2 JL. 

recent re-analysis [17] of swelling data that was 
originally interpreted as having no temperature 
dependence below 650 °C [18], reveals a maximum 
similar to Curve I. 

Although the behavior of unencumbered uranium 
(Curve I) is not usually encountered in operating 
fuel elements because of the restraints imposed by 
thermal gradients, cladding, and external pressure, 
some evidence of volume change associated with 
fission event induced instability has been observed 
in large clad uranium specimens irradiated in high 
pressure hot water loops [19, 20]. 

URANIUM ALLOYS 
Several uranium alloys have been investigated in 

the hope that their increased performance capabilities 
would more than offset disadvantages arising from 
dilution of fissile and fertile atoms and increased 
parasitic neutron capture. 

Uranium-molybdenum alloys 

The concept of metallic fuel swelling in terms of 
fission gas bubble formation and growth has evolved 
from several independent studies [18, 21]. Relatively 
minor volume changes arise if fission gas pores can 
be retained in submicron size and if void formation 
and tearing due to growth are absent. It has been 
postulated that a homogeneous dispersion of finely 
divided particles may act as additional nucleating 
and trapping sites for gas pores, and may also reduce 
the tendency for growth induced void formation. 
Such dispersions can be produced by adding small 
amounts of a slightly soluble element such as silicon, 
tin, or aluminium to uranium, quenching from the 
solid solution phase, and aging at an intermediate 
temperature. 

Alpha-phase uranium-molybdenum alloys con
taining 1012-1013 of these particles per cm3 have 
been produced, irradiated at 300 °C to 0.4 at.% 
burn-up,* and subjected to post-irradiation an
nealing [21]. The density changes are listed in Table l. 
The initial increases in density in the U-4.4 wt% 
Mo alloy are probably due to phase transformation. 
The specimens containing the dispersed particles 
showed relatively small density changes up to 750 oc. 

• For fuel alloys, burn-up is defined as 100 x (number of 
fissioned atoms/original number of all metal atoms); for 
dispersion fuels, burn-up is defined as the number of fissions 
which have occurred in one em 3 of the mixture of inert matrix 
and dispersed fuel particles. 

On the other hand, the specimens without particles 
showed large density decreases after a few hours 
anneal at only 650 °C. Furthermore, the specimen 
containing the smaller particles was more stable 
than the specimen containing the larger particles. 
Additional evidence in support of bubble stabilization 
as a means of reducing swelling is presented in a 
subsequent section on thorium-uranium alloys. 

The initial . investigations of the y-phase U-10 
wt% Mo alloy indicated relatively good dimensional 
stability to 2 at.% burn-up at fuel temperatures to 
600 °C [22]. Additional irradiation tests of this alloy 
indicated that resistance to swelling is directly related 
to the fission rate as well as to temperature [23]. 
U-10 wt% Mo alloy was found to be unstable when 
irradiated at fission rates below 6 x 1013 fissions/cin3 s 
at temperatures of 480 to 570 °C. The instability 
is attributed to: (a) the thermally-induced phase 
transformation of the y phase to (IX. + 8) and (b) the 
irradiation-induced reversion of this transformation. 
Under equilibrium conditions, the y phase in U-10 
wt% Mo alloy transforms to an (IX. + 8) structure at 
temperatures below 565 °C. The.reversion to y phase 
takes place when the (IX. + 8) phases are irradiated 
at fission rates of at least 3.6 x 1013 fissions/cm3 s at 
temperatures up to 460 °C. Under these conditions 
the fuel is relatively stable to at least 1.0 at.% burn-up. 
At temperatures between 500 and 570 °C, a fission 
rate of at least 7 x 1013 fissionsjcm3 s is required 
to maintain the y phase or to cause the (IX. + 8) 
phases to revert to the y phase. 

The specimens used in the initial irradiations [22] 
showed good stability because the fission rate was 
apparently sufficiently high to retain the y phase. The 
most recent irradiation tests [24] show that under 
irradiation conditions where (IX. + 8) existed, diameter 
increases up to 40% and fission gas releases up to 
10% resulted at a peak burn-up of 1.4 at.%. Irradia
tion conditions allowing phase transformations can 
cause axial surface cracking in addition to increased 
microporosity. These changes are attributed to 
agglomeration and growth of fission gas bubbles 
due to microstructural changes, and to internal 
stress relief resulting in microcracking. Figure 2 
summarizes some recent experimental results [24]. 
The pre-irradiation microstructure resulting from 
various heat treatments appeared to have no appre
ciable effect on swelling rates. The test specimens in 
these irradiations were subjected to 200- 300 severe 
thermal cycles during the irradiation period. These 
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Figure 2. Effect of fission rate on the swelling of U-10 wt% Mo 
alloy rods 

conditions may have contributed to the fuel distortion, 
particularly the surface cracking. 

U-10 wt% Mo alloy fuel is being used in presently 
operating reactors under conditions of temperature 
and fission rate where (ex + ~) structures can be 
expected. The peak exposure under these conditions, 
depending on fuel rod design, may therefore be 
limited to as low as 0.5 at.% burn-up. There is hope, 
however, that work now in progress will result in 
increased temperature and burn-up limits for U-10 
wt% Mo alloy. Recent experiments indicate that a 
finely divided dispersion of second-phase particles 
may be effective in reducing swelling in y-phase 
uranium-molybdenum alloys [21], as was noted for 
ex-phase uranium-molybdenum alloys. 

Uranium-zirconium alloys 

In relatively small amounts zirconium reduces the 
grain size of ex uranium, improves its aqueous corro
sion resistance, and makes it more susceptible to 
heat treatment for removal of undesirable preferred 
grain orientations. Small diameter castings of U-1.6 
wt% Zr alloy have been found to be highly stable 
dimensionally when irradiated at moderate tempera
tures to burn-ups of 1.6 at.% [25]. However, specimens 
of this material swelled markedly when irradiated 
to 5 at.% burn-up at temperatures above 500 °C. 
With stainless steel cladding 0.25 mm thick the 
useful temperature could be extended 200 °C or 
more [26]. Larger diameter castings of U-2 wt% Zr 
alloy irradiated at temperatures above 500 °C have 
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also shown generally poor resistance to fuel swelling. 
For example, in an extensive study on cast fuel 
elements [27], U-2 wt% Zr alloy swelled at rates 
greater in most cases than unalloyed uranium. In 
wrought form U-2 wt% Zr alloy appears to be 
somewhat more susceptible to swelling than in the 
cast form. Coextruded rods of this alloy clad with 
Zircaloy-2 used in the temperature range 450 to 
490 °C for Core III of EBR-1 showed significant 
diameter increases due, in part, to fuel swelling [28]. 
Experimental coextruded tubular fuel elements fab
ricated for possible use in natural uranium-fueled 
0 20 reactors showed greater volume changes in 
irradiations with maximum fuel temperatures near 
430 °C than did unalloyed uranium tubes [29]. 

The swelling resistance of uranium-zirconium 
alloys can be improved by small additions of niobium. 
For example, the rolled plates of U-5 wt% Zr-1.5 
wt% Nb alloy used for Core I of the Experimental 
Boiling Water Reactor (EBWR) performed without 
failure or other difficulty to the end of the Core I 
lifetime. During this period the fuel achieved a 
burn-up of 0.4 at.% and was found to be resistant 
to swelling when irradiated or annealed at tempera
tures as high as 500 °C [30]. 

Uranium-fissium alloys 

The pyrometallurgical reprocessing cycle that is 
being used for the fast breeder reactor EBR-2 removes 
only part of the fission products from the fuel. Those 
fission product elements remaining in the fuel are 
collectively termed fissium (symbol Fs), and include 
in decreasing order of abundance: molybdenum, 
ruthenium, technetium, palladium, zirconium, rho
dium; and niobium. Initially the reactor is being 
operated without added plutonium in the fuel. Under 
these conditions the fissium level in the fuel is ex
pected to reach an · equilibrium concentration of 
5 wt%. The addition of fissium to uranium stabilizes 
the y phase to a lower temperature (552 °C), sup
presses the ~ phase, and makes the transformation 
of the y phase more sluggish. 

Irradiations of uranium-fissium alloys have shown 
that they are among the uranium-base alloys most 
capable of resisting high temperature swelling (31-33]. 
At 600 °C, for example, U-5 wt% Fs alloy shows a 
swelling rate of -8% volume increase per at.% 
burn-up. Post-irradiation annealing of U-5 wt% Fs 
alloy showed that it began to swell significantly 
and to release fission gases at approximately 
700 °C [34]. In irradiations completed to date the 
uranium-fissium alloys have shown relatively little 
evidence of phase reversion, in contrast to y-phase 
uranium-molybdenum and uranium-niobium alloys. 

Uranium-plutonium-fissium alloys 

Since fast breeder reactors operate more efficiently 
when fueled with plutonium, the EBR-2 fuel cycle 
includes the utilization of uranium-plutonium-fissium 
alloy fuels. Unfortunately, the addition of plutonium 
seriously impairs the swelling resistance of uranium-
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fissium alloys. As an example, the alloy U-20 wt% 
Pu-10 wt% Fs hs a swelling rate of~ 20% volume 
increase per at.% burn-up at an irradiation tempera
ture of only 400 °C [35]. Efforts to improve the 
swelling resistance of uranium-plutonium-fissium 
alloys by varying the amount and composition of the 
fissium in the alloy have had relatively little effect. 

An effective means of accommodating the swelling 
of metallic fuels is use of strong cladding combined 
with void space within the cladding. By using tubular 
cladding 0.28 mm thick and a 0.10 mm thick sodium
filled annulus between the fuel and cladding, it has 
been possible to irradiate 3.65 mm diameter rods of 
U-20 wt% Pu-10 wt% Fs alloy to 2.0 at.% burn-up 
at 670 °C without clad failure or external dimensional 
changes [36]. Increasing the cladding thickness to 
0.37 mm in subsequent experiments has enabled 
burn-ups of 3.2 at.% to be achieved without difficulty 
at 550 to 600 °C. 

Recent stress analyses of clad fuel rods, however, 
indicate that increasing the annular void volume is 
more effective than increasing the cladding thickness 
in extending fuel burn-up before maximum allowable 
cladding stresses are reached. Figure 3 shows results 
obtained in a typical case in which EBR-2 tempera
tures and fuel dimensions were assumed with a 
maximum permissible cladding stress of 30 kg/mm2• 

It can be noted in Fig. 3 that if, for example, 0.4 mm 

CLADDING INTERNAL DIAMETER (mm) 

BURN-UP (at.%) 

Figure 3. Calculated effect of cladding thickness and internal 
diameter on the achievable burn-up in 3.65 mm diameter 
uranium-plutonium-fissium alloy rods under EBR-2 temperature 
conditions. A maximum allowable cladding stress of 30 kgfmm2 

was assumed 

thick cladding with an internal diameter of 4.0 mm 
were assumed, a burn-up of 3.2 at.% could be achieved 
at the maximum permissible cladding stress. The 
achievable burn-up would be increased to only 
3.5 at.% if 0.1 mm were added to the cladding thick
ness. If, however, 0.1 mm were added to the annulus 
thickness, the achievable burn-up would be increased 
to 5.0 at.%. Experiments to test this hypothesis are 
now in progress. 

THORIUM ALLOYS 

Thorium alloyed with small amounts of uranium 
or plutonium is of interest for use in thermal reactors 
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intended to develop minimum reactivity losses with 
fuel burn-up. Thorium alloyed with greater amounts 
of uranium or plutonium is of interest for fast breeder 
reactor fuel. 

Thorium-uranium alloys 

Investigations have been made of the irradiation 
behavior of thorium-uranium alloys in the form of 
both small specimens [37-39] and experimental fuel 
elements [27]. Thorium-uranium alloys irradiated 
to high burn-ups have shown relatively good re
sistance to high temperature swelling. In one ex
perimental study [37], cast specimens of thorium 
alloys containing 10, 15, 20, 25, and 31 wt% uranium 
were irradiated to burn-up as high as 10 at.%. At 
maximum irradiation temperatures of 750 °C the 
average swelling rate of the alloys was less than 6% 
volume increase per at.% burn-up. Volume increases 
in the alloys were relatively insensitive to composition. 
The excellent swelling resistance of these specimens 
may be associated with the small uranium particle 
size ( <l[l) which permitted fission recoils to escape 
into the less densely packed thorium lattice. In addi
tion, the large number of uranium particles 
(~ 1013/cm3) apparently acted as nucleation and 
trapping sites for fission gas bubbles as was postu
lated previously for uranium-molybdenum alloys 
containing small amounts of silicon. Figure 4 shows 

Figure 4. Shadowed negative replica showing pores, believed to 
be fission gas bubbles, attached to uranium particles in Th-10 
wt% U alloy irradiated to 4.0 at.% burn-up at 560 oc (magnifica-

tion 16 000 x) 

a shadowed replica of several pores attached to 
uranium particles in highly irradiated Th-10 wt% U 
alloy. 

Thorium-uranium alloys with burn-ups of~ 4 at.% 
are also resistant to severe swelling when annealed 
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at temperatures at least as high as 775 °C [40]. Post
irradiation annealing studies on unalloyed thorium 
have shown that swelling accompanied by grain 
boundary cracking is evident at 950 °C [41]. In the 
latter investigation it was noted that at the same 
homologous temperature (fraction of absolute melting 
point temperature) uranium and thorium show 
similar rates of swelling. Preliminary results indicate 
that small additions of zirconium to thorium-uranium 
alloys may further increase their swelling resistance. 

Thorium-plutonium alloys 
A Th-5 wt% Pu alloy specimen irradiated to 1.9 

at.% burn-up at 450 °C, and a Th-10 wt% Pu specimen 
irradiated to 2.6 at.% burn-up at a similar tempera
ture, showed volume changes of approximately I% 
per at.% burn-up [42]. At this temperature the speci
mens showed no greater volume changes than com
parable thorium-uranium alloys. Since thorium can 
contain up to a relatively large amount of plutonium 
in solid solution, there is a large composition range 
where there may be no second-phase particles, as are 
normally present in most thorium-uranium alloys. 
The significance of a possible single-phase micro
structure in thorium-plutonium alloys, with regard 
to high-temperature swelling resistance, is not yet 
well established. 

DISPERSED FUELS 
Dispersed fuel systems can be produced by adding 

insoluble fuel compounds to a metallic matrix, 
such as uo2 to stainless steel, or by using dilute 
alloys in which the fuel is concentrated in a dispersed 
second phase, such as aluminum-uranium alloys. 
Because each fuel particle is normally enclosed in 
inert matrix material, dispersed fuels are charac
terized by ability to retain fission products if cladding 
defects develop. 

Stainless steei-U02 dispersions 
Recent reviews of in-pile performance of stainless 

steel-U0 2 dispersions [43, 44] define two primary 
problems: (a) blister formation on the fuel plate 
surfaces, and (b) uniform swelling of the fuel at 
burn-ups less than those required to produce surface 
blisters. Figure 5 summarizes the burn-up and 
temperature limits for blister formation or struc
tural failure. The average uniform swelling rate at 
irradiation temperatures of 150 to 375 °C is 4.6% 
volume increase per 1021 fissionsfcm3 when blistering 
does not occur [44, 45]. The general sequence (with 
some overlapping) of events during irradiation of 
stainless steel-U02 dispersions is healing of cracks 
in fuel particles fractured during fabrication, forma
tion of a zone damaged by fission fragments around 
fuel particles, formation in the uo2 of pores which 
are believed to be fission gas bubbles, swelling of the 
fuel matrix, formation of unidentified phases both 
within and around the perimeter of fissile particles, 
cracking of the stainless steel matrix between fuel 
particles, and linkage of matrix cracks to cause 
gross blistering. 
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Analytical models to predict the irradiation 
performance limits of dispersion fuels have yielded 
equations based upon a balance between the yield 
strength of the stainless steel matrix and the fission 
gas pressure developed by release of gas atoms from 
the oxide particles into an annular space between 
the fissile phase and the metal matrix [46]. 

Aluminum-base dispersions containing uranium 

Extensive in-pile testing of aluminum-base disper
sions using U0 2, U30 8, or uranium-aluminum 
intermetallic compounds as the fissile phase has been 
performed [47-52]. Most of these irradiations were 
conducted in test reactor process water at surface 
temperatures of less than 100 °C. It was shown that 
Al-48 wt% U-3 wt% Si alloys (initially containing 
UAl3 as the dispersed fuel phase) decrease in density 
with increasing burn-up, while with dispersions of 
U30 8 in aluminum the opposite effect was occasionally 
observed. The lack of consistent dimensional behavior 
may be due to the variable extent of reaction between 
fissile phases and the aluminum matrix. 

Little information is available on specimens irra
diated with surface temperatures above 100 °C. These 
data are shown in Table 2 and partially define the 
burn-up and temperature limits of various aluminum
base dispersions. Of the fuels examined, dispersions 
of UA13 in aluminum (prepared by powder metal
lurgy rather than by alloying) appeared to be most 
stable. Post-irradiation annealing experiments have 
indicated that Al-17 wt% U alloy should be able to 
withstand burn-ups of 1021 fissions/cm3 at irradiation 
temperatures below 400 °C [49]. After high burn-up, 
the microscopic appearance of the fissile phase in 
aluminum-U0 2 and aluminum-U30 8 dispersions is 
characterized by a kernel containing spherical pores 
surrounded by an essentially pore-free reaction layer 
containing two phases. The reaction kinetics for 
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Figure 5. Failure limits in stainless steei-U02 dispersion fuels 
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Table 2. Summary of high temperature irradiations on aluminum-base dispersion fuel 
plates 

Fissile Maximum Fissions/cm3 x 10- 110 

Dispersed Uranium compound metal surface 
Fuel concentration concentration temperature Successful Blistered Reference 

(wt%) (wt%) 

uo. .......... 28 32 
36 41 

u.o •.......... 30 35 
37 44 

UAI3 •••••••••• 30 40 
40 54 

UAI 4 •••••••••• 17 25 
17 25 

these thermodynamically unstable systems have 
appeared to be accelerated by irradiation. In UAI4 and 
UAI3, on the other hand, pore formation is less 
obviqus, suggesting that the solubility of gaseous 
fission products is greater or that their diffusivity is 
less in the intermetallic compounds. 

Aluminum-base dispersions containing plutonium 

Aluminum alloys containing additions of plutonium 
for use in thermal reactors are usually in the composi
tion range where the plutonium is dispersed in the 
aluminum as particles of PuAI4• The first use of 
aluminum-plutonium dispersion fuels in the United 
States was for the production of experimental quan
tities of elements 99 and 100. In these experiments, 
50 curved plates of aluminum clad Al-5 wt % Pu 
and Al-10 wt% Pu alloys were irradiated to essentially 
complete fission or transmutation of the pluto
nium [53]. No clad failures or other difficulties 
developed. Post-irradiation annealing experiments 
showed that the fuel was resistant to swelling up 
to 525 °C [54]. 

A few years later the MTR was successfully 
operated with a complete loading of Al-14 wt% Pu 
alloy fuel elements [55]. More recently, approxi
mately I 500 Zircaloy clad Al-1.8 wt% Pu alloy fuel 
rods and numerous experimental specimens have 
been irradiated in connection with the Plutonium 
Recycle Program [56]. In some cases rod shortening 
occurred, with a maximum amount of 0.3%. This 
was attributed to a form of ratcheting between the 
fuel core and the cladding. Three of the I 500 rods 
developed clad failures during service. The failures 
did not release significant amounts of fission products 
to the coolant or cause any abnormal reactor operating 
problems. 

SUMMARY 

The most significant effects of irradiation on 
metallic fuels are those which lead to dimensional 
instability of the fuel material, either by anisotropic 
growth or by high temperature swelling. Considerable 
progress has been made in developing a better 
understanding and control of these irradiation 
effects. Anisotropic growth in metallic fuels fabricated 
with preferred grain orientations is no longer a serious 
technological problem. Although the problem of 

(OC) 

154 6.1 [52] 
218 12.3 
178 7.8 [52] 
206 6.5 10.2 
180 8.7 [52] 
206 11.2 
560 7.7 [50] 
420 5.9 

fuel swelling has been less amenable to quick solution, 
two approaches which have been shown on an 
experimental basis to be effective in extending tempera
ture and burn-up limits are: .(a) the use of finely 
dispersed second-phase particles, and (b) the use of 
strong cladding with internal void space. Fuel com
pounds dispersed in metallic matrices are capable of 
relatively high burn-up. The temperature limitations 
under which dispersion fuels must be used are 
imposed by matrix cracking, blistering, and reaction 
between the fuel particles and the matrix. 
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ABSTRACT -RESUME-AHHOTAUV1}1-RESUMEN 

A/239 Etats-Unis-d' Amerique 

Comportement sous irradiation des com
bustibles metalliques 

par j. H. Kittel et at. 

Les alliages contenant de !'uranium, du plutonium 
et du thorium ont ete !'objet de nombreuses etudes 
destinees a conduire a des combustibles metalliques 
presentant de meilleures caracteristiques sous irradia
tion. On a pu obtenir plusieurs types d'alliages com
bustibles qui presentent so us irradiation une . excel
lente stabilite dimensionnelle. On peut pratiquement 
eliminer la croissance anisotrope sous irradiation de 
l'uranium alpha par addition d'elements d'alliage tels 
que le molybdene, le niobium et le zirconium. Si le 
materiau a ete fabrique avec une orientation de grain 
preferentielle, il faut lui faire subir un traitement 
thermique approprie, qui consiste generalement en un 
recuit prolonge a une temperature tres proche de la 
limite superieure de la phase alpha. 

Le gonflement a haute temperature de !'uranium 
peut etre limite par addition d'elements d'alliage, 
souvent en liaison avec un traitement thermique con
venable pour produire la microstructure optimale. 

Le gonflement dans les alliages en phase gamma 
metastable depend parfois peu de phases presentes 
avant !'irradiation, mais a des temperatures infe
rieures a celles de la phase gamma stable, le taux de 
fission semble avoir une influence nette sur le gonfle
ment. On peut diminuer le gonflement des combus
tibles metalliques en leur imposant une contrainte par 
la gaine. Par exemple, des epaisseurs de gaines de 
l'ordre de 0,25 mm ont permis d'accroitre dans des 
alliages de plutonium et d'uranium les temperatures 
de fonctionnement permises de plus de 300 °C et les 
taux de combustion realisable de 2% des atomes. 

On a observe pour les alliages d'uranium et de 
thorium une tres bonne stabilite dimensionnelle sous 
irradiation jusqu'a des taux de combustion d'au 
moins 5% de tous les atomes, a des temperatures de 
800 °C et plus. La structure cubique de la matrice de 
thorium elimine la croissance anisotrope sous irra
diation ou sous cyclage thermique. La grande resis
tance au gonflement des alliages uranium-thorium est 
attribuee en partie a la presence de particules d'ura
nium finement dispersees, qui servent de pieges pour 
les bulles de gaz de fission. 

Les alliages combustibles dilues tels que !'uranium
aluminium, et les combustibles disperses tels que 
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U02-acier inoxydable, peuvent atteindre des taux de 
combustion relativement eleves des atomes combus
tibles sans changements notables de dimensions et 
sans perte de resistance a la corrosion. La nature 
isolee des particules combustibles de ces materiaux 
presente l'avantage de reduire Ia liberation de produits 
de fission dans les elements combustibles presentant 
une defaillance en cours de fonctionnement. 

A/239 CWA 

noseAeHHe MerannHYecKoro ronnHBa 
nOA o6nyYeHHeM 
,LJ,m. X. KHTTellb et al. 

AJIH paapa6oTim MeTaJIJin•Iecl\oro TOTIJinBa c 
ooJiee coneprnenHLIMH xapaRTepncTimaMn n 
ycJIOBHJIX o6JiylJ:eHHJI 6LIJIO npone)l;eHo o6rnupnoe 
uccJie)l;onanue cnJiaBoB, co)l;epmanwx ypan, nJiy
TOHHH n Topnll:. Paapa6oTaHo necROJILKo TOllJITJB
HLix CIIJiaBOB, KOTOphiC B YCJIOBHJIX o6Jiy'ICHHJI o6-
Jia)l;aiDT npeBOCXO)I;HOH o6~CMHOH CTa6HJihHOCTLID. 
Ao6aBJIJIJI TaKne Jiernpyro~ne 3JieMeHTLI, Kal\ Mo
Jin6)1;eH, HH06nll: II D;HpKOHHii, M0/1\HO cpaRTH'ICCl\11 
yMeHLillnTL aHI130Tponnro pa)l;nan;nonnoro pocTa 
~ -ypaaa. EcJIH naroTOBJieHHLiii MaTepuaJI o6Jia)l;aeT 
npenMy~eCTBCHHoii opneHTan;neli aepen, nymna 
COOTBCTCTBYID~aJI TCpM006pa60TKa, o6LilJ:HO aa
KJIID'laro~aJICJI B npO)I;OJI/1\HTCJihHOM OT/1\Hre HC
CKOJihl\0 HH/1\C BepxHefi TCMnepaTypHOH rpaHHD;hl 
~-cpaaLI. 

BhlcoKoTeMrrepaTypnoe pacrryxanne ypana Mo
nmo YMCHhillHTh IIYTCM BHCCCHHJI Jiernpyro~UX 

~o6aBOK II TCpMoo6pa60TKOH C IJ;CJihiD IIOJIYllCHliR 
orrTnMaJILHoii MnKpocTpyKTYPLI. Pacrryxanne 
CIIJiaBOB B MCTaCTa6HJihHOH "j -cpaae B HCKOTO
pLIX CJiy'laJIX MCHhillC 3aBHCHT OT cpa30BOfO COCTa
Ba )I;O o6Jiyqenna, no npH TeMrrepaTypax nnme 
CTa6HJLbHOii "{ -cpa3LI CTCIICHh pacrrpe)l;eJieHHJI 
cy~ecTnenno aanncHT oT cKopocni )l;eJieHHJI. Pac
uyxanne MeTaJIJIH'ICCKOfO TOnJIHBa M0/1\HO TaK/1\C 
yMCHhillliTh C nOMO~LID CllCD;HaJILHOfO noKphiTHH. 
Y CTaHOBJICHO, HanpHMep, l.JTO noKphiTHC TOJI~H
HOH. 0,25 .M.M 1103BOJIHCT 'YBCJIH'IHTh )I;OIIYCTHMYIO 
pa6oqyro TCMnepaTypy H )I;OCTH/1\HMOC Bhii'OpaHHC 
B cnJianax ypana c nJiyToHJieM, no Kpall:nell: Me
pe Ha 300° C H Ha 2% aT. COOTBCTCTBCHHO., 

Y CTaHOBJICHO, 'ITO CnJiaBhl ypaHa C TOpneM 06-
Jia)l;aiDT OlJ:CHL xopornell: o6~eMHOH CTa6HJihHOCThiD 
JIO)I; o6JiyqenneM )I;O BLiropaHnR no Rpall:nell: Mepe 
5% aT. npn TeMnepaType 800° C nJin BLirne. Ry-
6nlJ:ecKaJI CTPYKTypa TopnJI yMeHLrnaeT annao
TporrHbill: poeT rrpn 06JiylJ:CHHH HJIH TCpM006pa-
60TKC. BLICoKaa cToiiKOCTL cnJiaBOB ypaaa c To
pReM TIO OTHOillCHHID K pacnyxaHHID 'laCTH'IHO 
o6~JICHJICTCJI HaJIHlJ:HCM XOpOIIIO )I;HCIIeprnpoBaH
HhiX MCJIKHX lJ:aCTHD; ypana, BHyTpH KOTOphiX npo
HCXO)I;HT HaKOIIJICHHC ra3006pa3HhiX npO)I;YKTOll 
)I;CJIC:lniJI. 

TonJIHBO na MaJioJierHponaHHLIX crrnanon, Ta-
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KHX, KaK CIIJiaB ypaHa C aJIIDMHHHCM, H )I;HCIICpC
HOC TOIIJIHBO TIIIIa HepmaBCIDIIJ;aJI CTaJih- U02 )1;0-
IIYCKaeT rJiy6oKoe BLiropanHe 6ea ana'IIITCJILHLix 
H3MCHCHHM o6~eMa II 6ea YMCHLIIICHHJI Kopp03JI
OHHOM CTOHKOCTH. li30JIHpOBaHHOCTL TOnJIHBHhiX 
lJ:aCTHIJ; 3THX MaTepnaJIOB JIBJIJICTCJI 60JihiiiHM npe
HMY~CCTBOM c TO'IKH apenn.11 yMeHLIIICHHJI yTe'I
Hn npO)I;YKTOB )I;CJICHHH H3 TCIIJIOBLI)I;CJIHID~ero 

:meMCHTa, KOTOphiM M0/1\CT OHaaaTLCH IIOBpCIR)I;CH
HhlM BO BpCMH pa60Thl peaKTOpa. 

A/239 Estados Unidos de America 

Comportamiento de los combustibles 
metalicos sometidos a irradiaci6n 

por J. H. Kittel et a/. 

A fin de obtener combustibles metalicos que posean 
mejores propiedades de irradiacion, se han investigado 
a fondo aleaciones que contenian uranio, plutonio 
y torio. Se han preparado varias aleaciones que pre
sentan excelente estabilidad dimensional frente a las 
radiaciones. El crecimiento anisotropico del uranio 
alfa por irradiacion puede suprimirse virtualmente 
por adicion de elementos de aleacion tales como 
molibdeno, niobio y zirconio. Si el material se ha 
elaborado con una orientacion determinada del grano, 
es preciso proceder a un tratamiento termico ade
cuado, que suele consistir en un recocido prolongado 
a temperatura ligeramente inferior a Ia temperatura 
limite superior de Ia fase alfa. 

La hinchazon de los combustibles de uranio a 
elevada temperatura puede reducirse con aditivos de 
aleacion, lo que suele hacerse en conjuncion con un 
tratamiento termico adecuado para obtener una 
microestructura de forma optima. En algunos casos, 
Ia hinchazon de aleaciones en fase gamma metaestable 
depende poco de las fases presentes antes de Ia irra
diacion, pero a temperaturas inferiores a Ia de la fase 
gamma estable, el indice de fision parece influir 
apreciablemente en Ia magnitud de Ia hinchazon. 
La hinchazon de los combustibles metalicos puede 
tambien reducirse por medio de una capsula de 
revestimiento. Por ejemplo, se ha observado que un 
revestimiento de unos 0,25 mm de espesor permite 
elevar la temperatura de explotacion y el grado de 
combustion de aleaciones de uranio-plutonio en 
300 °C y 2 at.%, como min.imo, respectivamente. 

Se ha observado que las aleaciones de torio
uranio poseen gran estabilidad dimensional frente 
a las radiaciones, basta grados de combustion de, 
como minimo, 5% de todos los atomos presentes, 
a temperaturas de 800 °C o superiores. La estructura 
cubica de Ia matriz de torio suprime el crecimiento 
anisotropico por irradiacion y tratamiento termico 
ciclico. La elevada resistencia a Ia hinchazon de las 
aleaciones de torio-uranio se atribuye en parte a Ia 
presencia de particulas de uranio finamente disper
sadas, que actuan como puntos de retencion de las 
burbujas de gases de fision. 
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Las aleaciones de combustible diluido, tales como 
las de aluminio-uranio, y los combustibles disper
sados, tales como los de acero inoxidable-U02, 

permiten alcanzar un grado de combustion relativa
mente elevado de los !ltomos fisibles sin alteracion 
significativa de las dimensiones ni merma de resisten-

J. H. KITTEL et a/. 

cia a Ia corrosion. El estado de aislamiento en que 
se encuentran las particulas de combustible en dichos 
materiales contribuye considerablemente a reducir el 
escape de productos de fision de los elementos com
bustibles que puedan fallar durante el funciona
miento del reactor. 
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Irradiation experiments on uranium-rich alloys 

By G. Colabianchi,* C. Fizzotti,* G. Traversi,* J. J. Stobo** 
and F. Squadrelli-Saraceno*** 

In 1959, the Nuclear Power Plant Company, 
AGIP Nucleare and CNEN agreed to conduct a 
joint programme to study the effect of composition 
and structure on the irradiation behaviour of uranium
rich alloys. With the ultimate goal of improving 
metallic fuel elements for power reactors, the pro
gramme was begun because of the lack of reliable 
data comparing the irradiation behaviour of alloyed 
and adjusted uranium. 

Previous studies have had differing experimental 
conditions, such as total burn-up, burn-up rates, 
irradiation temperature, thermal cycling and metal
lurgical condition of the samples and it was therefore 
decided to compare the behaviour of adjusted 
uranium with that of a group of alloys under strictly 
controlled irradiation conditions. 

Adjusted uranium was included in the programme 
with the aim of examining in greater detail the in
fluence of metallurgical history on its behaviour 
and also to use it as an internal standard because 
it is the material about which most is known both in 
small samples and in power reactor fuel elements. 
The results obtained on this material should provide 
a means of relating the results obtained on small 
samples, irradiated under accelerated conditions, 
with those of fuel elements and consequently a 
standard by which the potential of employing uranium
rich alloys in power reactors can be evaluated. 

IRRADIATION CONDITIONS 
The general conditions of irradiation have already 

been described [I]; those of metallurgical interest 
will be summarized here. 

Burn-up rate 

Since total burn-ups of 0.3-0.6% and irradiation 
times of 6 months were sought, irradiation conditions 
were established to give a burn-up rate of 0.05-0.1% 
per month. This rate was chosen as a compromise 
between the necessity of keeping the experiment 
reasonably short and the necessity of avoiding an 
excessive burn-up rate. Ideally, the burn-up should 
not be too different from that occurring in fuel 
elements and should minimise the temperature 

• CNEN, Rome. 
•• International Research and Development Company, 

Newcastle upon Tyne, England. 
••• SNAM, Milan. 
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gradient between the samples and the sodium heat 
transfer medium. With the selected burn-up rates, 
in-pile tests showed a negligible temperature drop 
between the sodium and the centre of the specimens. 

Temperature control 

During the in-pile experiments, the temperature 
of the specimens was maintained constant at a pre
determined value. The cans are equipped with an 
electrical immersion heater so that the temperature 
can be maintained constant during reactor shut
downs and power changes; they also contain cooling 
coils to remove the heat produced by fission and 
gamma-heating. By an appropriate combination of 
heating and cooling, irradiation can be performed 
both under constant temperature or under thermal 
cycling conditions. With the aim of studying growth 
and swelling, 200 and 550 °C were selected. A set 
of specimens was irradiated within ± 2 °C of these 
temperatures, while to investigate the influence of 
thermal cycling under irradiation, a similar set of 
specimens was irradiated at 250 °C ± 50 °C and 
with an irradiation time of about six months; not 
less than I 0 000 temperature cycles of I 00 °C am
plitude were imposed on the specimens. 

Thermar history 
Because the specimens are in the reactor for a 

few months, structural changes can be thermally 
induced; these changes are more likely to occur in 
the specimens irradiated at a high temperature 
(550 °C) or under thermal cycling. These purely 
thermal effects may be superimposed on the irradi
ation-induced effects. 

Thus it may be difficult at the end of an irradiation 
test to separate the two effects; furthermore, any 
accidental increase of temperature during irradiation 
may make separation more difficult. For this reason 
each irradiated specimen was provided with a duplicate 
specimen for comparison which was given the same 
thermal treatment without irradiation. These "thermal 
history" specimens were obtained from the same 
cast and heat treatment batch as the in-pile specimens, 
thereby ensuring chemical and metallurgical similarity, 
and were assembled in cans in the same manner as 
the irradiated specimens. The thermal history cans 
experienced exactly the same thermal conditions 
as the in-pile cans; they were maintained at the 
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same temperature and every programmed or acci
dental temperature variation in the in-pile cans was 
reproduced in the out-of-pile twin can. At the end 
of the irradiation period, therefore, differentiation 
between the thermally induced and the irradiation 
induced effects is facilitated. 

METALLURGICAL CONSIDERATIONS 

Adjusted uranium was prepared for irradiation 
in four different metallurgical conditions, i.e. in 
three grain size ranges called "fine", "standard" and 
"coarse" and in the form of pseudo-single-crystals. 
The three grain size ranges were obtained by sub
jecting the samples, which had previously been 
homogenized in the y range and water quenched, 
to the three different heat treatments shown below: 

Reference name Grain size (!l) Heat treatment 

Fine . . . . . . . . . . 100 Water quenching twice from 
the y phase (850 °C) followed 
by oc annealing (I h at 620 °C). 

Standard . . . . . . 250 Water quenching three times 
from the ~ phase (720 °C) 
followed by oc annealing (I h 
at 620 °C). 

Coarse . . . . . . . . 500 Furnace cooling at 4 °C/min 
from the ~ phase (I h at 720 °C). 

The pseudo-single-crystals were prepared by cooling 
specimens from the y phase to the IX phase in such 
a manner that the transformation fronts moved at 
a controlled rate (about 0.25 em/h) through the 
specimen, from one end to the other. This was 
achieved by passing the specimens through a zone 
containing a steep thermal gradient which started 
in the y range and ended in the IX range. 

The specimens which were obtained by this treat
ment, consisted of long ribbon-like IX grains having 
the (010) orientated very near to the specimen axis. 
They are large grained specimens with a fibre texture. 

All of these four structural conditions of adjusted 
uranium exhibited good thermal stability at 550 °C. 

The irradiation programme also took into considera
tion binary uranium-rich alloys containing molyb
denum, niobium and zirconium. Since the equilibrium 
diagrams of these three binary systems are very 
similar, the structures produced in the different 
uranium-rich alloys are also similar. The following 
three, thermally stable, characteristic, structures are 
obtainable in these alloys: 

(a) Lamellar structures. Obtained by furnace cooling 
from the y phase; the size of the lamellae depends 
upon the cooling rate and the composition of the 
alloy, finer structures being produced by faster 
cooling rates and higher alloy contents. Fine lamellar 
structures correspond also to fine IX grain structures. 

(b) Island structures. Obtained by step-annealing 
in the (~ + y1) phase field. The structures consist 
of "islands" of IX phase, the inter-island space being 
occupied by fragmental lamellae of alloy-rich phase 
(y1, y2 or e: depending upon whether the alloying 
element is molybdenum, niobium or zirconium 
respectively) dispersed in an IX matrix. The size of the 
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island decreases with increasing alloy content and 
decreasing dwell time in the (~ + y1) phase field 
during step-annealing. 

(c) Dispersed structures. Obtained by water-quench
ing from the y phase and aging, or by interrupting 
the quench from the y phase in the high temperature 
range of the IX phase. 

The specimens for the first irradiation charge were 
entiched up to 4% 235U, while for the subsequent 
charges the enrichment was reduced to 2.6%. The 
same burn-up rate was maintained in all of the 
charges by suitable adjustment of the reactor flux. 
The stock material, 46% enriched uranium, was 
progressively diluted down to the figures given, 
with reactor grade uranium in the case of the alloys 
and with adjusted uranium for the other specimens. 
This dilution was made in an arc-melting furnace 
and the buttons were subsequently cast in the form 
of pins, which after heat treatment were machined, 
furnishing the experimental specimens in the form 
of upright cylinders 5 mm diam and 12.5 mm long. 

The specimens were prepared and incapsulated at 
IRD in Newcastle upon Tyne; the cans after testing 
were fitted in rigs and shipped to lspra where the 
irradiation took place. After irradiation, the in-pile 
rig was dismantled in the lspra hot cell and the 
irradiated cans, together with the thermal history 
cans, were transferred to the hot laboratory of 
Casaccia, where the post-irradiation examination was 
performed. 

The irradiation programme is scheduled in four 
charges divided as follows: 

First charge 
This was an experimental charge with the dual 

purpose of testing the irradiation facilities and 
studying, in both the growth and swelling temperature 
ranges, the irradiation behaviour of adjusted uranium 
prepared in the four metallurgical conditions already 
described. 

The effect of thermal cycling under irradiation 
was also examined in this charge and a few specimens 
of uranium 2.1 wt% Mo were added, making a total 
of 30 specimens distributed in ten cans. The specimen 
burn-up ranged from 0.46 to 0.21% according to 
the position of the cans in the reactor core; the lower 
burn-up position was assigned to the specimens 
irradiated at lower temperatures (growth temperature 
range). After irradiation, the charge was examined 
completely and the results are described in this paper. 

Second charge 

This consisted of 27 specimens, 4 of adjusted 
uranium to maintain the continuity with the first 
charge apd 23 of different uranium-molybdenum 
alloys with a molybdenum concentration ranging 
from 0.4 up to 2.1 wt%. Different structures as 
described previously were obtained in these alloys 
and subjected to irradiation at a constant temper
ature of 550 °C, the specimen burn-up ranging from 
0.45 to 0.6%. This charge has already been irradiated 
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and the post-irradiation examination is now in 
progress. 

Third charge 

This consists of 4 specimens of adjusted uranium 
and 22 specimens of uranium-niobium and uranium
zirconium alloys differently heat-treated with 1 and 
2 wt% Nb and 2 and 5 wt% Zr. The thermal and 
irradiation conditions are similar to those described 
for the second charge. 

Fourth charge 

This will consist of 15 specimens of a 2% uranium
molybdenum alloy furnace cooled and 12 specimens 
of adjusted uranium having either a standard grain 
size or containing coarsened precipitate irradiated 
at. different temperatures in the swelling range from 
0.15 to 0.60% burn-up. The purpose of this charge 
is to obtain a temperature versus burn-up relation
ship for the 2% molybdenum alloy and to investigate 
the effects of precipitate morphology in adjusted 
uranium on the nucleation of fission gas bubbles. 

PRELIMINARY RESULTS 
Adjusted uranium irradiated in the growth 

temperature range 

The influence of ex grain size and preferred orienta
tion on irradiation growth is shown in Fig. 1. While 
the fine grain specimen maintained its original 
shape, apart from surface wrinkling, bending appeared 
in the standard grain specimen and the coarse grain 
specimen was almost completely destroyed. The 
pseudo-single-crystal, having the (010) crystallo
graphic direction almost coincident with the specimen 
axis, grew to approximately twice its pre-irradiation 
length. 

No significant differences were found between 
cycled and uncycled specimens after irradiation; 
they showed a measured increase of volume ranging 
from 2 to 5%. The true volume increase is certainly 
much lower since large errors in density determina
tions were caused by the badly distorted shape and 
wrinkled surface of the specimens. Although a few 
small cracks were observed in some, the majority 
of the cycled and uncycled specimens were free from 
cracking. 

The inclusions remained unaffected by thermal 
cycling and irradiation. 

Polarized light examination revealed a rather 
confused structure in all these specimens, as shown 
in Fig. 2a, where the shape and size of the original 
ex grains can be recognized. Examination at higher 
magnification showed that within each of these 
"original grains" there are extremely fine ex grains, 
(Fig. 2b) a few microns in size, separated by low angle 
boundaries. 

Since no tearing or porosity at grain boundaries 
was observed, the growth stresses have probably 
been absorbed by plastic deformation which has 
been followed by polygonisation. 

There was no evidence of recrystallisation. 
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Adjusted uranium irradiated in the swelling 
temperature range 
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Specimens with fine, standard and coarse ex grains 
were irradiated at a constant temperature of 550 °C; 
no deformation of shape had occurred to the speci
mens (Fig. 3a) independent of their grain size. An 
average volume increase of about 2.5% occurred 
in the specimens irradiated at a burn-up of 0.3%, 
and at this burn-up about 1% of the volume increase 
would be due to solid fission products. 

Thermal cycling under irradiation produced greater 
changes than irradiation alone; wrinkled surfaces 
appeared in all the cycled specimens and especially 
in those having standard and coarse grain sizes, as 
shown in Figs. 3b, c and d. The degree of wrinkling 
and distortion which occurred in the cycled specimens 
under irradiation was less than that in the thermal 
history specimens cycled without irradiation. The 
volume increases of the cycled specimens of adjusted 
uranium were more than twice those of the uncycled 
specimens, as shown in Table 1, while the cycled 
specimens showed an increase in swelling with grain 
size. 

Table 1. Density change of adjusted uranium after 
0.3% burn-up under isothermal and cycling conditions 

Grain size 
Temperature 
condition Fine Standard Coarse 

(100 ~-t) (250 ~-t) (500 ~-t) 

-2.8 
550°C -2.4 -2.6 

-2.9 

-5.5 
550 oc ± 50°C -4.4 -9.3 

-6.1 

During irradiation, a standard grain specimen 
irradiated at 550 °C was heated for a short unscheduled 
period of time at~ 710 °C in the ~phase; the speci
men presented a wrinkled surface and a volume in
crease of about 19% for a burn-up of 0.4%. 

Microcracks were observed only in the coarse 
grained specimen and, as shown in Fig. 4, they 
follow the boundaries of the coarse grains: also in 
cycled specimens the cracks appeared only in the 
coarse grain specimen, being mostly intergranular· 
and up to an order of magnitude larger than in the 
uncycled specimen. It was estimated that the fine 
cracks shown in Fig. 4a would account for a volume 
increase of less than 1% while in the coarse grain 
cycled specimen the large cracks could cause a volume 
increase of about 4%. 

All the cycled specimens exhibited a peculiar type 
of precipitation consisting of stringers formed by 
a sequence of small dots; at high magnification, 
they appeared as very fine voids, presumably bubbles 
containing gas fission products (Fig. 4b). These 
bubbles formed a network with a spacing of 5-10 (.L 

and an average inter-bubble distance of about 0.5 (.L· 
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~illl\111!1111Jl1tlll1l 
Figure 1 Figure 2 

a, b and c: Respectively fine, standard and coarse grain adjusted uranium 
irradiated at 200 °C to a bum-up of 0.20%; d: Pseudo-single-crystal adjusted 
uranium irradiated at 200 °C to a bum-up of 0.35% 

Grain adjusted uranium irradiated at 
200 °C to a burn-up of 0.20%. a: Standard 
( x 500); b: Coarse ( x 700) 

Extraction replicas, taken from specimens in the 
same metallurgical condition as those at the beginning 
of their irradiation, showed precipitate between 
0.01 and 0.05 [.Lin diameter with interparticle spacings 
of 0.2 [.L for the fine-grained specimens, 0.4 [.L for the 
standard grain size specimens and 0. 7 [.L for the 
coarse-grained specimen. 

The fact that the bubbles in Fig. 4b and the <0.05 [.L 

particles are locally at the same spacings makes it 
tempting to ascribe bubble nucleation under thermal 
cycling to certain of these precipitate particles. 
Further, the fact that larger precipitate spacings go with 
higher swellings also suggests that the bubbles may 
nucleate on precipitate particles during thermal cycling. 

Greenwood [2] used an expression of the form 
Sex: b3

'
2
, where S = swelling and b = bubble spacing. 

a 
I • I I I I I 

Figure 3 
a: Fine grain adjusted uranium irradiated at 550 oc to a 
bum-up of 0.40"/o; b, c and d: Respectively fine, standard 
and coarse grain adjusted uranium irradiated at 500 °C ± 50 °C 
to a bum-up of 0.30% 

The bubble-nucleating sites in the isothermal experi
ments are evidently not these precipitate particles 
and if the Greenwood relationship holds, they must 
have spacings of <0.2 lL· It is feasible that features 
of dislocation lines such as jogs or modes provide 
nucleation sites in isothermal, and therefore stress
free, conditions while they are not suitable nucleation 
sites under thermal cycling when they are subjected 
to alternating stresses and therefore to movement. 
It may be that a line of bubbles such as is a feature 
of Fig. 4b results from precipitation of gas as 
bubbles on precipitates which have held up a dis
location; dislocations might then be able to "sweep 
up" gas atoms as they move and to deposit them 
at the precipitate sites when their movement is 
blocked. 

Figure 4 
a: Coarse grain adjusted uranium irradiated at 550 °C to a 
burn-up of 0.30% (x 38); b: Fine grain adjusted uranium 
irradiated at 500 oc ± 50 oc to a burn-up of 0.30% ( x 4 200) 
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Table 2. Influence of thermal cycling and irradiation on the microstructure 

Grain size 

Fine Standard Coarse P.S.C. 

Thermal cycling Complete Complete Complete No 
alone recrystallization recrystallization recrystallization recrystallization 

Thermal cycling Partial Partial No No 
+ irradiation recrystallization recrystallization recrystallization recrystallization 

' 
Examination under polarized light showed that 

the <X grains in the uncycled specimens retained their 
pre-irradiation dimensions as shown in Fig. 5a. The 
cycled specimens of fine and standard grain size gave 
evidence of partial recrystallisation in the form of 
grains a few microns in size along the grain boundaries 
(Fig. 5b). Recrystallisation did not occur in the coarse
grained cycled specimens which contained large inter
granular cracks. 

Comparison of the irradiated and thermal history 
specimens under thermal cycling showed that, in the 
absence of irradiation, high temperature cycling 
induced almost complete recrystallisation of the 
specimens regardless of their grain size, as illustrated 
in Fig. 6, which shows fine equiaxed <X grains. The 
newly recrystallised <X grains in the thermal history 
specimens were coarser than the recrystallised <X grains 
obtained under irradiation. 

The pseudo-single-crystal irradiated under thermal 
cycling maintained its structure although having 
undergone a volume increase of about 19% (at a 
bum-up of 0.4%), due to some very large inter
granular cracks which tended to split the specimen 
along the longitudinal direction; like the coarse 
grain specimen, it showed only cracks and no re
crystallisation under irradiation. The thermal history 
specimen maintained its structure unchanged in spite 
of the severe thermal cycling. These results are shown 
in Table 2. 

The interplay of the following effects can give rise 
to these results: 

(a) The internal stress caused by thermal cycling 
is lower in the case of the pseudo-single-crystal 
than for the other specimens because of the well 

FigureS 

Cracking Cracking 

formed fibre texture. Hence the absence of recrystal
lisation in the thermally cycled specimen. 

(b) The irradiation hardening raises the yield stress 
of all irradiated specimens by increasing Gi in the 
Petch equation 

Gy = Gi + kyd·t_ 
where Gy = yield stress, Gi = friction stress, ky = 
locking term and 2d = grain size. 

This explains the lesser degree of recrystallisation 
in the irradiated specimens, but suggests that the 
larger grain size specimens should have yielded 
earlier and therefore recrystallised more, when in 
fact they cracked. 

(c) The propagation of a crack at the yield point 
is most likely when 

ky (Gidt_ + ky) >~!LY 
where ~ = constant, !L = shear modulus and y = 
surface energy. 

Thus irradiated large-grained specimens are most 
likely to crack on reaching the yield stress. These 
cracks will be at grain boundaries because there the 
stress is highest. 

A short irradiation in the ~ phase caused the 
formation of large voids with rounded edges. When 
the specimen reached the (<X-~) transformation tempera
ture, extensive cracking probably occurred along 
the boundaries of the large ~ grains, the cracks 
filling up with fission product gases. Subsequently 
this unrestrained gas would cause the formation 
of large interconnected voids by creep of the matrix 
during the subsequent period of irradiation at 550 °C. 
The original standard grain size specimen was trans
formed, by heating in the ~ phase, into the coarse 
grain structure. 

Figure 6 
a: Standard grain adjusted uranium irradiated at 550 °C to a bum-up 
of 0.30% ( x 90); b: Standard grain adjusted uranium irradiated at 
500 °C ± 50 °C to a bum-up of 0.30% ( x 90) 

Standard grain adjusted unirradiated uranium cycled at 
500 °C ± 50 °C ( X 90) 
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Figure 7 
Furnace cooled U-2.1 wt% Mo alloy irradiated at 200 °C 
to a burn-up of 0.35% ( x 4 500) 

G. COLABIANCHI et a/. 

Figure 8 
U-2.1 wt% Mo alloy irradiated to a burn-up of 0.40%. a and b: 
Step-annealed at 675 oc and irradiated at 550 °C; c: Step
annealed at 675 °C and irradiated at 500 °C ±50 °C; d: Step
annealed at 550 °C and irradiated at 500 °C ± 50 oc 

Figure 9 Figure 10 Figure 11 
U-2.1 wt% Mo alloy step-annealed at 
550 °C and irradiated at 550 oc to a 
burn-up of 0.40% ( x 3 150) 

U-2.1 wt% Mo alloy step-annealed at 
675 oc and irradiated at 500 oc ± 50 oc 
to a burn-up of 0.4QO/o. a: Rim ( x 540); 
b: Core ( x 540) 

U-2.1 wt% Mo alloy furnace cooled 
and irradiated at 550 °C to a burn-up 
of 0.45% ( x 2 900) 

U-2.1 wt% alloy irradiated in the growth temperature 
range 

Only the furnace-cooled alloy was irradiated with 
and without thermal cycling at 200 °C. Before irradi
ation the alloy possessed a structure of closely 
spaced (~ 0.5 fl.) lamellae; the IX grains were acicular 
but extremely fine. Figure 7 shows the specimen 
irradiated at 200 °C after 0.3% of burn-up; the irra
diated specimens, including that which underwent 
thermal cycling, present smooth surfaces; the only 
significant deformation found was a very small but 
abrupt increase in diameter at both ends of the 
specimens. No cracks were found in these specimens, 
but the original lamellar structure was substituted 
by the rather confused structure shown in Fig. 7, 
in which the lamellae were less distinct and had a 
tendency to fade out; furthermore, while the lamellae 
were initially straight, after irradiation they were 
markedly bent. The fading out of the molybdenum-

rich phase is probably due to solution and repreci
pitation of the atoms in the thermal spike; the rather 
low temperature ( ~ 200 °C) would prevent coalescence 
and therefore enhance the spreading of the molyb
denum-rich phase. The large bending of the lamellae 
could be caused by the differential growth under 
irradiation of the very fine acicular IX grains. 

U-2.1 wt% alloy irradiated in the swelling temperature 
range 

While uranium-molybdenum alloys were subse
quently irradiated in the swelling range in the second 
charge which is still under examination, a few speci
mens containing 2.1% of molybdenum were added 
to the first charge to investigate the influence of 
thermal cycling under irradiation on two phase 
structures. Two structures were irradiated at 550 °C 
with and without thermal cycling; one structure 
consisted of lamellae obtained by step-annealing the 
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alloy at 550 °C, the other was of islands of IX uranium 
dispersed in a molybdenum-rich lamellar structure 
obtained by step-annealing the alloy at 675 °C; 
the latter specimens had a rather coarse IX grain size. 

Figure 8 shows the effect of irradiation with and 
without thermal cycling after a burn-up of 0.4%. 
While irradiation alone caused volume increases of 
11 and 16%, irradiation and thermal cycling caused 
volume increases of 27 and 30%. This is striking 
in consideration of the fact that good thermal cycling 
resistance was shown in the duplicate thermal history 
specimens, especially in that having a lamellar 
structure, possibly because of its fine IX grain size. 

Examination of the thermal history specimens 
showed that a marginal coalescence occurred in 
both structures when maintained at 550 °C, while 
a strong coalescence which profoundly changed the 
structures occurred in the same alloys when cycled. 
The lamellar structure obtained by step-annealing 
the alloy at 550 °C underwent an appreciable coales
cence under irradiation as shown in Fig. 9. No 
cracks were found in this specimen, not even when 
cycled; the grains were fine and acicular and of the 
same size as those before irradiation. Still more 
coalescence occurred in this specimen when cycled, 
and a significant difference was observed between 
the core and the rim of the specimen; .in fact the 
specimen irradiated under thermal cycling showed 
a rim ranging from 0.5 to I mm in which large voids 
were present (up to 15 [L). Electron microscope 
examination indicated the presence also in the core 
of a certain density of small voids of about 1 fL diam 
which can be attributed to bubbles of gaseous fission 
product. 

The specimen with an island structure also ex
hibited large coalescence under irradiation at constant 
temperature, while the original large IX grains remained 
practically unchanged. The specimen irradiated under 
thermal cycling underwent an even more pronounced 
coalescence. Figure 10 shows the structures of the 
core and rim of the irradiated specimen, large voids 
being found in the rim but not in the core. 
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This phenomenon of increased rate of coalescence 
under irradiation can be attributed either to an 
increase in the diffusion rate due to the increased 
number of vacancies, or to the solution and the 
reprecipitation of the atoms in the thermal spike. 

Thermal cycling causes an increase in the rate of 
coalescence of the molybdenum-rich phase in both 
the irradiated and unirradiated specimens; an increase 
in the degree of coalescence of the gas bubbles in 
the irradiated specimens also occurred as a result of 
thermal cycling under irradiation. This irradiation
dependent phenomenon is not clearly understood, 
but it may be that the generation and movement of 
dislocations and vacancies is increased under thermal 
cycling, accelerating the growth of very fine bubbles 
to a size from which they can expand by creep of the 
matrix. The effect of creep restraint on bubble 
growth would be less marked near to the specimen 
surface, explaining the observation of a rim of large 
voids in the irradiated thermally cycled specimens. 

A specimen with a fine lamellar structure, obtained 
by furnace cooling, was irradiated at 550 °C and 
was then, as a result of an unscheduled temperature 
excursion, heated under irradiation for a short 
period of time at 710 °C, considerably above the 
(1X-~) transition temperature. The specimen presented 
a smooth surface and the lamellar structure was 
conserved, but some coalescence of the lamellae 
occurred, as shown in Fig. 11. No cracks or large 
voids were present in this specimen, in contrast 
with the adjusted uranium specimen which underwent 
a similar irradiation history. 
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Experiences d'irradiation sur des alliages 
riches en uranium 

par G. Colabianchi eta/. 

La collaboration entre Ia Nuclear Power Plant 
Company, AGIP Nucleare et le CNEN a porte sur 
toute une serie d'experiences a grande echelle ayant 
pour but d'approfondir Ia connaissance des dom
mages causes aux combustibles par !'irradiation et de 
mettre au point des alliages stables sous irradiation. 

Le memoire compare le comportement de !'uranium 
« ajuste » traite thermiquement avec celui d'alliages 
de molybdene, a deux temperatures differentes, avec 
et sans cyclage thermique. On met surtout en relief 
Ia caracteristique remarquable de I'exacte simulation 
de l'histoire thermique pour chaque echantillon sous 
irradiation. 

Les auteurs montrent et discutent les resultats 
obtenus jusqu'a present, par exemple l'effet de Ia 
dimension des grains dans }'uranium « ajuste », l'effet 
du cyciage thermique sous irradiation, Ia recristallisa
tion et les changements metallographiques dans les 
alliages dus aux effets thermiques et a l'irradiation. 
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A/73r, HTaiiH.R 

9KcnepHMeHTbl no o6nyYeHHIO cnna
eoe c 6onbWHM COAepmaHHeM ypaHa 
r. Kona6bRHKM et at. 

B uacToau~eM AOJiJiall:e ouncLlBaJOTCH peaynLTa

TLI 31\CnepHMCHTOB no o6JiyqeHHJO TOnJIHBHLIX Ma

TepH3JIOB, npoBeAeHHLIX npn COTPYAHHqecTBe 

lflnpM «HLJOKJieap nayap nnaun, «AGIP HYKJie

ap» 11 Ha~nouaJILHoro KOMHTeTa no HAepuoii auep

rnu .11T3JIHH C ~eJihlO noJiyqeHHH HOBLIX CBeAeHnii 

o paAHa~HOHHOM noBpemAeHHH TonJIHBa n paapa-

6oTKII HOBLIX CToiiKHX K o6JiyqeHHJO cnJiaBoB. B 
nepBoii qacTH AOKJia;J;a cpaBHHBaJOTCH CBOHCTBa 

TCpMoo6pa6oTaHHOfO CnJiaBa peryJIHpOB3HHOfO 

ypaHa C HCKOTOpLIM KOJIHqecTBOM MOJIH6AeHa npu 

;.IBYX TeMnepaTypax KaK C ~HKJIHqecKUM H3MeHe

UHeM TeMnepaTypLI, TaR H 6ea nero. Oco6oe BHH

MaHJte y;J;eJieHO nayqeHHJO Heo6LiqHhiX CBOUCTB 

o6paa~oB BHYTPH peaKTopa. 

Bo BTopoii qacTH ;J;OKJiaAa aBTopw upHBO,IVIT 

llOJlyqeHHhiC ;J;3HHLie B OTHOUJeHHH BJIHHHHH paa

Mepa aepeu B perynnpoBanlloM ypaue, BJIHHHJJH 

Oil:HOBpeMeHHOfO ~JJKJIJiqecKOfO H3MeHeHHH TeMIJe

paTypLI, o6ny•IeHHH, nepeKpHCT3JIJIH33~HH H Me

T3JIJiorpa«fJH•IeCKHX H3MeHeHHU B CllJiaBaX no;.~ 
D03;J;CiiCTBHCM TeMIICpaTypLI H o6JiyqeHHH. 
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Af735 Jtalia 

Experimentos de irradiaci6n realizados con 
aleaciones ricas en uranio 

por G. Colabianchi et a/. 

La colaboraci6n entre el CNEN, el AN y el NPPC 
ha dado como resultado una serie de experimentos 
de irradiaci6n en gran escala cuyo objeto es ampliar 
los conocimientos sobre los daiios provocados por 
las radiaciones en los combustibles y preparar alea
ciones estables ante las radiaciones. En Ia primera 
parte de Ia memoria se compara el comportamiento 
del uranio ajustado y tratado termicamente con el 
de algunas aleaciones de molibdeno a dos tempera
turas diferentes, con tratamiento termico ciclico y 
sin el. Se presta especial atenci6n a las peculiaridades 
de Ia simulaci6n exacta de los antecedentes termicos 
de cada muestra sometida a irradiaci6n. 

Por ultimo, los autores exponen los resultados 
obtenidos basta el presente, por ejemplo, el efecto 
del tamaiio del grano en el uranio ajustado, Ia influen
cia del tratamiento termico ciclico y de Ia irradiaci6n, 
Ia recristalizaci6n y las alteraciones metalograticas 
en las aleaciones debidas a los efectos termicos y de 
irradiaci6n. 
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On the uranium-hydrazine system 

By B. S. Brcic, J. Slivnik, D. Kolar, B. Frlec, M. Komac and P. Glavic* 

Very little is known on the chemical reactions of 
uranium and its compounds with hydrazine and hy
drazine fluoride. The reactions are of interest in view 
of their potential use in reactor technology. Several 
salts analogous to ammonia compounds could be 
expected in the system. However, the less alkaline and 
much more reducing character of hydrazine may 
change the reaction mechanism and give different 
products. Due to the importance of uranium-fluorine 
compounds, the reactions of hydrazine with uranium 
fluorides and uranium or uranium dioxide with hy
drazine fluoride were felt to be of special interest and 
are described in the paper. Some reactions of hydra
zinc with uranyl ions in water solutions are also 
described. 

REACTIONS OF ANHYDROUS HYDRAZINE WITH 
URANIUM COMPOUNDS 

N2H4-UF6 

Since the reaction between solid uranium hexa
fluoride and anhydrous hydrazine proceeds almost 
explosively at 20 °C and is difficult to control due to 
the large heat of reaction, it was decided to carry out 
the reaction in the gaseous phase. For this, glass appa
ratus similar' to that reported for the reaction of am
monia with gaseous uranium hexafluoride was used [1]. 
Uranium hexafluoride was prepared by fluorinating 
Ua08 and was purified by repeated sublimation in 
vacuum. Anhydrous hydrazine was distilled from a 
mixture of hydrazine hydrate and solid sodium hydro
xide. Calcium oxide was added to the distillate and the 
procedure was repeated, giving 99.5 ± 0.1~~ hydra
zinc. The vapours of both reactants were carried by 
the stream of nitrogen. The required concentrations 
were achieved by controlling the temperature of both 
reactants and the flow rate of the carrier gas. The con
centrations of both reactants were independently 
checked. Typical data follow: 

N2H4 flow rate 12.50 x I0--3 mol/h 
UF6 flow rate 10.37 x 10-3 mol/h 
Nitrogen flow rate 45 1/h 
Temperature 80 ± 5 °C 
Time of reaction 90 min. 
The reaction vessel was externally maintained at 

70 °C by means of a heating mantle, the temperature 
in the vessel being some I 0 °C higher varying between 
the limits of 80 ± 5 °C. The reaction product was a 

* J. Stefan Nuclear Institute, Ljubljana. 
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white voluminous powder which was precipitated in 
the electrostatic filters. Since the product turned green 
in contact with the atmosphere, bulbs were filled with 
the samples for chemical analysis under a stream of 
dried argon and were sealed under vacuum. 

The results of the chemical analysis are given in 
Table I, the composition of the reaction product 
corresponding to the brutto formula N2H5UF6• 

Table 1. Analytical data and molar ratios of the 
products I, II, Ill, IV and V 

Product N 2H• Uranium Fluorine Molar ratio 
(wt%) (wt%) (wt%) N 2H 4 : U: F 

I 8.3 59.6 32.0 1.03: 1.00: 6.7 
8.9 61.0 28.9 1.09: 1.00: 5.93 
8.5 62.2 29.4 1.02: 1.00: 5.92 

II ( 20 °C) 15.5 59.4 24.2 1.94: 1.00: 5.1 
II (110 °C) 7.85 66.68 25.30 0.88: 1.00:4.75 

Ill (110 °C) 7.14 67.26 24.66 0.8 : 1.00:4.7 
IV (110 °C) 6.69 68.48 23.93 0.73: 1.00: 4.47 
V (110°C) 5.28 68.07 24.31 0.58: 1.00: 4.47 

The temperature dependence of the magnetic sus
ceptibility was measured by Gouy's method. After 
correcting for diamagnetism, the magnetic moment 
was calculated to be 2.31 Bohr magnetons. This result 
is lower than the magnetic moments of the fluorides 
of uranium (IV), which are given in the literature to 
be around 3.3 Bohr magnetons [2]. 

The product was thermally decomposed in vacuum, 
the final product at 450 °C being uranium tetra
fluoride. 

N2H4-UF4 

Since solubility of uranium tetrafluoride in anhy
drous hydrazine has been observed, the reaction was 
carried out in a glass apparatus in an argon atmo
sphere. Anhydrous hydrazine was added to a known 
amount of uranium tetrafluoride in a Teflon crucible. 
The temperature was maintained at 60 °C. The green 
solution was filtered off after 6 h through the crucible 
bottom by increasing the pressure. Fresh hydrazine 
was added to the solid residue and the procedure was 
repeated until the hydrazine become colourless. At 
this stage the molar ratio was approximately 200:1 
and the black residue was insoluble. A bulb with the 
solution was connected to the vacuum line, and the 
excess hydrazine was distilled off. The emerald green 
glassy residue was powdered and kept at 20 °C until 
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the weight became constant under a vacuum of 
10 4 mm Hg. Its composition is given in Table I 
(II, 20 °C). 

The product was then held at 10-4 mm Hg at 
110 oC until the weight was again constant. The iso
therm is given in Fig. 1, Curve II, and the composition 
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Figure 1. Decomposition curves of reaction products II, Ill, IV 
and Vat 110 ac in vacuum 

of the final product is given in Table 1 (II, 110 °C}. 
For a better understanding of the above reactions 

and for comparison, some other reactions were carried 
out (Ill, IV, V). 

N2H6F2-U 
The reaction was carried out with molten hydra

zinc fluoride in a platinum crucible at about 190 °C. 
Uranium turnings were gradually added until a molar 
ratio of approximately I :30 was attained. During a 
fairly vigorous reaction gases were evolved and the 
melt turned emerald green. After the gases ceased to 
evolve, the melt was cooled and pulverized. The 
powder was heated under vacuum and the isotherm 
at 110 °C determined (Fig. I, Curve III). The chemical 
composition of the product was determined after 
evacuating at 110 °C to constant weight (Table 1). 

N2H6F2-UF4 

Following the same procedure as above, uranium 
tetrafluoride was added to the molten hydrazine 
fluoride until the molar ratio I :30 was reached. The 
uranium fluoride dissolved without residue and with
out gas evolution. The emerald green melt was cooled 
and powdered. The isotherm was measured as before 
(Fig. I, Curve IV) and the final composition (110 °C) 
determined and is given in Table I. 

N2H6F2-U02 

Uranium dioxide and solid hydrazine fluoride were 
mixed together in molar ratio of 1:4 and held for I4 
days at 20 °C. The chemical composition after heating 
in vacuum at 110 °C (Table I) and the isotherm was 
determined as before (Fig. I, Curve V). 
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Analyses 

The uranium content was determined volumetri
cally [3], fluorine by the distillation method of Pietzka
Ehrlich [4], and hydrazine by the potentiometric me
thod [5]. The accuracy was in all cases within ± 0.5%. 

X-ray patterns were taken of all products. For com
parison (NH2) 2HUF5 was prepared by the method 
reported by Russian authors [6]. Its X-ray pattern was 
taken and compared with those of products from the 
present experiments. 

Comparison of results 

Uranium hexafluoride reacts with anhydrous hydra
zinc giving a product of chemical bnhto formula 
N2H5 UF6 • The magnetic moment calculated from 
susceptibility measurements is considerably lower than 
the reported values of the fluorides of uranium (IV). 
X-ray patterns gave only a few weak and diffuse lines, 
which were not identical to the X-ray lines of 
(NH 2) 2HUF5• The conclusion that can be drawn is 
that the compound, resulting from the reaction of 
uranium hexafluoride with hydrazine can be regarded 
as a hydrazine, analogous to the ammonium ura
nium (V) ternary fluoride (NH 4UF6) as described by 
American authors [7]. 

In the reaction of uranium tetrafluoride with hydra
zinc two products were found. A black residue, inso
luble in hydrazine is still being investigated. A soluble 
compound was emerald green and after drying in 
vacuum at room temperature had a molar ratio of 
N2H4 :U:F of roughly 2: I : 5. The diffuse X-ray 
pattern ..yas not identical to either the patterns of 
(NH2) 2HUF5 or UF4• After drying in vacuum at 
110 °C the molar ratio approached 0.85 : I : 4. 75. 
The result is close to the molar ratios of compounds 
Ill, IV and V (Table 1). All products decomposed on 
heating in vacuum up to 450 °C. 

X-ray patterns of all products after heating at 
110 oc (II, III, IV, and V) ar~ identical to the pattern 
of (NH2) 2HUF5, prepared according to [6]. Therefore 
it is concluded that the products are the same. 

HYDRAZINE- URANYL NITRATE- WATER 
SYSTEM 

The formation of a yellow precipitate on addition 
of an aqueous solution of hydrazine to a dilute 
aqueous solution of uranyl nitrate was observed by 
Salvadori in 1912 [8]. 

The precipitate was obtained in the present work at 
room temperature under similar conditions, i. e., add
ing a 50% hydrazine solution to a uranyl nitrate' 
solution containing 10 g U /I. 

Room temperature preparation 

Addition of hydrazine solution to the uranyl nitrate 
solution initially caused some darkening of the colour, 
probably due to the formation of U-0-U bonds as 
observed in other solutions containing the uranyl ion. 
The increase of the pH of the solution when adding 
the hydrazine was followed by potentiometric titration. 
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Table 2. Analytical data on hydrazine uranates 

Analytical data (wt%) 
Degree of FinalpH -- ---------- --- -~ ---- ---- ---------
precipita- of the Uranium Nitrogen N 2H4 

tion slurry (uncorr.) (total) (total) 

I 

4.85 72.3 2.24 2.28 S-o 
0~ 4.1 72.2 2.23 2.24 u II) s::- 4.5 72.3 2.36 2.37 ;:JP.. 
I 

.~ >. 5.3 72.3 2.83 2.86 
.... _ 
~-~ 4.85 72.25 2.63 2.69 
0 

"' 8 71.3 2.59 2.53 "' ... <U::t: 7.5 71.4 2.92 2.89 u .. 
~z 7.5 72.1 2.67 2.55 

8 

3 -- Non- equilibrium vt1lues 

---- E:quilibfi~..m values 

2 

3 4 

-mole ratio 

Figure 2. Potentiometric titration curves of uranyl nitrate 
solution with 50% hydrazine solution 

The curve obtained (Fig. 2) could be compared 
with similar data obtained when precipitating by 
ammonia [9]. The shape of the curve depended on the 
rate of hydrazine addition. When a period after each 
addition was allowed for the equilibration of the 
system, a sharp drop was observed at pH 5. This 
phenomenon was attributed to the formation of 
hydroxo-uranyl complexes [10]. When the addition of 
hydrazine was carried out rapidly, the effect was much 
less marked. The further addition of hydrazine caused 
a sharp increase of pH, indicating the quantitative 
precipitation of uranium. The molar ratio at this 
break was the same (N2H4 : U = 2.33 : 1) regardless 
of the rate of hydrazine addition. 

Characteristics of the product 

Slow addition of hydrazine gave a fast settling, 
easily filterable precipitate whereas the precipitate 
after fast addition settled slowly and was not easily 

N2H4 uo. H 20 N 2H4 Molar ratio 
(comb. (correc.) (correc.) HN03 N2H4 : U03 : H20 

correc.) 

1.749 88.35 9.91 1.661 l: 5.65: 10.06 
1.653 88.38 9.96 1.832 I: 5.98: 10.72 
1.750 88.60 9.65 1.941 1:5.66: 9.80 

2.158 88.86 8.98 2.226 I: 4.61: 7.39 
2.099 88A8 9.42 1.869 I: 4.72: 7.98 

1.718 87.91 10.37 2.537 I: 5.72: 10.73 
2.048 88.14 9.81 2.659 I: 4.8 : 8.5 
1.597 89.29 9.11 2.968 I: 6.04: 10.14 

filterable. The precipitates obtained at various pH 
values (from 4.1 to 8) were washed with methanol and 
ether and dried over P20 5• The hydrazine-uranium 
ratio was determined by analysis of hydrazine [5] and 
uranium (ignition to U30 8) •. The ratio varied within 
the limits of 1 :4.7 to 1 :3. It was expected, from the 
ADU analogy, that the precipitate must contain some 
adsorbed hydrazine nitrate, thus influencing the molar 
ratio determined. Therefore, the total amount of 
nitrogen was measured by the Dumas method and the 
results were compared with the hydrazine determina
tions. In all cases the difference indicated an appre
ciable amount of nitrate, varying between 1.6 and 
3%. The corrected moral hydrazine-ura.nium ratio was 
therefore 1:5 to 1 :6. The scattering of results between 
these two values was random and no particular in
fluence of precipitating conditions could be detected. 
All precipitates contained some water, the amount of 
which was estimated, after the hydrazine and uranium 
determinations, by difference from 100% and was 
found to be 10-8% The analytical data are given in 
Table 2. 

It is believed that scattering of results within the 
observed limits is due to the complexity of the system, 
resembling the NH3-U02(N03kH20 system, which 
has not yet been clarified [11] More work is needed 
for the system to be clearly understood. 

The hydrazine uranate had a well defined crystal 
structure. Preliminary X-ray investigations showed the 
products obtained at a lower pH to be isomorphous 
with U03.2H20, however, slight differences in cell 
dimensions were noted. The products obtained at a 
higher pH (7.5 to 8) showed the same pattern as 
given by Debets and Loopstra [12] for U032NH3 • 

4HP [13]. The density measured in hexane was 
4.7 ± 0.1 gfcm3• 

The decomposition of the product was followed 
by DT A and TGA. Thermogravimetrical analysis 
showed the loss of water and hydrazine up to 400 °C. 
The U03 is stable in the range 400-500 °C and then 
decomposes to U30 8 • There is slight evidence for the 
intermediate compound uo2•9 already noted at 
the decomposition of U03 from U0 4.2H20 [14]. 
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Figure 3. DTA curves of hydrazine uranates in oxygen 

DT A curves (Fig. 3) confirm the weight loss diagrams. 
The loss of water is demonstrated by an endothermic 
effect at 140 °C and the decomposition of uranate to 
U03 at 320-350 °C. It seems likely that at the same 
time uv• is partially reduced, so that the U03-U30 8 

endothermic decomposition step at 550 °C is much 
less marked. The samples precipitated at a higher pH 
(7 or 8) and containing an excess of hydrazine nitrate 
do not show the last decomposition step and show 
the distinct exothermic effect at 190 °C instead. By 
comparison with the thermal analysis of pure hydra
zine nitrate, diluted by alumina, it can be concluded 
that the above effect of hydrazine uranate is associated 
with the loss of adsorbed nitrate. The autoreduction of 
hydrazine uranate was further demonstrated by heating 
in inert atmosphere or in vacuum, the end product 
having always a lower oxygen content than U30 8• 

Precipitation at higher temperatures 

On heating, the colour of alkaline hydrazine ura
nate suspensions changes from yellow to green, black
violet then black. Comparison of the properties of 
these products with the few data relating to hydrated 
uranium oxides [15] indicates that the precipitates 
belong to this group of compounds. 

On heating the alkaline slurry under a protective 
non-oxidizing atmosphere the black-violet colour of 
the precipitate was preserved. Dry product was not 
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stable in air and analyses showed an 0/U ratio of 
2.0 I to 2.12 with only traces of hydrazine. The amount 
of water in the dried product varied depending on 
the drying conditions between 1.5 to 5 moles per 
mole of U02 and a NMR investigation showed that 
this water is at least partially water of cry'>tallization . 
After prolonged drying at 105 °C in an argon atmos
phere the composition corresponded to U02.2H20. 
The X-ray patterns showed a few diffuse lines relating 
to the f.c.c. uo2 structure. 

Hydrous U02 formed by reduction in a hot sus
pension of hydrazine uranate was oxidized easily by 
dissolved oxygen to U30 8 hydrate, which was observed 
as a black precipitate at the end of the reaction, 
carried out in contact with air. The isolated product, 
dried at 105 oc for 10 h in a vacuum of 10-2 mm Hg 
still contained I% moisture and lost water gradually 
with increasing temperature. After 4 h at 320 °C the 
product still contained 0.1% moisture. On heating in 
air, hydrous U30 8 with a high specific surface area 
(40 m2/g, as determined by the BET method) lost 
water and oxidized to U03, as seen from thermogra
vimetric investigations. Amorphous U03 was stable 
up to some 600 °C and then decomposed to U30 8• 

The decomposition in oxygen is almost identical to 
the slight shift of reaction temperatures. Differential 
thermal analysis showed an additional exothermic 
reaction just before decomposition of the U03 (Fig. 4). 
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Figure 4. DTA and TGA curves of decomposition of U30 8.H20 
in oxygen 

As already mentioned a similar effect was referred 
to crystallization of the U02•9 structure [14]. X-ray 
analysis of the hydrous U30 8 showed only the diffuse 
lines, observed for U02.2H20, whereas after heating 
under a protective atmosphere at 450 °C the X-ray 
pattern was of the well developed standard U30 8 

structure. 

CONCLUSIONS 

(a) The reaction of uranium hexafluoride with 
anhydrous hydrazine gives a product corresponding 
to the brutto formula N2H5UF6• 
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(b) The products of several reactions could be 
identified with (NH 2) 2HUF6• The reactions investi
gated were: 

N2H 4 anhydrous - UF 4 

N2H6F2 - UF4 

N2H6F2 - U 
N2HsF2 - UOz 
(c) In the first stage of the reaction N2H 4-UF4 a 

different product was formed with a molar ratio of 
N2H 4 : U : F of 2 : l : 5. 

(d) The addition of hydrazine hydrate to uranyl 
nitrate solution at room temperature gives products 
with a molar ratio of hydrazine: uranium of I :5 to 
I :6. With increasing temperature the reducing action 
of hydrazine leads to the formation of hydrous ura
nium oxides. These oxides show marked differences 
from anhydrous uranium oxides. 
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ABSTRACT -RESUME-AHHOTAWlttR-RESUMEN 

A/702 Yougoslavie A/702 IOrocnaBHR 

Le systeme uranium-hydrazine 0 CHCTeMe ypaH-rHApa3HH 

par B. S. Brcic et at. 

On decrit plusieurs reactions de l'hydrazine anhydre 
et de l'hydrazine aqueuse avec divers sels d'uranium 
(UF6, UF4, U02 (N03) 2, etc.), susceptibles d'etre 
utilisees comme ctapes intermediaires dans Ia pre
paration et dans Ia purification des combustibles 
d'uranium. 

Les produits de reaction de l'hydrazine anhydre 
avec les fluorures d'uranium (UF6 et UF4) ont ete 
caracterises et compares avec les produits obtenus par 
Ia reaction du fluorure d'hydrazine avec !'uranium 
metallique et avec les oxydes d'uranium. 

Dans le systeme hydrate d'hydrazine-nitrate d'ura
nyle-eau, suivant les conditions de la reaction, on a 
obtenu des precipites contenant de l'uranium(IV) et 
de l'uranium(VI). Les precipites ont ete decomposes 
et on a observe Ia formation de plusieurs oxydes 
d'uranium au cours de cette decomposition. 

On donne aussi une description des appareils 
utilises pour le travail experimental dans des con
ditions specifiees. 

5. C. 5pHllH'-l et at. 

OnHChiBaiOTCH pa3JIH'IHhle peaR.qHH 6eanop;Horo 

H BO):J,HOfO fH):J,paaHHa C pa3JIU'IHblMH COJIHMU ypa

Ha (NFs, UF4, U02(U03)2 n T. p;.), ROTOphle Mo

ryT 6hiTh HCIIOJih30BaHbl B Ra'!eCTBe IIpOMemyTO'l

HI.IX CTa):J,HH IIpH H3fOTOBJieHHII H O'IHCTRe ypaHO

noro roproqero. 

IlpoaHaJIH3HponaHbi rrpop;yRTbi peaR.qHH 6eanop;

Horo rHp;pa3HHa c lf!Topnp;aMH ypaHa (UFs n 

UF4); ani rrpop;yRThi 6LIJIH cpanHeHI.I c coep;nne

HHHMII, DOJiy'leHHbiMH DO peaR.qiiJI lfJTOpHCTOfO 

rup;pa3JIHa C MeTaJIJIII'IeCI\UM ypaHOM 11 C 01\UCH

MU ypaHa. 

B CHCTeMe rup;paananrp;paT- ypaHIIJIHIITpaT

BOjJ;a B 3aBHCHMOCTH OT yCJIOBHii, B 1\0TOpbiX npo

IICXO)l;HJIU peaH.qiiH, 6hiJIH DOJiy'IeHbl OTJIH'IaiO

I.qHeC.H p;pyr OT p;pyra OCa)l;RH, B 33BIICIIMOCTH OT 

naneHTHOCTH ypaaa (IV) u (VI). YcTaHOBJieHo, 

'ITO npH paanomeauu oca;won nonyqanoch ae

CROJibi\0 pa3HhiX ORHCeii ypaHa. 

OnucLmaeTCH TaKil\e ocaonaoe o6opyp;onanue 

)l;JIH nponep;eHim al\cuepnMeHTOB n onpep;eJieHHLIX 

YCJIOBHHX. 
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A/702 Yugoslavia 

Acerca del sistema uranio-hidrazina 

por B. S. Brcic et at. 

Se describen varias reacciones de Ia hidrazina 
anhidra y acuosa con diferentes sales de uranio 
(UF6, UF4, U02(N03) 2, etc.), que podrian servir de 
etapa intermedia en Ia preparaci6n y purificaci6n 
de combustibles de uranio. 

Se analizan los productos de reacci6n de Ia hidra
zina anhidra con fluoruros de uranio (UF6 y UFJ, 

B. S. BRCIC et at. 

y se comparan con los compuestos obtenidos por 
reacci6n de fluoruro de hidrazina con uranio metalico 
y 6xidos de uranio. 

En el sistema hidrato de hidrazina - nitrato de 
uranilo- agua se obtienen, segun las condiciones 
de reacci6n, diferentes precipitados que contienen 
uranio (VI) y uranio (IV). En el curso de Ia descom
posici6n de los precipitados se ha observado Ia 
formaci6n de varios 6xidos de uranio. 

Se describen tambien los aparatos que han permi
tido realizar los trabajos experimentales en condi
ciones bien determinadas. 



P/820 India 

Determination 
samples 

of the ratio of 235 U to 238 U • • 1n uran1um 

By A. Ramamoorthy and A. K. Ganguly* 

The isotopic ratio or the enrichment factor of 
uranium is one of the important parameters in reactor 
core design and fuel cycle calculations. Due to this 
importance, there have been several attempts to 
develop simple routine methods for estimating the 
isotopic ratio of uranium. Table 1 presents compara
tive merits of the different methods available [1]. 

In this paper a simple technique for the estimation 
of the ratio of 235 U to 238 U by measuring the beta 
activity build-up in the sample is presented. 

PRINCIPLE OF THE METHOD 

Natural uranium consists of 238U, 235U and 234U 
having the following decay schemes: 

2asu~ 234Th~ 234Pa~ 2a4u~ (1) 
4.51 x 109yr 24.ld 1.175min 2.48 x 105yr 

2asu~ 2a1Th~ 2a1pa~ (2) 
7.lxl08yr 25.64h 3.43 x 104yr 

2a4u~ 231Yfh~ (3) 

2.48 X 1 05yr 8 X 1 04yr 
In chains (I) and (2), the beta activity of the daugh

ter products is interrupted by the long-lived alpha 
emitters, 234U and 231Pa respectively. In the case 
of chain (3), the first daughter 231Yfh itself' is a long-

• Atomic Energy Establishment Trombay, Bombay. 

1.28r---------------------, 

Figure 1. Beta activity build-up from 1 millicurie of 236U and 238U 
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lived alpha emitter and as such does not contribute 
to the beta activity build-up. Figure 1 gives beta activity 
build-up from one millicurie each of 235 U and 238 U. 

Half-lives of thorium isotopes in chains (I) and (2) 
are such that the contribution from each chain can 
be resolved with precision. 

In the present method, uranium free from its 
daughter products is allowed to build up for a specific 
time and the thorium built-up is separated. 231Th 
and 234Th contents of the mixture are evaluated by 
following the decay of the composite mixture. From 
this data, the ratio of 235U to 238U in the uranium 
is computed. 

In the case of irradiated uranium, in addition to 
the three chains mentioned above, the following 
chains may also be present: 

2a9u~ 239Np~ : 2a9pu~ (4) 
23.54min 2.33d 2.436 x 1 04yr 

2a1u~ ex 2a1Np------* (5) 
6.75d 2.2x 106yr 

236U~ 2a2Th~ (6) 
2.39 X 1 07yr 1.4 X 1 01flyr 

Of these chains, thorium is a daughter product only in 
chain (6). However, this is a long-lived alpha emitter 
and hence does not interfere in the present method. 

EXPERIMENTAL 
Chemical procedure 

Uranium is absorbed strongly on a column of 
anion exchange resin, Dowex-1 conditioned in 8N 
HCI [2], whereas thorium passes through freely. 

8 ml of Dowex-1X8 (~ 3.9 g dry weight) washed 
with acetone and conditioned in 8N HCI, was trans
ferred to a burette (0.8 em id) and loosely plugged 
with glass wool. Tbe flow rate through the column 
was adjusted to 2 ml/min. Void volume of the column 
thus prepared was found to be - 4 mi. 3 ml of 
8N HCl solution, containing about 100 mg of ura
nium (in the chloride form), were transferred to the 
top of the column and washed with 30 ml of 8N HCl. 
Control experiments indicated the absence of any 
activity in the effluent after washing the column with 
30 ml of the acid. The time (t1) when the stop cock 
was closed after washing was noted. Separate columns 
were used for different samples. 
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Table 1. Comparison of the methods for isotopic analysis of uraniuma 

Method 

Mass 
spectrometer 

Emission 
spectrograph 

Echelle 

Jarell ash 

Eagle 

B& L dual 
grating 

Neutron 
activation 

Selective gamma 
counting 

Neutron 
absorption 

Zero power 
reactor 

Fission counting 

Alpha counting 
methods 

Range of 
application 

(% "'U) 

0-100 

80-100 
0.2-2.0 

80-100 

10-85 

0-100 

Has been studied 
primarily at 
the 5% level 

2-80 

Primarily 
80-100 

0-100 

0-100 

Slightly enriched 
~2% 

Precision 
(%) 

± 0.02-0.05 
relative or 
better 

±0.2 
± 0.04 

± 0.3 

±0.4 

± 0.1 relative 

± 1.5 

± 1 

Not fully 
evaluated 

± 0.5-3.5 

Dependent on 
enrichment, 
fuel cycle and 
reactor irradia
tion history 

a Table adapted from Lovett and Roberts [1]. 

Advantages 

Covers entire 
range of 235U 
concentrations 
with best 
available 
precision 

Lower initial 
cost 

High dispersion 

More readily 
adaptable to 
photomulti
pliers 

Inexpensive, 
especially if 
gamma shield
ing is already 
available 

Non-destructive 

Non-destructive 

Inexpensive 

Inexpensive and 
easy experi
mental proce
dures 

Disadvantages 

High capital 
investment 

Precision poor 
at low 235U 
concentrations 

Echelle patterns 
are not always 
easy to 
interpret 

Moderate 
precision, 
interference 
from impurities 

Low precision 

Requires reactor 
as neutron 
source 

Requires zero 
power reactor 
with accurately 
instrumented 
control system 

Requires reactor 
facilities. 
Procedural 
complications. 

Low precision. 
Overlap of 
alpha energy 
spectrum of 
uranium iso
topes in iiTadi
ated and en
riched samples 

Daughter products were allowed to build up in the 
columns for 4 and 1 d respectively in two series of 
experiments. 

treated with a few drops of dilute mtnc acid, then 
carrier free solutions of the daughter products were 
transferred to grooved stainless steel planchets. The 
planchets were dried, treated with drops of strong 
ammonia and dried again under an infra-red lamp and 
finally heated on a hot plate for a few minutes. 

The columns were eluted with 30 ml of 8N HCl and 
effluents collected. The time (t2) at the end of elution 
was noted. Effluents were evaporated on a hot plate, 
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Table 2. Beta counts from daughter products of uranium after a build-up time 
offour days 

Sample Eta psed time Total beta 
number after elution count rate 

(min) (cpm) 

I 516 8 432 
3 375 7 746 

2 161 8 904 
l 491 8445 

3 145 5 335 
1425 5 091 

4 l 524 10 316 
3 388 9471 

Counting 
A windowless (2 1r) gas flow counter using commer

cial Burshane [3] gas was used for beta measurements. 
The counter was operated at 4 kV (± 0.1%). 

In the first series [(t2-t1) = 4 d], eluted daughter 
samples were counted for a total of about 2.5 x 104 
counts. Starting time (time elapsed after elution, t3) 
for each counting was recorded. Decay of activity on 
each planchet was followed for 10 d to check the 
half-lives and the radiochemical purity of counted 
samples. Uranium samples taken in this series were: 

Sample No. I. Analar uranyl acetate (from Baker 
and Adamson) of natural uranium. This sample 
was taken as the reference standard. 

Sample No.2. Analar uranyl acetate (from BDH) 
- depleted uranium sample as observed from spe
cific alpha activity. 

Sample No. 3. Analar uranyl nitrate (from BDH) 
- depleted uranium sample as observed from 
specific alpha activity. 

Sample No. 4. Uranium from a metatorbornite ore 
of Indian origin. 

In this series of experiments, no instrument dead 
time (- 60 flS) loss corrections and decay corrections 
were made on the recorded counts. 

In the second series [(t2-t1) = 1 d], eluted daughter 
samples were counted for several hours, so that a 
total of about 106 counts (in the integrated beta 
counts) were contributed by the 231Th component. 
Taking the completion of elution as zero time, the 
starting time !3 and terminating time t' 3 for each set 
of integrated counts were noted. A minimum of two 
integrated counts at different times after elution were 
recorded. In this series of experiments, dead time and 
decay loss corrections were applied. Dead time of the 
counting set-up was determined by the two sources 
method [4] and was fixed at 10.2 (J.S. Samples taken 
in this series were: 

Sample No. 5. Uranium ore sample from Jaduguda 
Mines, India. 

Sample No. 6. Uranium from onazite ore, India. 
Sample No.7. Uranium sample from Belgium. 
Sample No. 8. Uranium sample from Spain. 
Sample No. 9. Uranium sample from France. 

c,(4d) nr.u Observed half·lives 
~ -~ -- x too ~ ---~----------

C2(4d) ssau "'Th (d) "'Th (h) 

0.178 0.720 24.0 25.6 
(standard) 

0.069 0.279 24.0 25.6 

0.066 0.267 23.9 25.65 

0.181 0.732 24.4 25.6 

Computation and results 
In the first series, the ratio of count rates C1(t) 

for the component 231Th and C2(t) for the compo
nent 234Th + 234Pa are obtained from the relation: 

C1(t) C(t3)e-"•1
• - C(t4)e-"•1

• 

C2(t) = C(t4)e-"•1•- C(t3)e-"•1
• 

where tis the build-up time (!2-!1), C(t3) and C(t4) are 
the measured count rates of the sample at times t3 

and t 4 respectively and A1 and A2 are the decay con
stants of 231Th and 234Th respectively. 

Table 2 presents some typical results obtained by 
this method for a build-up time of 4 d. 

C1(4d) . h . 
The ratios C

2
(
4
d) are proportiOnal to t e atomic 

ratios of 235U and 238U present in the samples. 
Comparing these count rate ratios with those obtained 
for samples of known isotopic composition, the 
235U and 238U ratios in the samples are determined. 

In the second series of experiments, ratios of count 
rates are obtained from the relation: 

C1(t) C(t3,t'3)e-""•(t•+1'•) - C(t 4,t' 4)e-"21 •(t•+''o) 
C2(t) = C(t4,t'4)e-""•(ts+t'a)- C{t3,t'3)e ""•(t,+t',) 

C(t 
1
, ) = c:~· - cbkg (t' a- ta-:--- ac::•) 3' 3 (t'a- ta - ac:.·) 

where c 1
'3 is the total counts recorded in time (t'3-t3) ta 

cbkg is the background count rate 
and a is the instrument dead time. 

Isotopic ratios can be determined following the 
same procedure as in the first series. Table 3 gives 
some typical count rate ratios obtained with a few 
natural uranium samples for a build-up time of 1 d. 

DISCUSSION 
Results presented here demonstrate the efficacy of 

the beta counting method. The simple chemical pro
cedures adopted give uranium of very high purity. 
The column effluents are thus found to give radio
chemically pure, carrier free mixtures of 231Th and 
234Th + 234Pa (cf Table 2, last column). Quantita
tive recovery of the built-up thorium from the columns 
is not essential, unless interest lies in quantitative 
estimation of 235U and 238 U in samples that may 
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Table 3. Beta counts from daughter products of natural uranium after a build-up time 
of one day 

Elapsed time after elution (min) 
Sample 
number Start of counting End of counting 

'• r. 

5 89.5 269.5 
785.5 1 307.5 

6 345.5 545.5 
4 116.5 4 396.5 

6 (repeat) 268.5 448.5 
3 132.5 4 107.5 

7 185.5 417.5 
1 383.5 1 568.5 

8 92.0 252.0 
3 157.0 3 880.0 

9 108.5 408.5 
1 106.5 1 467.5 

contain significant quantities of other uranium iso
topes. Duplication of determinations can be performed 
with the same column and uranium. Movement of 
the uranium band in the columns is found to be in
significant even after elution with 300 ml of 8N HCI. 

With well stabilised electronic instrumentation, the 
precision of the method can be as high as desired. 
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Total beta Background c,(ldJ 
counts count rate 

(cpm) C2(1dl 

3 637 427 60 
0.502 9 349 985 60 

2 331 912 60 
0.495 2 324 235 60 

1 754031 60 
0.499 6 909 547 60 

4 346 929 60 
0.494 2 982 124 60 

2 848 707 60 0.509 9 107 239 60 

4022 739 60 
0.500 4 221 744 60 
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ABSTRACT-RESUME-AHHOTAUltUI-RESUMEN 

A/820 1nde 

Determination du rapport de 235U a 238U dans 
des echantillons d'uranium 

par A. Ramamoorthy et A. K. Ganguly 

On expose une methode permettant de determiner 
le rapport isotopique de 235U a 238U dans les echan
tillons d'uranium en mesurant !'accumulation de leurs 
produits de filiation radioactifs beta, 231Th et 234Th. 
Ces produits de filiation, sans entraineur, sont sepan!s 
completement sur une colonne echangeuse d'anions 
et evalues a l'aide d'un compteur a flux continu. La 
precision de cette methode depend essentiellement du 
total de coups beta enregistres pour !'evaluation. Les 
resultats presentes dans le memoire ont ete estimes 

a partir d'experiences au cours desquelles on a enre
gistre a peu pres un million de coups dans chaque cas. 
Ces observations ont alors servi a etablir les demi
vies des produits de filiation radioactifs beta de !'ura
nium pur. A partir de cette etude, les rapports isoto
piques de 235 U a 238U ont ete determines dans l'echan
tillon d'uranium. 

Un grand nombre d'echantillons d'uranium nature!, 
d'uranium appauvri et enrichi de divers pays ont ete 
analyses a l'aide de cette methode, et les resultats sont 
donnes. Le memoire discutc les avantages de Ia 
methode par rapport a d'autres methodes disponibles 
pour les evaluations isotopiques de !'uranium. 

Des variations systematiques ont ete observees dans 
ces experiences pour les rapports de 235U- a 238U dans 
les . echantillons d'uranium naturef des differents 
minerais et des concentres d'uranium. 
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A/820 i-IHAHA 

OnpeAeneHHe OTHoweHHH u2as/u2as s 
o6paa'-'ax ypaHa 

A. PaMaMypTH, A. K. raHrynH 

PaccMaTpnnaeTC.ll MeTO,!J; onpe,ll;eJieHnH H30Ton
Horo oTHoiiieHHH U235/U238 n o6pa3~ax ypaHa rry
TeM H3MepeHH.ll HaKOITJieHH.ll HX ~ -aRTIIBHhiX )l.O
'IepHHX npo,ll;yRTOB - Th231 n Th234• 8TH .ll;O'IepHiw 
llPOAYKThl 1\0JIHlJ:eCTBeHHO Bhi,!J;emiJIH B CB060,!J;HOM 
OT HOCHTeJI.ll BH,ll;e B aHHOH006MeHHOti KOJIOHI\e li 

onpe,ll;eJIHJIH n npoTO'IHOM C'IeT'IHRe. To'IHOCTh Me
To,!J;a cy~eCTBeHHhlM o6pa30M 3aBHCMT OT o6~ero 
'IMCJia p-OTCl{eTOB, 3aiiHCaHHhlX ,!J;Jl.ll O~eHI\II. 
flpe,!J;CTaBJieHHbie B ,ll;OI\JJa)J;e pe3yJJLTaTLI 6hiJIU 
Bbll{IICJieHbl Ha OCHOBe ;mcnepiiMeHTOB, B 1\0TOphTX 
6biJIO 3aperMCTpHpOBaHO 01\0JIO MMJJJIIIOHa OTC'le
TOB ,!J;JI.ll Ralli,lJ;OrO CJiyqaJI. 3aTeM 3TJI Ha6JJIO,ll;eHJ1H 
6biJIH HCilOJJh30BaHbl ,ll;Jl.ll onpe~e.'leHM.ll nepMOAOB 
IlOJiypacna,ll;a p -aRTIIBHhiX i'J:OqepHHX IlpOAYRTOB 
'IHCToro ypaHa. Ha ocHoBaHnH 3TOro II3yqeHMH 6LI
JIH onpe)J;eJieHhl U30TOilHhie OTHOIIIeHn.ll U235 /U238 

n o6pa3~e ypaHa. 
flpH IlOMO~H 3TOrO MeTO)J;a 6biJI IIO,!J;BepmyT 

aHaJin3y pH.ll; o6pa3~on npnpo,ll;Horo, o6e,!J;HeHHoro 
H o6ora~eHHoro ypaHa, noJiyqeHHhiX H3 pa3HLIX 
CTpaH, II B )J;ORJia,!J;e npe,ll;CTaBJieHbl ITOJiyqeHIIble 
pe3yJILTaTLI. l13JiaraiOTCH npeHMy~ecTna 3Toro 
MeTo,!J;a no cpasHeHMIO c APYrMMn II3BeCTHLIMII Me
TOAaMn O~eHI\II II30TOilHOrO COCTaBa ypaHa. 

B 3THX 31\cnepiiMeHTax Ha6JIIO,!J;aJIHCh cucTe-
MaTuqecRue II3MeHeHIIH n OTHoiiieHuHx U235/U238 

n o6pa3~ax npupo,ll;Horo ypaHa, noJiy'IeHHLIX 
II3 pa3Jilll{HLIX PYA n KOH~eHTpaToB. 

A/820 India 

Determinacion de Ia relaci6n entre 23~>U y 
238U en muestras de uranio 

por A. Ramamoorthy y A. K. Ganguly 

Se estudia un metodo para determinar Ia relacion 
isotopica entre el uranio-235 y el uranio-238 en 
muestras de uranio a partir de Ia medida de Ia acumu
lacion de Ia actividad beta de sus descendientes 
radiactivos torio-231 y torio-234. Estos se separan 
cuantitativamente en estado libre de portador en 
una columna de intercambio anionico, y se deter
minan empleando un detector de ftujo. La precision 
del metodo depende esencialmente del numero total 
de cuentas beta registradas en Ia medida. Los resul
tados que se presentan en esta memoria se dedujeron 
a partir de experimentos en los que se registraron 
alrededor de un millon de cuentas en cada caso. 
Estas observaciones se emplean luego para establecer 
los periodos de semidesintegracion de los descen
dientes con actividad beta del uranio puro. A partir 
de este estudio se determina Ia relacion isotopica 
entre el uranio-235 y el uranio-238 en Ia muestra de 
uramo. 

Se han analizado, usando este metodo, un cierto 
numero de muestras de uranio natural, agotado y 
enriquecido procedentes de diferentes paises, pre
sent{mdose los resultados. En Ia memoria se discuten 
los meritos del metodo compar{mdolos con otros 
metodos disponibles para Ia determinacion de Ia 
composicion isotopica del uranio. 

En estos experimentos se han observado varia
ciones sistematicas en Ia relacion entre el uranio-235 
y el uranio-238 en muestras de uranio natural proce
dente de diferentes minerales y concentrados. 
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Irradiation behavior of fluid fuels 

By W. R. Grimes,* E. G. Bohlmann* and L. D. Kirkbride** 

Fluid fuels and blanket systems of several types 
have been studied extensively in the United States 
during the past five years. Two reactors fueled with 
aqueous solutions of uranium compounds have been 
operated. Slurries of thoria and urania in water, 
slurries of urania in alkali metals, and molten alloys 
of uranium in bismuth have been tested for use as 
reactor fuels or blankets. A molten alloy of plutonium 
and iron has been used as fuel in an experimental 
fast reactor, and molten fluorides containing uranium 
or thorium fluorides have been tested for use as 
circulating fuels and blankets in thermal reactors. 
The studies of molten fluorides, which have pro
gressed to design and construction but not to opera
tion of a reactor, and of molten plutonium alloys 
are the only fluid fuel programs that are active in 
the United States today. 

AQUEOUS SOLUTION FUELS 
The major effort on aqueous solutions as reactor 

fuels culminated in operation of Homogeneous 
Reactor Experiment No. 2 (HRE-2) at the Oak 
Ridge National Laboratory. HRE-2 was a two
region reactor [I] designed to use a uranyl sulfate 
fuel solution and to test (if concurrent development 
of an adequate slurry technology could be achieved) 
a blanket of thoria slurried in heavy water. 

The HRE-2 core vessel, separating the fuel and 
blanket fluids, was of Zircaloy-2; the balance of the 
system was primarily of 347 stainless steel. The 
reactor was operated for 10 866 h at temperatures 
in the range 200-300 °C and was critical for 8 841 h; 
16 295 MWh(th) was generated. HRE-2 demonstrated 
that a fluid-fuel reactor can be operated safely and 
that the highly radioactive components can be 
maintained. It also demonstrated substantial diffi
culties due to radiation effects. 

A hole was melted in the core vessel soon after 
the reactor reached a power level of 6.4 MW. Sub
sequent studies showed that the hole resulted from 
heat generated by fission in uranium deposits on the 
vessel wall. In addition, extensive corrosion occurred 
in lower portions of the core vessel because of high 
temperatures produced by uranium deposits delibe
rately induced in attempts to elucidate the mecha
nism. Precipitation of hydrolytic oxides, formation 

• Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
•• Los Alamos Scientific Laboratory, Los Alamos, New 

Mexico. 
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of a second liquid phase rich in uranyl sulfate, 
accumulation of uranium in corrosion scales, and 
deposition similar to steam boiler hideout, were 
proposed as deposition mechanisms. No single 
mechanism was established as responsible; it is 
likely that more than one contributed. Experiments 
in a mockup showed that conversion to downward 
flow through the core would minimize uranium 
accumulations and provide better cooling to the 
core surfaces. In a difficult maintenance feat, the 
diffuser screens, which promoted uniform upward 
flow, were cut (with a torch) into strips that were 
removed through the 7.5 em access flange, the two 
core holes were (imperfectly) patched, and piping 
modifications were made to provide downward 
flow. In subsequent operation, deposition of uranium 
did not occur in the core even under conditions in 
which it had previously been very obvious. However, 
at power levels of 4 to 5 MW, uranium deposited 
on the blanket side of the core vessel; the bolt holding 
one of the patches in place was melted under influence 
of such a deposit. 

Irradiation also accelerated corrosion by the uranyl 
sulfate solution of structural metals in (and only in) 
the reactor core. Extensive investigations [2] showed 
the in-pile corrosion rates of Zircaloy-2 in uranyl 
sulfate solutions to be represented by the equation 

I 2.3 11 500 
R = Pex + 2.3 X J0-11 exp. ( T ), 

where R is the corrosion rate (mils/year), P is the 
fission power density (W/cm3), Tis temperature (OK), 
and ex is the factor by which the effective power 
density at the corroding surface exceeds (due to 
adsorbed uranium) that in the solution. Observed 
values of ex ranged from I to 14 and depended on 
solution composition and velocity. Increased uranyl 
sulfate solution concentration, acidity, and flow 
velocity result in lower ex values. Typical data for 
ex = I are shown .in Fig. 1. Corrosion data were 
obtained from measurements of HRE-2 core vessel 
thickness in areas not subjected to the gross deposits 
and attack. These data were consistent (within 
about ± 50%) with predictions based on oc values 
estimated from the fuel composition and flow con
ditions [3]. 

A concentrated phosphoric acid fuel solution 
(0.343M in U1v, O.OIOM in uvi, and 17.3M in phos
phate) was used to fuel an experimental reactor, 
LAPRE II, at the Los Alamos Scientific Labora-
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IN-PILE CORROSION OF 
ZIRCALOY-2 IN THE TEMPERATURE 
RANGE 235°-300°C AS A 
FUNCTION OF SOLUTION POWER 
DENSITY a. = 1 

0.02 0.04 0.06 0.08 
1/SOLUTION FISSION POWER 

DENSITY IW/ml)-'1 

Ill I I I I I I I II 
co810050 35 25 20 16 14 12.5 11 

N 

SOLUTION FISSION POWER 
DENSITY, P (W/ml} 

Figure 1. Effect of temperature and power density on corrosion 
of Zircaloy-2 in uranyl sulfate solution 

tory [4]. The fuel solution was circulated in the 
reactor for 46 days at temperatures greater than 
200 °F. The maximum extracted power was 745 kW 
with steam production at 745 °F and 670 psi; these 
conditions were easily maintained for 12 h. Nuclear 
behavior of the reactor was excellent. The power 
output was determined only by external load demand. 
The temperature of the fuel and the superheated 
steam output were regulated by the uranium con-
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centration of the fuel and by the posttlon of an 
adjustable shim. Radiolytic gas recombination was 
adequate at 700 °F. (No recombination catalyst 
was added, but copper contamination of the solution 
from corrosion in a low-temperature reservoir may 
have contributed.) No unexpected changes in the 
fuel were observed. 

The principal problem in construction of the 
reactor stemmed from the necessity of using gold 
and platinum containers for the extremely corrosive 
fuel solution. Visual observation of the components 
after operation revealed only color changes (a trace 
of the compound Au3Hg was observed by X-ray 
diffraction as would be expected). Graphite spacers 
used in construction of the internal steam generator 
coil also appeared (visually) unimpaired. 

AQUEOUS SLURRIES 

The effects of radiation on thoria slurries were 
investigated at Oak Ridge National Laboratory in 
in-pile autoclave and loop experiments [5]. While 
these experiments showed little or no effect of radia
tion on the corrosion of potential materials of 
construction (titanium, zirconium and stainless alloys), 
the characteristics of the tho ria particles· were changed 
substantially. The changed particles, however, gave 
no difficulties in operation of the loop experiments. 
No indication of dropout or of formation of deposits 
was encountered; slurry allowed to settle (in Loop 
28S) for 24 h was resuspended without difficulty 
when circulation was resumed. Data obtained from 
the two loops and one rocking autoclave are sum
marized in Table I. The data show comminution 

Table 1. Thoria slurry irradiation (280 aq experiments 

Autoclave Loop Loop 
1555 27S 28S 

Original uranium, % ...... 0.50 0.50 0 
Uranium inclusion method . A• A• B• 
Calcination, oc ........... I 225 I 225 1 600 
Thorium concentration, g/1 500+ 500+ 937 
Thorium transmuted, % ... 0.015 0.015 O.o7 
In-pile time, h ............ 400 2200 2036 
Average flux, nfcm • s ...... 0.7 X 1013 0.2 X 1013 I.5x1013 

Crystallite size, A 
Original ··············. I 800 1 800 >2500 
After 2 x 1018 fissions/g 800 1100 
After 7 x 1018 fissions/g .. 200 220 

Surface area, m 2/g 
Original ............... 2 2 0.8 
After 2 x 1018 fissions/g 17 25 
After 7 x 1018 fissions/g 30 35 

Particle size, wt% 
>31L t-31L <IlL <O.IIL >31L 1-31L <IlL <O.IIL >31L 1-31L <IlL <0.11L 

----~---~~- ----

Original ..... 74 25 15b 74 25 15b 17 77 ,4 neg]. 
After 2 x 1018 

fissions/g .. 54 45 15 60 25 
After 7 x 1018 

fissions/g .. 79 20 IO 10 90 40 

• A: Prepared by coprecipitation of Th•v and U•v oxalates. B: 232Th (n,y) ~ 233 U. 
b Fines introduced with catalyst. 

of the thoria particles with increasing exposure and 
substantial production of very small fines; I 0% of 

the material from one loop was <0.03!J.. The fines 
were apparently produced by the spallation of small 
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chips from the larger particles rather than by suc
cessive gross splitting of the particles. 

Substantial degradation of thoria crystallite size 
was observed in the 27S experiment, and a similar 
trend was observed in 28S. Unfortunately, the Loop 
28S experiment was terminated by an electrical 
failure before the desired exposure (from 233U formed 
in situ) was obtained. 

Surface areas increased with exposure with the 
initially pure thoria showing the greater increase at 
low exposure. Porosity measurements on the final 27S 
material showed that a large proportion of the 
surface area was associated with pores of quite 
small radius; more than half the area was in pores 

·of radius < 45 A, and an appreciable amount was 
in pores of I 0 A or less. The patterns of degradation 
in the two loop experiments have the same overall 
trends but show individual differences. It is not 
possible to say whether these differences stem from 
the difference in the oxide preparation (uranium 
addition versus 233U formation in situ), or from 
other experimental factors. 

Comparison of the rocking autoclave and Loop 27S 
data reveals an effect of circulation. The autoclave 
material showed changes in crystallite and surface 
area but not in particle size distribution. Thus, 
mechanical effects of circulation, presumably in 
the pump, appear to contribute to the particle break
down. 

Rheological determinations conducted on the 
material from Loop 27S gave results consistent 
with those predicted for slurries of particles with 
equivalent properties prepared in the absence of 
radiation. 

ALKALI METAL SLURRIES 

Slurries of U0 2 in the eutectic mixture of sodium 
and potassium (NaK) have been tested in engineering 
test loops, and in-pile loops, as well as in laboratory 
studies at the Argonne National Laboratory [6]. 

Uranium dioxide of nearly ideal stoichiometry 
(i.e., uo2.01 prepared by reduction of ordinary 
uo2 +" with hydrogen at 500 °C) is readily wetted 
by, and suspended in, NaK. The suspensions are 
floculated, but, if they are carefully prepared, they 
are readily resuspended even after prolonged settling. 
Spdium oxide promotes increased floculation and 
dropout of the slurry at temperatures above 450 °C. 
Efficient removal of the Na 20 (as by gettering with 
metallic uranium) appears necessary, and sufficient, 
to permit slurries to be suspended above 500 °C. 

Stainless steel (type 304) has prowd to be satis
factory as the container metal in all tests. A slurry 
containing 5% by volume of uo2 was circulated 
(at 2 m/s) for 9 000 h below 400 oc and for an addi
tional 4 000 h at 600 °C with no discernible effect 
of erosion; the size distribution of uo2 particles 
and the properties of the slurry were not changed 
in this test. 

An air-cooled in-pile loop, in which slurry was 
circulated at I .67 m/s by an electromagnetic pump, 
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was operated in a vertical thimble of the Argonne 
CP-5 reactor. The loop contained about 275 g of 
slurry (5% uo2 by volume), prepared from micro
pulverized uo2 that was subsequently reduced 
with hydrogen at 700 °C. The loop operated for 
960 h; temperatures were above 350 °C for 902 h 
and were as high as 470 °C for short periods. Heat 
was supplied by fission of the uranium (I 800 W) 
and by action of the pump ( ~ 600 W). Because of 
reactor shutdowns the loop was cycled 82 times 
between 350 and 50 °C. Operation of the loop was 
completely satisfactory at all times. 

Surface area of the U0 2 increased from its original 
value of 0.370 to 0.836 m2/g during the exposure. 
Particle size analysis showed that extensive com
minution of the particles occurred. However, prob
ably because of the floculated nature of the suspen
sion, the rheology of the slurry was unaffected. 
No adverse effect of fission products on slurry 
circulation was evident. Assay of fission products 
in the NaK and U0 2 particles suggest that at least 
82% of the fission fragments were ejected from the 
U0 2• Most of the cesium was dissolved in the NaK, 
but cerium and zirconium were almost entirely 
retained on the uo2. 

Circulation of slurries containing more than 10% 
by volume of U0 2 proved difficult. An attempt to 
circulate a slurry with 15% by volume of uo2 in an 
in-pile loop was unsuccessful; failure was apparently 
due to plugging by the uranium metal introduced 
to free the system of Na20. 

MOLTEN PLUTONIUM FUELS 

The Los Alamos Scientific Laboratory has tested 
LAMPRE [7] (a fast, sodium-cooled I MW experi
mental reactor) through two core loadings in a 
continuing program of developing plutonium fuels 
for fast breeder reactors. Sodium, pumped electro
magnetically through a 316 stainless steel system 
containing a ·sodium-to-air heat exchanger, enters 
the core at 455 °C and exits at 575 to 625 °C. The 
fueled assembly consists of 135 to 14{) capsules 
fixed in a hexagonal array; minimun distance between 
capsules is 0.10 em. The capsules define an active 
lattice which is a cylinder about I 5 em in diameter 
and (since the capsules are filled to that depth with 
fuel) about 15 em high. Maximum temperature 
at the fuel-capsule interface is 650 to 690 °C at 
full power. 

LAMPRE was fueled with an alloy of plutonium 
and iron containing 90 at.% (97.5 wt%) Pu. This 
material melts at 410 °C, has a viscosity of about 
l 0 centipoise at operating temperature, and contains 
about 16 g Pu/cm3• The alloy was prepared by 
vacuum melting, casting, and machining to cylindrical 
(0.91 x 16.1 em) slugs each containing 175 g of 
alloy. Most fuel for the first core loading was pre
pared from pure plutonium and cast iron; excess 
carbon was added to the alloy as 6 300 ppm PuC 
or as I 000 ppm graphite. Some fuel for the first 
core loading and all fuel for the second core loading 
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was prepared from pure iron and plutonium, with 
gallium added as a stabilizer, and with no other 
additives. 

Fuel capsules are cone-bottom cylinders 21 em 
long and 1.09 em outside diameter with 0.0635 em 
thick walls. After fabrication, finishing, and inspection 
operations, they were vacuum annealed for 1 h at 
1 450 °C. The closure plugs were machined and 
ground from tantalum rod. After addition of the 
fuel slugs, the plugs were arc-welded into the capsules 
in a special assembly which permitted triple flushing 
of the capsule with pure helium [7]. 

The capsules for the first loading were of tantalum 
containing 900 to 950 ppm of tungsten. Fifty per cent 
of the second loading consisted of capsules of this 
alloy; 35% were of pure tantalum [8]. The remainder 
of the capsules were of tantalum containing 0.75% 
of tungsten to which 0.2% yttrium had been added 
before the inital melting; final analysis of the alloy 
after melting showed little or no remaining yttrium. 

LAMPRE performed poorly with the plutonium
cast-iron fuel loading. Significant losses in reactivity 
were observed as soon as appreciable power levels 
were reached and large losses in reactivity, which 
could be tolerated only by addition of fuel capsules, 
caused the run to be terminated after 120 MWh [8]. 
Subsequent examination showed segregation of im
purities well below the liquid surface in the carbon
containing fuels. Such segregated impurities collected 
fission gases during operation; the fuel columns 
broke, and reactivity was lost when substantial 
portions of the fuel were pushed upward in the core. 

Operation with the second core loading was much 
more successful. With this loading LAMPRE accu
mulated 2 520 MWh during a 478 day period in 
which the fuel temperature was at 450 °C or higher. 
During this interval (nearly 16 days of which were 
at full power) fuel burn-up of up to 0.6% was achieved. 
Reactor power was steady and readily controlled 
under all conditions. 

Most (95 to 97%) of the fission product krypton 
and zenon was evolved from the fuel, although 
small, tolerable reactivity losses occurred progressively 
during operation. Post-irradiation examination dis
closed small bubbles (20 mils or less in diameter) 
of fission gas collected on or near the capsule wall; 
these bubbles displaced sufficient fuel from the 
active region to produce the observed reactivity loss. 

Containment of the molten plutonium-iron alloy 
at temperatures above 650 °C presented problems 
either in or out of radiation. All heavily cold-worked 
tantalum alloys tested showed rapid intergranular 
attack and penetration by the fuel [9]. When th~ 

capsules were completely annealed (I h at I 450 °C), 
a thin reaction zone comprised of Ta6Fe7 was pro
duced, but no tendency toward massive penetration 
was observed. The weld and the heat-affected zone 
at the top of the capsule, however, were susceptible 
to intergranular penetration. Fuel containers were 
completely wetted by the molten alloy; a film of 
fuel reached the weld zone and frequently attacked it. 
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Seventy-five per cent of the long-exposure capsules 
from the second core loading which were examined 
showed (see Fig. 2) moderate to severe intergranular 
penetration of the weld area by the fuel. Some of 
the capsules were completely penetrated, and small 
quantities of gaseous fission products and fuel escaped 
into the sodium system during operation. The exami
nations indicated intergranular penetration at or near 
the weld which requires remedial action before any 
of these materials can be recommended for long
term service. 

Several capsules may have lost very small quantities 
of fission gases or fuel through the weld zone, but 
only two capsules leaked in a manner such as to 
affect the reactivity. One capsule, after 980 MWh, 
developed a hole below the fuel level which per
mitted some 70 g of fuel to escape rapidly [10]. 
Available evidence suggests that fuel penetrated 
the weld zone, ran down the external capsule wall, 
and attacked a substantial inclusion of some foreign 
material. The second capsule, which showed an 
anomalous thinning of the wall, lost 25 to 30 g 
of fuel. The leak may have been slow since evidence 
for loss of reactivity was marginal, and careful 
examination did not disclose the hole. There is no 
evidence in either of these events that radiation or 
the fission process was responsible for capsule failure. 

Operation of LAMPRE with the second core 
loading produced (with the exception of the gas 
bubbles) no evidence of difficulty from fission pro
ducts. Some of the fission products appeared to be 
slightly soluble in the fuel; gamma emitters in general, 
and barium-lanthanum activities in particular, accu
mulate at or near the liquid surface. Whitish preci
pitates, which may have contained insoluble fission 
products, were observed (see Fig. 3) near the junction 
of the fuel meniscus and the capsule wall. Such 
fission product accumulation would, presumably, not 
prove troublesome until it progressed sufficiently to 
cause problems in disengagement of the fission gases. 

Operation of LAMPRE to fuel burn-up of0.6 at.% 
has shown satisfactory operation of a fluid-fueled 
reactor and has disclosed no evidence that radiation 
affects the container problem. An absolute container 
system for molten plutonium alloys remains un
demonstrated, but recent results are encouraging [8]. 

MOLTEN URANIUM FUELS 
The Brookhaven National Laboratory was engaged 

for several years in study of a Liquid Metal Fuel 
Reactor (LMFR) [11]. This was to have been a 
graphite-moderated reactor whose fuel was a cir
culating molten alloy of uranium in bismuth. Intensive 
testing demonstrated compatibility of the materials 
in absence of irradiation and develop~d a repro
cessing scheme based on selective extraction of 
fission products from the metal into a molten chloride 
mixture. An in-pile circulating loop for irradiation 
testing of materials was also operated. The program 
was suspended before a reactor could be constructed 
and tested. 
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Figure 2. Section of a fuel capsule after 105 MWd in LAMPRE showing 
intergranular penetration by molten alloy in weld zone 
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Figure 3. Section of a fuel capsule after 105 MWd in LAMPRE showing 
precipitates (presumably insoluble fission products) and fission gas bubbles 

in plutonium-iron alloy 
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Figure 4. Sketch of capsule assembly for 
testing the compatibility of MSRE com

ponents under irradiation 

Figure 5. View of irradiated (to 8% burn-up) 
capsule and contents after sectioning 

Figure 6. Longitudinal section of INOR-8 from 
hemispherical portion of capsule in Fig. 5 
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Compatibility of container metals and of graphite 
with the molten alloys was tested in long-lived 
(10 000 h) thermal convection loops, with top tem
peratures up to 650 °C and temperature differentials 
of about 150 °C. Most of the tests were with bismuth
uranium alloys containing 1 000 ppm of uranium. 
Addition of magnesium in concentrations up to about 
1 000 ppm was necessary and sufficient to prevent 
oxidation and loss of uranium from the alloy. 

Corrosion, primarily by a process in which the 
container metal dissolves from high-temperature 
regions and deposits in low-temperature regions, 
increased with increasing maximum temperature .and 
with temperature differential. Zirconium (minimum 
I 00 ppm, with higher concentrations preferred) 
was the most effective corrosion inhibitor. Very 
high zirconium concentrations seemed to protect 
carbon steel loops to 650 and 150 °C temperature 
differential; protection was, presumably, due to 
films of zirconium nitride and carbide [12]. 

An in-pile loop, primarily of 2.25% Cr- l% Mo 
steel, exposed specimens of that material, 1.25% Cr-
0.5% Mo steel, carbon steel, molybdenum, tantalum, 
beryllium and graphite to the molten alloy for 
3 400 h in a flux of 4.4 x 1012 nfcm2 s. The alloy, 
bismuth containing 967 ppm U, 236 ppm Zr, and 
346 ppm Mg, flowed at 2 mjs past the specimens at 
500 °C and was cooled to 425 °C in the external 
portion of the loop [13]. These conditions were 
similar to those proposed for LMFR. 

Analysis of the molten alloy revealed no detectible 
increase in concentration of corrosion product iron, 
chromium, nickel, mergonese and molybdenum 
during the run. The concentrations of uranium, 
zirconium, and magnesium were also stable during 
operation. Metallographic examination showed cor
rosion and erosion of the metal and graphite speci
mens to be essentially nil. However, the metal speci
mens were incompletely wetted in this test. The 
results indicate that in-pile and qut-of-pile behavior 
are similar and suggest that fission fragment recoils 
do not contribute materially to either wetting or 
corrosion. No prediction of the long-term behavior 
of the system is yet possible [13]. 

MOLTEN FLUORIDE FUELS 

Since the Aircraft Reactor Experiment in 1954, 
no reactor fueled with molten salts has been operated. 
In a continuing program at the Oak Ridge National 
Laboratory, molten fluoride mixtures have been 
developed which appear suitable as fuels (with 
added moderator), coolants, and blankets for a family 
of useful thermal reactors. Progress with the program 
has led to construction at Oak Ridge, Tennessee, of 
the Molten Salt Reactor Experiment (MSRE); this 
reactor should begin operation in 1965 [14]. 

MSRE is a 10 MW reactor constructed of INOR-8* 

• INOR-8 is a nickel alloy containing 17 % Mo - 7 % Cr -
5 % (max.) Fe. The material is readily welded, exhibits good 
stability at high temperatures, is oxidation resistant, and is 
virtually unaffected by the molten fluoride fuel [14]. 
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and moderated with unclad graphite. The molten 
fuel flows upward through a graphite matrix in a 
cylindrical reactor vessel. At the design power level 
( <20 Wjcm3 of fuel in the core), the salt enters the 
graphite at 635 °C, leaves at 663 °C, enters the 
centrifugal pump, and is discharged through the 
heat exchanger shell to the reactor vessel inlet. The 
coolant, a mixture of 7LiF and BeF 2 (66 mole % LiF), 
flows through the heat exchanger tubes and an air
cooled radiator. When the reactor is not operating, 
the salts will be drained to dump tanks held at tem
peratures above the melting points of the salt mixtures. 

MSRE will demonstrate a class of reactors capable 
of development into thermal breeders; its fuel system, 
chosen primarily for neutron economy, consists 
principally of 7LiF and BeF2• Some ZrF4 is added 
to ensure that uo2 will not precipitate if the fuel 
is inadvertently contaminated by oxide ion. The 
MSRE fuel composition will be about 65 LiF, 29 
BeF2, 5 ZrF4 , and I UF4 (in mole %). The fuel 
mixture begins to freeze at 450 °C; the coolant 
begins to freeze at 455 °C. The fuel as charged to 
MSRE will contain about half the required 235U 
concentration; it will be brought to critical and 
operating concentration by addition of molten 
7LiF-UF4 mixture (27 mole% UF4). 

In the absence of irradiation, compatibility of 
molten fluoride fuel mixtures, INOR-8, and graphite 
is well demonstrated. Attack upon INOR-8 by 
molten fluorides similar to MSRE fuel at temperatures 
up to 750 °C approaches 0.005 in/yr and is indepen
dent of fluid flow rate. Graphite does not react chemi
cally with the fuel mixtures* and is not wetted by 
them. MSRE graphite is permeated at 760 °C and 
I 50 psi to about 0.2% of its bulk volume. Such per
meation is tolerable, and specimens so permeated 
have withstood many thermal cycles without damage. 
Reaction of fuel with sorbed gases that cannot 
readily be removed from the moderator before 
operation seems inconsequential, and carburization 
of INOR-8 by carbon dissolved or suspended in the 
fuel has been shown to be no problem in long-term 
tests [15]. 

The salt-graphite combination has been irradiated 
in several types of INOR-8 c·apsules that were heated 
only by fission of the contained 235U. Such irradia
tions (all for about 1 500 h in MTR) have produced 
power densities from 12 to 260 W/cm3 of fuel, and 
uranium burn-ups from 1.3 to 11.5%. Most informa
tion has been obtained from capsules designed as 
in Fig. 4 and from similar capsules equipped with 
gas inlet and outlet tubes to permit sampling of 
the cover gas (helium) during exposure. Such capsules, 
operated at power with fuel-graphite interface tempera-

• A vailab1e thermodynamic data suggest that the most 
likely reaction 

4UF, + C ~ CF, + 4UF3 
should come to equilibrium at CF • pressures below I0-8 atm. 
CF • concentrations over graphite-salt systems maintained 
for long periods at elevated temperatures without irradiation 
have been shown to be below the detection limit ( < 1 ppm) 
of this compound by mass spectrometry [15,16]. 
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tures only slightly above those proposed for MSRE, 
cooled to temperatures below the solidus many times 
due to MTR shutdowns during the in-pile exposures. 

Gas samples obtained from capsules at power 
(and high temperature) show the expected krypton 
and zenon but virtually no other radioactive species, 
very small concentrations of CF4, and no fluorine. 
Pressure rises generally occurred, and analysis of 
the gas confirmed the presence of fluorine and much 
radioactivity, within a few hours after cooling of 
the salt during reactor shutdowns to temperatures 
below 50 °C [16]. Generation of fluorine, observed 
over a period of several months after removal of 
these capsules from the reactor, diminished with 
time approximately as does decay of fission product 
activity. Fluorine generation stopped when the speci
mens were heated to temperatures above I 00 °C 
and resumed, after an induction period, when the 
temperature was lowered [17]. * 

When sealed capsules (Fig. 4) were opened after 
irradiation and 2 to 4 months of storage at room 
temperature, the gas generally contained large 
quantities (up to 50 atm) of fluorine, with con
siderable CF4 and reasonable quantities of krypton, 
but virtually no zenon [17]. Salt in the irradiated 
capsules was black, but the expected complex (though 
discolored) crystalline phases were present. Fig. 5 
shows the contents of a capsule which yielded large 
quantities of fluorine when opened; Fig. 6 shows 
the excellent condition of the INOR-8 from this 
capsule. The graphite was not wetted by the fuel, 
and such minor damage as has been observed was 
probably due to fluorine at near-ambient tempera
tures [16, 17]. However, appreciable amounts of 
uranium (up to 2% of that in the capsule) were 
found in a thin (0.005 em) outer layer of the graphite. 
Failure to recover zenon was probably due to for
mation of relatively non-volatile fluorides of this 
element. All evidence suggests that fluorine arises 
through irradiation (from fission product decay) at 
low temperature and that it is not of consequence 
to MSRE. Whether the uranium deposition is due 
to fuel instabilities produced by fluorine generation 
during reactor shutdowns is not yet known. The 
CF4 generation at high temperatures seems to be 
sufficiently small to be tolerated in MSRE [16]. 

Four fluoride ions are released, along with the 
fission fragments, when uranium in UF4 fissions. 
The fission fragments must achieve steady state 
valences such that cation-anion equivalence is 
maintained in the liquid and redox equilibria are 
established among components of the melt and 
between the melt and surface layers of the container 
metal. The data from many in-pile tests suggest 
strongly that these requirements are met (the fluoride 
ions are satisfied) without oxidation of the con
tainer [15]. Krypton and zenon, which are quite 
insoluble in the fuel, should be easily removed if the 

• Generation of fluorine with similar response to temperature 
changes has recently been demonstrated with fuel mixtures 
irradiated by y-rays from 6 °Co sources [17]. 
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graphite is relatively impermeable and if a gas
stripping mechanism (not provided in MSRE) is 
included in the design. The fission products that are 
active metals (rubidium, cesium, strontium, barium, 
zirconium, yttrium and the lanthanides) will exist 
as fluorides in their ordinary valence states; solu
bilities are sufficient to permit operation of MSRE 
for several years· without precipitation of these 
materials. The less active metals (e.g., molybdenum 
and ruthenium) should exist at least in part as metals. 
In MSRE, which contains no provision for their 
removal, they must be expected to plate on the 
INOR-8 surfaces and, perhaps, on the graphite. 
Methods of localization or removal of these materials 
must be provided for large reactors of this type to 
avoid problems of local overheating (especially upon 
shutdowns) or even blockage of flow in the heat 
exchanger. 

SUMMARY 

No liquid reactor fuel has yet been shown to be 
completely satisfactory. Fluoride mixtures and pluto
nium alloys continue to offer promise, but difficult 
problems remain. Several other liquids have, for 
various reasons, been rejected after extensive study. 
Few, and probably none, were developed to their 
ultimate capability, and some may have been aban
doned without sufficient testing. A revival of interest 
in these systems does not appear likely in the near 
future, however, in view of the present outlook 
for economical nuclear power in the United States. 

Testing of aqueous solutions, slurries in water 
and liquid alkali metals, and solutions of uranium 
in bismuth has been stopped. Two reactor experi
ments were fueled with aqueous solutions of uranium 
compounds; both systems showed encouraging 
features, but the HRE-2 fvel suffered severe de
leterious radiation effects that would prove difficult 
to overcome by improved design, and the LAPRE 
fuel, which was not seriously affected by radiation, 
lacks a practicable container metal. Oxide fuel 
particles, whether suspended in water or alkali 
metal, undergo extensive comminution under irra
diation. Such comminution produced no deleterious 
change in the engineering properties of the slurries, 
but irradiation to economically practical levels was 
not accomplished. Solutions of uranium in molten 
bismuth appeared reasonably compatible with useful 
reactor materials in engineering tests. No obvious 
difficulties appeared in the limited irradiation testing 
performed, but the dosages given the system were 
far below those required of a reactor. 

Molten plutonium alloys for fast reactors and 
molten salt systems for thermal breeders are still 
under study. For plutonium alloys, a satisfactory 
container metal for versatile, long-term service still 
needs to be demonstrated. Success with molten 
fluorides will require satisfactory performance of 
MSRE and much more knowledge of fission product 
behavior and methods for on-stream processing of 
the fuel and blanket streams. 
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A/241 Etats-Unis d'Amerique 

Comportement sous irradiation des com
bustibles liquides 

par W. R. Grimes et al. 

Trois types de combustibles liquides ont ete etudies 
aux Etats-Unis au cours des cinq dernieres annees. 
Ce sont les solutions aqueuses et les suspensions, les 
solutions d'uranium ou de plutonium dans des metaux 
liquides, et les solutions de tetrafluorure d'uranium 
dans des fluorures fondus. 

Le fonctionnement du reacteur experimental homo
gene-2, HRE-2 (solution de sulfate d'uranyle) a prouve 
Ia possibilite de faire fonctionner de fa9on sure un 
reacteur a combustible liquide et d'assurer l'entretien 
d'un systeme hautement radioactif. Cependant, en 
fonction de Ia puissance, de !'uranium s'est depose 
sur la cuve en Zircaloy-2, provoquant une corrosion 
importante et la fusion du metal. L'amelioration de 
l'hydrodynamique du creur semblait devoir eviter le 
depot dans les conditions du HRE-2; toutefois on a 
conclu que Ia mise au point d'un systeme adequat 
serait difficile. 

Le fonctionnement de LAPRE-II a montre que le 
combustible, une solution d'oxyde d'uranium dans de 
l'acide phosphorique, etait stable sous irradiation, 
mais on n'a pas trouve de materiaux de structure 
pratiquement utilisables. 

On a commence l'etude des suspensions aqueuses 
d'oxydes, mais l'essentiel de !'effort a porte aux Etats
Unis sur les suspensions d'oxyde de thorium pour les 
couches fertiles. Les etudes hors pile ont montre que 
les suspensions d'oxyde de thorium flocule, preparees 
avec des particules de 1 a 5 microns resistantes a 
!'abrasion, etaient propres aux applications indus
trielles; cependant, les experiences en pile ont montre 
que ces particules subissaient une coalescence impor
tante dans les conditions regnant dans un reacteur 

(fission). Le rayonnement ne produit aucune aggrava
tion de Ia corrosion. 

Un reacteur refroidi au sodium (reacteur experi
mental a plutonium fondu de Los Alamos, LAMPRE), 
dont le combustible est un alliage fondu stagnant de 
plutonium et de fer, a fonctionne avec !'interface 
combustible-capsule de tantale a des temperatures 
atteignant 690 °C. La penetration des zones de sou
dure et un certain amincissement des parois de la 
capsule a !'interface liquide-vapeur se sont produits en 
pile et hors pile. Environ 95% des gaz de fission se 
degagent du combustible, mais on observe pendant le 
fonctionnement une perte progressive de reactivite par 
formation de huiles de gaz sur les parois de la capsule. 

Le reacteur a combustible metallique liquide 
LMFR, reacteur modere au graphite avec comme 
combustible une solution diluee, circulante, d'ura
nium, de zirconium et de magnesium dans du bismuth, 
a ete abandonne peu avant Ia fin de sa construction. 
Les essais en boucle avec circulation sous irradiation 
ont montre que Ia solution combustible etait stable 
et qu'il ne semblait pas y avoir d'augmentation de la 
corrosion. 

Le reacteur modere au graphite MSRE aura pour 
combustible une solution d'UF4 dans un bain de 
LiF, BeF2 et ZrF4 • D'apres les essais en inactif, le 
graphite, le metal et les fluorures sont entierement 
compatibles. Sous irradiation aux temperatures de 
fonctionnement prevues (650 °C) de tres petites 
quantites de CF4 se forment, mais Ia corrosion du 
metal reste negligeable. Le graphite n'est pas mouille 
et ne subit pas de dommage notable. Du fluor se 
degage de ces combustibles sous l'effet des rayonne
ments beta et gamma a des temperatures inferieures 
a 150 °C environ, et ce phenomene explique certains 
des effets observes. La plupart des produits de fission 
restent en solution a l'etat de fluorures, les metaux 
nobles peuvent se deposer a l'etat de metal ou de 
carbure, et les gaz se degagent du combustible et sont 
partiellement retenus par le moderateur poreux. 
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A/241 CWA 

noaeAeHHe .H<HAKOrO TOnnHBa nOA OO
ny4eHHeM 

Y. P. rpaHMC et al. 

H Tl"tPHIIP JJOCJieJ(HtLx HHTH JICT B CliiA wec:Ie
;wHaJHICh Tpu nma IIHIJ\fWro TOnJinBa. H Hlf~l 
OTHOCHTCH BOJ.I.Hbte paCTBOpi>I H cycncH3HH, paCT
BOphi ypaHa H IIJIYTOIIHH H IRUJ.I.l<JIX McTaJIJiaX, a 
THKIIW paCTBOJlhl TCTpaqJTO{JlfJ~a ypaHa B paCIIJWH
,'Il'HHbiX qJTopUJJ.aX. 

Onr.IT :mcnJiyaTm(lrn BToporo roMorenHoro JKC
IIepnMeHTam,noro pcaKTopa HRE-2 ( B Ka•tecTBC 
TOJI.JJHBa B HCM HCIIOJ!b3YCTCH CYJib<f>aT ypaHJJJia) 
upoi-(PMOHCTpupoBaJI B03MO/ImocTb 6e3onacnoii pa
iioThi peai\Topa C iiUI/~KIIM TOIIJJJIBOM H 3!\CIIJJyaTa
l~llli BhfCOI\Opa;uroai\TliBHOH CJICTCMhl. 0JJ.Hal\o 
:!HBJ!CHI~Ce OT ~Wl~HOCTII OCaJRJJ.CHHC ypana HH 
1\0JliiYC aJiTHBHOii 30Hbl 113 l~HpKa,'IOH-2 COilpo
HO/Rj\HJIOCh CliJlbHOii l\Oppo3ne.ii H paCHJJHBJICHHCM 
.\feTHJIJI3. Y JIY'IIliCHHC I'lfl\POJ.I.IHiallfUKH aKTHBHOii 
:I()Hbl, IIO-BIIJ.I.IIMOMY, YCTpHHHJJO OC.HffiJ.I.CHHe l'OpiO
'ICrO n peaKTope HRE~2, OTKYJJ.a BhiTeKaeT, 'ITo 
uoaMomna YilOBJieTBOpineJJr.HaH pa6oTa noJJ.o6nr.Ix 
!' lfC.TCM; OJ.I.HHI\0 1\0HCTpyi\~UH COOTBCTCTBYIOU\Cii 
ClfCTCMbl 6y;.t:eT C.'IO/RIJOii. 

Onr.JT pa6oThi peaKTopa LAPRE-2 uoi<a3aJI, •ITo 
paCTBOp OKUCH ypana B <f>oc<f>opHOH 1\JICJJOTe C.Ta
OJIJJCH IIOJ.I. o6.TJy'leHHCM, no KOHCTPYK~HOHHbie Ma
TCpnaJJhi, IIplfl'OJ.I.HblC JJ.JJH IIpUMCHCHifH H<l IIJla!i
TIIT\e, ne 6r.um Bhi6panr.I. 

flpliMCHHJ'llfCh TaK/RC BOJ.I.Hble eycUCII3IIII OKHC
·'IOB, no nan6onhume ycnJIHH B CIIIA ohiJilf Ha
~rpan.lieHhi na n3yqenne cycnen3nn ormcu Topnn 
;(JIH IICllO.Tlh30BaHHH ee B 30He BOC.llpOU3BO;:(CTBll. 
IIpeAnapuTeJir.Hoc nccJieAOBaune BHe peanTopa 
IIOKa3aJIO, 'ITO BhlllaAaiO~He B BH;:.t;C XJIOllhCB cyc
lleH31fll OKH:CH TOpU.II, IIplfrOTOBJICHHhie H3 CTOii-
1\JIX J\ JICTUpaHlflO 'l3CTH:~ BCJJU'IH:HOH B 1-5 .M.K, 

o6JJ3JJ.<llOT UOJie3HbiMU TeXHU'leCIHIMH CBOiiCTBa
\IH; O;:(IIal>O JKCHCpH:MCHThl B peaKTOpe IIOKa3aJJU, 
'ITO :nn qacTu~r.r (n ycJJoBII.IIx ;:.t;enennn) B peHI\
Tope CHJihHO pa3MeJih'laiOTC.II. YneJin'leuue I\O}lllO
;um 11}1.1-J 06JJY'Il'IIHH He ua6JIIO,!I,aJIOCb. 

Jloc-aJJaMOCC.HHfu nJJyTOHHCBhiH peaKTOp C. Ha
TpUeBhiM OXJI31RJ.I.CHifCM (LAMPRE), B HOTopoM 
TOIIJIHBO COCTOlfT H3 HCllOJ.I.BHJRHOfO pacnJiaBa nJiy
TOHifH u meJie3a, pa6oTaJI npu TeMnepaType 
()90° C Ha BHyTpeHHCH llOBCpXHOCTH TaHTaJIOBOir 
KaiiCYJibi C ropiO'llfM. llpophiB CBapHhiX IliBOB U 
HCHOTOpoe YTOHblliCHUC CTCHOK KancyJihi no JIH
HHH pa3JJ.CJJa nap - ffilfJ.I.HOCTb Ha6JIIOJJ.aJIHCb npu 
:mcnepnMeHTax KaK BHe, TaK n BHYTPH peaKTopa. 
11.3 TOIIJIHBa Bbl,!l,eJJHCTC.II OKOJIO 95% ra3006pa3-
HhiX npOJJ.YKTOB JJ.CJICHH.II, OJ.I.HaHO BO BpcMH pa6o
Thl na6JIIOJJ.aCTCH nOCTCllCHHaH noTepH peaKTHB
HOCTH H3-3a pOCTa ra30BhiX ny3MpbKOB Ha CTCH
KaX KancyJihi. 

PeaKTop c ffilfJ.I.KOMeTaJIJIU'lecHnM TOnJiuBoM 
(LMFR) H rpa<f>HTOBhiM aaMCJ.I.JIHTCJICM, 3arpy
meHHhiii ~HpHyJinpyiOill;HM pa36aBJICHHhiM paCT-
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BOpOM ypana, ~lfpKOHlf.II H MarHHH B BHCMyTe, 
or.IJI ocTaHOBJieH J.I.O BhinOJIHeHHH nporpaMMhi pa
uoT. llponepKa ~HpKyJI.II~HOHHOH IICTJJH BO BpeMH 
o6Jiy'leHHH noKa3aJia, 'ITO TOIIJIHBHhiii paCTBOp 
C.Ta6HJICH, a CJieJJ.OB YBCJlll'lCHHH KOpp03HH He o6-
napymHJIII. 

PeaKTop c rpa<f>nTOBhiM 3aMe,!I,JIHTcJieM (MSRI) 
oyJJ.eT 3arpymaThC.II paeTnopoM UF4 B pacnJiaBc 
LiF, BeF2, ZrF4. llpeJJ.BapnTeJihHhie HCnhiTaHnH 
uepe;~; o6JiyqenneM HOKa3hiBaiOT, 'ITo rpa<f>HT, 
MeTaJJJI If <f>TOpHJJ. IIOJIHOCTblO COBMeC.THMhl. B 
ycnoBHHX o6JJy'leHnH 11pn npeJJ.nOJJaraeMoli pa6o
•reii TeMnepaType 650° C o6pa3ycTCH O'lCHh ne-
6onhmoe ROJIH'leCTBO CF4, a MeTaJIJJ Roppo,!l,upyeT 
.~mmh neaHa'liiTCJihHO. fpa<f>uT He ynJiamHHeTCH, 
a ero paJJ.Ha~uoHHhie nonpemJJ.eHHH HeBeJIIIHH. B 
ycJIOBHHX 13- u j-o6Jiy'leHH.II rrpH TeMrrepa Type 
OROJIO 150° C lf3 TaKOfO TOIIJIHBa Bhi,!I,eJIHCTCH 
!~Top - 3TO HBJienne MomeT OU'bHCHHTh HeRoTophw 
H3 ua6JIIOJ_\aeMhiX a<J><J>eHTOB. BoJibmaH lJaCTh rrpo
;~yKTOB JJ.eJieHifH OCTaeTCH B peaKTOpC B BlfJ.I.C <f>TO
JlllJ.I.OB, B TO BpeMH KaK 6JJaropO,!I,Hhie MeTaJIJII>I MO
ryT ocam,!l,aThC..II U3 pacTBopa B BHJ.I.e MeTaJIJIOB 
JTJIH Kap6HJJ.OB. a ra3hl, BbiJ.I.CJIHIOill;lfeCH H3 TOllJIH
Ba, 'laCTlf'IHO y;:.t;epmnBaiOTCH IIOpHCTbiM 3aMCJ.I.JIII
TCJICM. 

A/241 Estados Unidos de America 

Comportamiento de los combustibles fluidos 
frente a las radiaciones 

por W. R. Grimes et at. 

En los ultimos cinco afios, se han estudiado en los 
Estados Unidos los siguientes tres tipos de com
bustibles fl.uidos: soluciones y suspensiones acuosas, 
soluciones de uranio o de plutonio en metales liquidos 
y soluciones de tetrafl.uoruro de uranio en fl.uoruros 
fundidos. 

La ejecucion del Homogeneous Reactor Experi
ment-2 (con solucion de sulfato de uranilo) repre
sento una demostracion pnictica de las condiciones 
de seguridad de un reactor de combustible fl.uido 
y del mantenimiento de un sistema altamente radiac
tivo. Sin embargo, se observo que el uranio se 
depositaba, en funcion de la potencia, en el recipiente 
de Zircaloy-2 del nucleo originando una intensa 
corrosion y la fusion del metal. Mejorando las 
caracteristicas hidrodinamicas del nucleo se pudo 
evitar, aparentemente, que el uranio se depositase, 
al menos en las condiciones propias del HRE-2. 
Sin embargo, se llego a la conclusion de que seria 
dificil disefiar un sistema adecuado. 

El funcionamiento del LAPRE-II revelo que el 
combustible, una solucion de oxido de uranio en 
acido fosforico, es radioestable, pero aun no se han 
realizado demostraciones con materiales pnicticos 
de construccion. 

Tambien se han estudiado suspensiones acuosas de 
oxidos, si bien en los Estados Unidos Ia mayor 
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parte de los trabajos se han dedicado al estudio de 
suspensiones de 6xido de torio para envolturas 
fertiles. Las investigaciones realizadas fuera del 
reactor han mostrado que las suspensiones de 6xido 
de torio floculadas obtenidas con particulas de I a 5 
micras resistentes al frotamiento, poseen propiedades 
tecnol6gicas interesantes desde el punta de vista 
pnictico; sin embargo, los experimentos efectuados 
durante la fisi6n en el reactor han demostrado que 
las particulas sufren un desmenuzamiento consi
derable. No se ha observado que las radiaciones 
favorezcan la corrosion. 

Un reactor refrigerado por sodio (Los Alamos 
Molten Plutonium Reactor Experiment), con com
bustible inm6vil constituido por una aleaci6n fundida 
de plutonio y hierro, se ha hecho funcionar con la 
superficie de separaci6n capsula de tantalo-com
bustible a una temperatura de hasta 690 °C. Tanto 
en experimentos ejecutados en el reactor como fuera 
del mismo, hubo penetraci6n de las regiones soldadas 
y cierto adelgazamiento de las paredes de la capsula 
en la superficie de separaci6n liquido-vapor. Alrededor 
del 95% de los gases de fisi6n se desprenden del com
bustible, pero durante el funcionamiento se observa 
una progresiva perdida de reactividad debido al 
crecimiento de las burbujas de gas en las paredes de 
la capsula. 
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Las obras del Liquid Metal Fueled Reactor, 
reactor con moderador de grafito y combustible en 
circulaci6n formado por una solucion diluida de 
urania, circonio y magnesia en bismuto, quedaron 
suspendidas cuando estaban pr6ximas a terminar. 
Los ensayos realizados en un circuito sometido a 
irradiaci6n han mostrado que la solucion del com
bustible es estable y no indican que haya aumento 
de la corrosion. 

El reactor MSRE, moderado por grafito, se alimen
tara con una soluci6n de UF4 en LiF, BeF2 y ZrF4 
fundidos. El grafito, el metal y el fluoruro han mos
trado ser perfectamente compatibles en ensayos de 
irradiaci6n previos. A la temperatura de funciona
miento prevista (650 °C), se forman bajo irradiacion 
pequeiias cantidades de CF4, pero la corrosion del 
metal es despreciable y el grafito no se humedece y 
permanece practicamente inalterado. A temperatura 
inferior a los 150 °C, las radiaciones beta y gamma 
liberan fluor de estos combustibles y algunos de los 
efectos observados son atribuibles a este fen6meno. 

La mayor parte de los productos de fisi6n perma
necen disueltos en forma de fluoruros, los metales 
nobles de la mezcla fundida se depositan a veces 
como tales o en forma de carburos y los gases que se 
desprenden del combustible y quedan parcialmente 
retenidos por el moderador poroso. 
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The aqueous homogeneous suspension reactor project 

By J. J. Went* 

If in the future a real need for nuclear energy 
arises and large scale nuclear energy production 
therefore becomes necessary, a high conversion 
ratio of fertile into fissile material will be required. 

In thermal reactors, the highest conversion factor 
can be achieved in a heavy water moderated homo
geneous reactor. The simplest layout is a single 
zone circulating suspension reactor, using a mixed 
uranium-thorium oxide. Furthermore the single zone 
construction has the advantage that the fissile material 
is generated inside the reactor core and no chemical 
separation process is needed. 

It is the opinion of the KEMA Homogeneous 
Reactor Team that, for such a reactor concept, it is 
initially essential to investigate fundamentally the 
properties of the fuel. 

The results obtained to date completely support 
this belief. The final aim of the present research 
programme is to investigate the properties of aqueous 
oxide ssupensions as a fuel under power reactor 
conditions. Thus three logical research steps have 
been instigated: 

(a) Fundamental chemical research related to the 
production methods of suspension particles [1], the 
physico-chemical properties of the suspension, the 
reprocessing possibilities, and the erosion and related 
corrosion properties of circulating suspensions. This 
programme includes capsule irradiations in test 
reactors outside KEMA (see below). 

(b) Fundamental reactor physics research related 
to the nuclear stability of a circulating fuel system. 
A zero-energy reactor operating near the critical 
point is essential for this purpose. A low temperature 
system }Vorking up to 80 °C is in use (see below). 
It has given such interesting and encouraging results, 
that it is believed essential to use a similar installation 
for temperatures up to 250 °C. For this purpose the 
installation mentioned under (c) will be used. 

(c) Testing of the suspension under power reactor 
conditions. For this purpose the KEMA Suspension 
Test Reactor (KSTR) is under construction. 

GENERAL OUTLINE OF KSTR 
The main components of the primary reactor 

circuit are a reactor vessel, a heat exchanger and a 
circulating pump (Fig. 1 : I). 

• N.Y. KEMA, Arnhem. The work was carried out by 
the KEMA Homogeneous Reactor Team of the joint EURA
TOM- RCN- KEMA Reactor Development Group. 
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In the case of the KSTR, the dimensions of the 
reactor vessel are small (inner diameter 31 em ; 
volume 20 I ; material stainless steel; wall thickness 
6 mm). Therefore the reactor system can easily be built 
inside a gas-tight containment, which will prevent the 
release of radioactivity in the case of an accident [2]. 

Spherical fuel particles of 13% 235U02-1.4% 238U02-

85.6% Th02 with a diameter of about 6 microns 
will be used. 

A reflector must be provided to prevent leakage of 
neutrons and to flatten the neutron flux in the reactor 
vessel. This is important to prevent local boiling by 
overheating at power operation. BeO is used as 
reflector material, with a thick graphite layer on the 
outside. Under power conditions there can be quite 
a large heat dissipation in the reflector, consequently 
a reflector cooling system (Fig. 1: II) is necessary. 

As the reactor will be operated at temperatures up 
to 250 °C, an overpressure of 20 atm(a) of hydrogen 
prevents boiling. 

The reflector and the reactor vessel are located in 
a steel pressure vessel having a wall thickness of 
5 em. The pressure vessel is designed to withstand 
60 atm(a) of overpressure and thus will contain all 
radioactivity in case of leakage or rupture of the 
reactor vessel. 

The nearly spherical reactor vessel has conical 
inlet and outlet sections on the vertical axis. The 
suspension flows from the bottom to the top. At the 
inlet of the vessel, a special device is provided to give 
the liquid a slight rotation in order to stabilize the 
flow in the vessel. In addition the flow velocity along 
the wall is increased to prevent settling of particles 
on the wall in the lower part of the reactor vessel 
(see below). 

As a consequence of the fissioning procesc; in the 
reactor vessel, water is partly decomposed into 
hydrogen and oxygen. By injecting excess hydrogen 
the amount of radiolytic gas can be reduced and the 
build-up of an explosive mixture prevented. 

In addition, by injecting gas into the suspension 
liquid, the gaseous . fission products (xenon and 
krypton) can be stripped and separated from the 
liquid in a gas-liquid separator (Fig. 1 : 3). After 
removing the gases from the liquid stream, they are 
fed to the gas circulating system (Fig. 1 : III). The 
hold-up. of 135Xe in this system reduces the xenon 
content and, therefore, the xenon poisoning in the 
primary circuit. 
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The primary cooling system (Fig. 1 : IV), which 
removes the fission heat during power operation, 
is also provided with heating elements to supply 
heat to the main circuit when the reactor is operated 
in a subcritical state. 

The main reactor system is provided with a dump 
vessel (Fig. 1 : 6) of sufficient capacity to store the 
total liquid contents of the main system. The dump 
vessel is isolated from the main system by valves 
normally closed but which can be opened in case 
of an emergency to permit the entire contents of 
the system to drain into the vessel in less than one 
minute. 

The main circuit is also provided with a concentra
tion regulating system (Fig. 1 : V), consisting of a 
hydrocyclone and a storage vessel. Both the storage 
vessel and the dump vessel can be cooled to remove 
the decay heat of fission products. To prevent local 
overheating in these vessels, the suspension will be 
kept in motion as long as necessary. 

Finally there is a liquid purification system (Fig. 1 : 
VI) to remove fission and corrosion products from 
the suspension. This system is based on the principle 
of recoil separation of fission products from the fuel 
particles into the surrounding fluid. The efficiency 
of the recoil process is very high for particles of 
6 microns, as has been demonstrated in the zero 
energy reactor [3]. 

IRRADIATION EXPERIMENTS 

The behaviour of the oxide particles in the fuel 
suspension under neutron irradiation is one of the 
important problems encountered when developing 
a suspension reactor. 

In recent years many workers have reported on 
the nature and amount of damage to the crystal 
structure when a fission fragment passes through 
a metal or oxide. From these results it can be inferred 
that ejection of material from the region where the 
track intersects the surface must occur. Experimental 
evidence has shown that in vacuo the loss of material 
can amount to 4 000 atoms per fission [4]. It is not 
clear whether the effect is due to evaporation of 
individual atoms or the ejection of clusters of atoms. 
The question whether or not ejection of material 
occurs when an oxide is surrounded by a liquid has 
to be solved experimentally. 

In 1960 Harder and Sowden at Harwell [5] irra
diated suspensions of Pu02 in water and found 
that rapid breakdown of the 2 micron particles to 
colloidal fragments occurred. This result initiated a 
collaborative venture between AERE Harwell and 
KEMA under which several low burn-up (maximum 
10 MWd/t) experiments with Th235U02 were carried 
out in quartz capsules at 100 °C [6]. The results of 
this work indicated that at the&e low exposure levels 
ejection of material occurred at a rate of up to 
5 000 atoms per fission, however, only if the system 
was colloid chemically stable. The amount of damage 
was estimated by measuring the ot activity (from 234U) 
in the supernatant after centrifuging the irradiated 
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suspension samples. BET surface area measurements 
and electron microscope photographs confirmed the 
results obtained by this method. 

More recently irradiations to a burn-up of 200 
MWd/t (60 °C) have been carried out at Mol, Belgium. 
Since pressure build-up in the irradiation capsules 
due to water radiolysis is the limiting factor in this 
type of experiment, these- higher burn-ups could 
only be reached after the development of a dependable 
recombination device in the form of a platinum 
black on platinum metal catalyst. At these higher 
burn-ups relatively large decreases in the high pH 
occurred in the suspension samples during irradiation. 
These decreases could not be attributed to adsorption 
of the electrolyte on oxide fragments, and the con
clusion was that the wall of the quartz vessel plays 
an important role. The dissolution of small amounts 
of Si02 in the suspension greatly influences its colloid 
chemical behaviour and thus it is probably not 
justifiable to draw definite conclusions from experi
ments carried out in quartz capsules. 

A new series of experiments employing platinum 
capsules was therefore initiated. At the time of 
writing this paper no definite results have as yet 
been obtained from these experiments, but indications 
were found that the behaviour in platinum capsules 
is essentially different from that in Si02 capsules. 

NUCLEAR STABILITY 

In order to investigate the nuclear stability of a 
circulating suspension system a zero-energy reactor 
was constructed and operated over a wide range of 
reactivities (0.5 <k <0.998). The dimensions of 
the assembly are comparable with the dimensions 
of the main system of the KSTR, however, no gas 
injection is used so that no gas separator is needed. 
The temperature of the suspension can be regulated 
to an accuracy of ± 0.05 °C in the temperature 
range 20-80 °C. 

For practical reasons it was necessary to start 
with a pure U02 suspension in light water. The 
suspension fuel was enriched in 235U (up to 20%) 
to attain at the same volume concentration of suspen
sion particles as would be required in a large power 
reactor. 

At present the assembly is operated with the 
suspension to be used in the KSTR, i.e., a suspension 
of mixed Th02-U02 particles containing 13% 235U02 

with a particle size distribution around 6 microns. 
The colloid chemical properties of the suspensions 

(which determine whether the particles can floc
culate or not) are determined by the pH of the liquid 
(see below). 

The main hydraulic problem of the reactor core 
is to distribute the liquid entering from a pipe of 
diameter 5 em into a reactor vessel having a maximum 
diameter of 31 em (Fig. 2). 

Several requirements have to be fulfilled: 
(a) Along the wall of the vessel velocities of at 

least 50 cmjs are needed to prevent settling ofSuspen
sion particles; 
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Figure 2. Distribution of relative values (-r*) of residence time 
in one cross section ofthe reactor vessel;.,. is the mean residence 
time between the inlet (-r = 0) and the point of measurement. 
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(b) In the inner region a large degree of lateral 
mixing should exist to prevent local boiling by over
heating during power operation of KSTR; 

(c) A homogeneous and constant concentration 
distribution of fuel particles in the reactor vessel 
should exist and be maintained. 

It was shown that the microscale turbulent heat 
transfer properties would be insufficient to prevent 
local boiling. The shape of the liquid distributor 
at the inlet of the core was selected to produce the 
desired high velocities along the wall (at a flow rate 
of 9.6 1/s). Simultaneously a large scale convective
turbulent motion in the central part of the reactor 
vessel was achieved, resulting in a very high degree 
of mixing. The use of a central jet, which would be 
undesirable, could be avoided. An extensive study 
of the properties of this rotational flow pattern 
was carried out in close co-operation with Sogreah 
at Grenoble. 

Residence times at room temperature have been 
measured with response techniques using a salt so
lution as a tracing electrolyte. More than 400 points 
inside the reactor vessel have been investigated (about 
2 000 measurements). The largest ratio of maximum 
to mean integrated residence time was found to 
be 1.3 at a flow rate of 9.6 1/s and a mean residence 
time of 2.13 s. This would be equivalent to an 
excess of roughly 1 °C above the outlet temperature 
per 100 kW reactor power. 

The homogeneity of the concentration distribution 
of fuel particles was verified by measuring the neutron 
flux distributions (thermal and epithermal) inside 
the core vessel of the zero-energy assembly. 
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Experimental results are given in Fig. 2 (dotted 
curve). The neutron flux distributions in the core 

· appeared to be symmetrical, the peak to average 
factor for the thermal neutron flux (t/!th) being 1.20. 
For a small reactor this is very flat. 

The constancy of the over-all concentration and 
concentration distribution in the reactor vessel was 
demonstrated by the fact that the average value of 
the neutron flux as measured in the reflector by BF3 

counters was constant within the measuring accuracy 
of± I% for several hours (source multiplication 34.8). 
This indicated that the average concentration and 
concentration distribution within the core were 
constant within 0.1% over a long period. In other 
words no sticking or uncontrolled release of fuel 
particles occurred within this limit (0.1% is equal 
to about 6 g of UO:J. 

Apart from the constancy of the average value of 
the neutron flux, the records also showed fluctuations 
with a maximum amplitude of ± 10% (l!:.kfk = 
± 0.002) at a multiplication of 47.6. 

With a stable suspension (pH= 9.1) the maximum 
amplitude of the fluctuations was considerably 
decreased, viz. ± 3.5% (l!:.kfk = ± 0.0007) at a 
multiplication of 56. There was also a striking dif
ference in the frequencies of the fluctuations between 
the records using an :unstable and a stable suspension 
respectively. For detailed results of the investigation 
of the reactor noise (and some more results of the 
zero-energy experiments), see [7]. 

The temperature coefficient of reactivity has been 
measured in the range 20-80 °C. However, with an 
unstable suspension practically no change in multi
plication was found in this temperature range, when 
heating up slowly (40 °Cfh). This may be explained 
by the fact that agglomerates of fuel particles (floes) 
could be formed in the low velocity region of the 
circuit (core vessel), since the suspension was un
stable and there was sufficient time for a certain 
degree of flocculation. The settling velocity of these 
floes increased with temperature because of the
decrease in the viscosity of the water with increasing 
temperature. 

The negative temperature coefficient could thus 
be balanced by the increase of concentration within 
the reactor vessel (hold-up) due to the increase in 
settling velocity. 

The negative temperature coefficient was not 
balanced by the increase in settling velocity of. the 
completely dispersed particles, when using a stable 
suspension. Between 21 and 70 °C, a temperature 
coefficient of- 2.3 X I0-4 l!:.kfk per °C was found. 

When an unstable suspension was heated up 
rapidly (200 °C/h) a negative temperature coefficient 
between 21 and 40 °C of - 1.2 x 10-4 l!:.kfk per 
°C was found. Then the floes apparently had in
sufficient time to make use of the increased settling 
velocity. It may be concluded that with a sudden 
increase of temperature the negative temperature 
coefficient will be completely effective, even when 
an unstable suspension is used. 
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COLLOID CHEMICAL STABILITY 

The study of the colloid chemical stability of fuel 
suspensions is of great importance for the develop
ment of a suspension reactor. Since it is necessary to 
obtain information about the stability at temperatures 
up to 250 °C a method of obtaining this information 
had to be developed. 

A suspension can be characterized by the apparent 
particle size distribution, the weight percentage ?f 
primary particles and/or floes that have a certam 
Stokes' equivalent diameter being used as a measure 
of this. Every change in the stability results in a 
change in the degree of flocculation, and therefore 
gives a different particle size distribution. Consequent
ly it is possible to examine the stability of a suspension 
under different conditions by comparing the apparent 
size distributions occurring under these conditions. 

The apparent particle size distributions were 
measured by . means of a sedimentation analysis 
according to Stokes' law. Measurements were carried 
out in cylindrical vessels of 15 mm diam in which 
initially the suspension was uniformly disperse~. 
The change in the solids concentration at a certam 
height as a function of time was measured by means 
of X-ray absorption. This measurement was recorded. 
Since the time, at a certain height, is a measure of the 
particle size, the recorded curves can be c?nver~ed 
directly into the integrated apparent particle size 
distribution curves. . 

The geometric mean of the apparent particle size 
distribution, which we call the apparent average 
diameter, may be used as a measure of the stability 
if the true size distribution is known. The latter can 
be measured in the same apparatus under ideal 
dispersing conditions. Figure 3 shows the result 
for a uranium-thorium suspension. A sudden change 
in stability occurs at about 220 °C. 

In the case of not too rapidly flocculating suspen
sions there is a much faster way of getting an insight 
into the colloid chemical stability. If initially the 
suspension is uniformly dispersed in such a w_ay 
that no floes exist, the particles will have to colhde 
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Figure 4. The settling of the 50% concentration level of uranium
thorium oxide suspensions (20 g/1) of different stabilities 

in order for flocculation to occur. Particle collisions 
occur during settling of the suspension and in the 
case of an unstable suspension, results in floc growth. 
Consequently the settling rate increases during _the 
settling and this means that the apparent particle 
size distribution depends on the distance below the 
surface where the concentration versus time is meas
ured. This means also that the settling rate of a certain 
concentration level is not constant with time, and 
consequently the measurement of this settling ~~te 
can give conclusive information about the stability 
of the suspension. As the apparatus mentioned above 
can be used also to record the height of a fixed 
concentration level versus time, such stability curves 
are obtained automatically. Results are shown in 
Fig. 4. The straight line represents a stable suspension, 
the two other curves are related to an unstable and 
a very unstable suspension respectively. 

TECHNOLOGY 
In order to obtain experience in the handling of 

suspensions many thousands of operating h<;mrs 
with circulating U02 and Th02-U02 suspensiOns 
were made in different high temperature systems 
using several types of canned rotor pumps. 

Two of the many aspects will be mentioned here 
in more detail. 

Separation of fines 
In order to remove undesirable products from the 

main reactor system, fines (submicron ~;ange) have 
to be separated and extracted from the circu~at!ng 
suspension. Classical means, such as elutnat10n 
systems, cannot be employed. . 

Therefore an alternative has been proposed, makmg 
use of a special application of a hydrocy~lone. Tests 
have been carried out with prototypes m order to 
investigate the important parameters at temperatures 
up to 250 oc, and have shown the feasibility ~f the 
system for the extraction of fine ~xi~e m~ten~l of 
the required size. The flow scheme IS gtven m Fig: 5. 
A hydrocyclone is connected to the suspensiOn 
system by the underflow opening. Inlet and overflow 
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(b) Careful hydrodynamical design; 
(c) Applying erosion resistant materials at those 

places where hydrodynamical. design is already op
timized. 

From these factors, the hydrodynamical design is 
the most important one, which means in fact that 
vortices, eddies and high local velocities are to be 
avoided as much as possible. 

This was demonstrated by operational tests with 
different types of pumps to which improvements 
were made. As an example, the detrimental influence 
of a diffusor ring is given in Fig. 6 

figure 5. Apparatus for the separation of fines from the main 30 ,---------------------, 
reactor circuit 

of the cyclone are connected to a circulation pump 
to form a closed loop, initially filled with particle 
free water. 

From this secondary circuit a relatively small 
stream can be extracted and by proper adjustment 
of the cyclone inlet flow the extraction of the finest 
particles from the system is possible. 

The rotational flow in the cyclone causes a strong 
rotational field in the underflow opening. In addition 
to this a non- tangential flow towards and into the 
cyclone exists in the underflow opening caused by 
the extraction of liquid from the secondary circuit. 
The rotational field will act as a first barrier for the 
bigger particles entrained in the flow towards the 
cyclone. A second barrier is given by the normal 
cyclone operation. 

Erosion 

Fundamental tests and experience with high 
temperature suspension circulating systems have led 
to a clearer understanding of what influences erosion 
at the temperatures and flow conditions to be ex
pected in KSTR. 

For fast following suspensions as is the case in 
straight tubes, a critical flow velocity was determined 
below which hardly any erosion occurred. Above 
this velocity the erosion rate soon became important. 

The experiments were carried out in conical test 
tubes of stainless steel, in which strips made from 
material having poor erosion resistant properties 
were embedded. U02 and Th02-U02 suspensions 
were circulated at 250 °C and in concentrations up 
to 300 g/1 through these tubes. Flow velocities in 
these conical tubes ranged from 2 to 20 mfs. The 
mean particle diameters were 10 and 5 !L respectively. 
At these conditions a critical flow velocity of 9.5 m/s 
(Re = 1.22 X 106) was found, both for U02 and 
for Th02-U02• Obviously this critical velocity is 
independent of the particle size in the range studied. 

More difficult to solve are the erosion problems in 
centrifugal pumps used for suspension circulation. 
However, the erosion rates in such devices can be 
sufficiently reduced by: 

(a) Proper adaptation of the pump characteristics 
to the actual requirements (resulting in optimal 
flow velocities); 
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Figure 6. Erosion-corrosion product (iron) build-up trends 

In conclusion, it can be said that the main design 
factors for a canned rotor pump capable for cir
culating an erosive suspension for a reasonable time 
period are now known. 
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ABSTRACT -RESUME-AHHOTAUV1.R-RESUMEN 

A/635 Pays-Bas 

Le projet de pile a combustible en suspension 
homogene aqueuse 

par J. j. Went 

Le memoire expose l'etat d'avancement du projet 
de reacteur a combustible en suspension homogene 
aqueuse. Ce projet a pour objet I' etude de I' application 
des suspensions aqueuses d'ox¢e comme combustible 
nucleaire. 

On presente quelques .caracteristiques du reacteur 
d'essai a suspension KEMA (KSTR), qui est en 
construction. La conception de ce reacteur se fonde 
sur les resultats du programme de recherche et de 
developpement qui a ete execute pendant ces dernieres 
annees. Des resultats typiques. concernant l'utili
sation de combustibles en suspension aqueuse sont 
exposes. 

Les travaux experimentaux ont confirme Je role 
important que jouent les phenomenes de Ia chimie 
collo'idale dans le comportement des suspensions. 
Des recherches chimiques sur les colloides a une 
temperature elevee (jusqu'a 250 °C) etant necessaires, 
une nouvelle methode a ete mise au point. Les resul
tats ainsi obtenus sont exposes. 

L'inftuence predominante des conditions collo'idales 
a ete clairement revelee par les resultats d'une expe
rience effectuee a basse temperature et a energie 
null e. 

II a ete demontre qu'avec une suspension circu
lante, il est possible de creer des conditions tres stables 
et sures pour le fonctionnement du reacteur, et 
d'assurer dans la cuve du reacteur une distribution 
des particules en suspension qui soit independante 
du temps et cela avec une concentration globale 
constante. Ceci vaut aussi bien pour les conditions 
de stabilite chimique colloidale que pour celles 
d'instabilite. 

L'importance des proprietes chimiques du collolde 
est encore mise en relief par les experiences d'irra
diation faites avec des combustibles en suspension 
dans des conteneurs. Plusieurs irradiations n'ont pas 
fait apparaitre de fragmentation, sauf si le systeme 
avait atteint Ia stabilite colloldale. On donne une 
explication provisoire des phenomenes observes. 

Finalement, quelques aspects technologiques du 
KSTR font l'objet d'une discussion: des considera
tions et des mesures hydrodynamiques conduisant a Ia 
conception actuelle de Ia cuve du cceur et Ia distribu
tion des temps de sejour dans cette cuve, les pheno
menes d'erosion produits par des suspensions a circu
lation rapide ou irreguliere et les applications d'hydro
cyclones specialement mis au point pour Ia separation 
de gaz ou de particules fines d'avec le liquide de sus
pension. 

A/631S HMAepnaHAbl 

npoeKT BOAHOrO rOMOreHHOrO cycneH-
3HOHHOrO peaKTOpa 
,D,m . .D.m. Y3HT 

B HaCTOH~eM p;oi<Jiap;e p;aeTCH o6aop coBpeMeH
Horo COCTOHHHH paapa60TI\H npoel\Ta BOf);HOfO ro
MoreHHOfO cycneH3HOHHoro peai<Topa. ::hoT npo
el\T npep;ycMaTpHBaeT HCCJief);OOOHHe B03MOffiHOCTJI 
npHMeHeHHH BOf);HbiX cycneH3HH 01\HCJIOB B 1\a'Ie
CTBe peai<TOpHOfO TOTIJIHBa. 

flpHBOf);HTCH Hel\OTOpble xapai<TepHCTHI\H CTpO
Hll\eHCH B HaCTOH~ee BpeMH ::mcnepHMeHTaJibHoii 
YCT3HOBI\H - cycneH3HOHHOfO HCTihlTaTeJibHOfO 
peai<Topa (KSTR) qmpMbi <<KeMa». KoHc.Tpyi<~HH 
:noro ncnhlTaTeJILHoro peai<Topa paapa6oTaHa na 
OCHOBe peayJILTaTOB nporpaMMbl H3YlJHO-HCCJiep;o
BaTeJihCI\HX H onhlTHblX pa6oT, npoBep;eHHbiX 3a 
uocJiep;nue neci<OJihKo JieT. Coo6~aiOTCH Tnnnq
Hbte peayJibTaTbl no liCTIOJlb30B3HHIO BOf);HbiX cyc
ueH3HOHHbiX Hp;epHhiX TOnJiliB. 

llpoBep;eHHbie ::mcnepuMeHTaJibHbie pa6oTLI 
IIOfJ,TBepp;HJIIf BaffiHYIO pOJih HBJieHHH ROJIJIOlf/1HOii 
XHMHII B IIOBep;eHHH cycneH3HH. TIOCI\OJihl\Y :JTO 
noTpe6oBaJio nponep;eHHH uccJiep;onaHnii no 1\0JI
JJOHAHOH XHMHH npH BhlCOI\IIX TeMnepaTypax (l\0 
250° C), To p;JIH :noii ~eJIH 6LIJI paapa6oTaH Ho
Bhiii MeTop;. ,[J;aiOTCH peayJILTaTbi, nony'leHHLie no 
aToMy MeTop;y. 

n peo6Jiap;arou~ee BJIHHHUe YCJIOBIIH l\OJIJIOHf);Hoii 
XHMHH 6hlJIO Hpi<O TIOf);TBepmp;eHo peayJILTaTaMif, 
IIOJiylJeHHhlMll npH HH31\0TeMnepaTypHOM ;mcne
}HJMeHTe c nyJienoii aHeprueii. 

BI>mo noi<aaaHo, 'ITO npu ucJIOJih30BUHHU ~np
J\yJinpyro~eii cycneHann MoryT obiTb noJiylJeHhl 
o•Ienh cTa6nJihHhie u 6eaonacHwe ycnonua pa6o
Tbi peai<TQpa,. a Tai<me HeaanncnMoe OT npeMeHn 
pacnpep;eJieHue 'laCTU~ cycneHann n I<opnyce pe
ai<Topa BMeCTe C TIOCTOHHHOH 0011.\eH :KOH~eHTpa
~HeH. iho cnpanep;JIHBo :Kal\ p;JIH CTaoHJibHhlX, Tal\ 
II HeCTaOHJlhHbiX C TO'll\ll apeHHH 1\0JIJIOlff);HOH XII
MHJI. YCJIOBHil. 

8xcnepnMeHTbi no o6JiylJeHuiO aaRJIIOlJeHHhlx n 
1\UIICYJibl TODJIHBHhlX cycneH3HH CHOBa TIOf);'IOpl\
IJYJIH BaffiHOCTh :KOJIJIOHf);HhlX CBOliCTB. TipH HO
Cl\OJibl\HX OOJiylJeHHHX COBepmeHHO He Ha6JIIOl\a
JIOCb HHI\31\0fO pac~enJieHHH, ecm1 CHCTeMa He 
obiJia ycTOHlJHBOii c TO'll\II apeuua KOJIJioup;uoii 
XUMHH. flpep;CTaBJieHO npep;IIOJIOffiUTeJibHOO o6'h
HCHeHHe HaOJIIOp;aBIDHXCH HBJieHHJI. 

B Kon~e o6cymp;aiOTCH nei<oTopbie TexuoJioru
'Ieci<ue acnei<Tbi peal\Topa KSTR, a nMenno: ru;:~,
pop;nnaMH'leCI<He coo6pameHmi n naMepeuna, Ko
Topwe npnnenn K paapa6oTI<e uacToa~eii 1\0HCT
PYK~nn 6aKa al\THBHoii aoHhl, n pacnpep;eJieuna 
npeMeHH npeohiBaHHH B 3TOM 031\e, HBJIOHHH apo-
31111, o6ycJIOBJieHHbie 6LICTpo HJin nepaBHoMepno 
IIpOTel\aiO~JIMH cycneH3HHMII, HCTIOJlh30B3Hlle CUe
~IIUJihHO paapa6oTaHHhlX rnp;po~HI\JIOB fi,JIH OTj\e
JieHHH f330B IIJIU MeJII\HX 'IaCTH~ OT cyCTIOH3HJI. 
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A/635 Paises Bajos 

El proyecto de reactor de suspension acuosa 
homogenea 

por j. j. Went 

Esta memoria revisa el estado actual de desarrollo 
del proyecto de reactor de suspension acuosa homo
genea. Este proyecto pretende investigar la aplicacion 
de suspensiones acuosas de oxido como combustible 
de reactores. 

Se presentan algunas caracteristicas de la instala
cion experimental, el Kema Suspension Test Reactor 
(KSTR) que esta en construccion. El proyecto de 
este reactor experimental se basa en los resultados 
del programa de investigacion y desarrollo realizado 
en los ultimos aiios. Se indican resultados tipicos 
respecto a la aplicacion de combustibles en suspension 
acuosa. 

Los trabajos experimentales han confirmado el 
importante papel de los fenomenos de quimica coloidal 
en el comportamiento de las suspensiones. Como esto 
requiere investigaciones de quimica coloidal a tempe
raturas elevadas (hasta 250 °C) se ha desarrollado 
un nuevo metodo para este fin. Se dan los resultados 
obtenidos con este metodo. 
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La influencia predominante de las caracteristicas 
quimicas del coloide se ha puesto claramente de 
manifiesto por los resultados obtenidos con un 
experimento de baja temperatura a potencia cero. 

Se ha demostrado que circulando una suspension 
pueden conseguirse regimenes de funcionamiento del 
reactor muy estables y seguros, asi como una distri
bucion estacionaria de las particulas en suspension 
en la vasija del reactor y una concentracion total 
constante. Esto se refiere a regimenes coloidales 
tanto estables como inestables. 

Los experimentos de irradiacion de suspensiones 
de combustible en capsulas vuelven a subrayar la 
importancia de las propiedades quimicas del coloide. 
En varias irradiaciones no se observo ninguna frag
mentacion a menos que el sistema fuera un coloide 
quimicamente estable. Se presenta una explicacion 
de los fenomenos observados. 

Finalmente se discuten algunos aspectos tecno
logicos del KSTR, a saber: consideraciones y medidas 
hidrodinamicas conducentes al proyecto actual de la 
vasija del nucleo, junto con la distribucion de tiempos 
de residencia en esta vasija, fenomenos de erosion 
causados por suspensiones que circulan rapida 0 

irregularmente y aplicaciones de hidrociclones espe
cialmente desarrollados para la separacion de gases 
o finos delliquido de la suspension. 
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Metallic and various fuels 

Chairman: A. A. Bochvar (USSR) 

Paper Pf62 (presented by M. Englander) 

DISCUSSION 
G. W. GREENWOOD (United Kingdom): In the 

paper, a value of 88 kcalfg-at. for Q is ascribed to 
xenon diffusion in y uranium. I would ascribe this 
high value to the sum of the activation energy of 
diffusion and the heat of solution of xenon 'in y ura
nium and would ascribe the value of 27 kcalfg-at. for 
Q to the activation energy of surface diffusion of 
~ uranium, since the gas-release mechanism is dif
ferent in the two cases. 

Do the authors agree with this interpretation? 

Y. ADDA (France): Our diffusion experiments were 
carried out without any gas-release, i.e., using samples 
with a gas concentration close to the solubility limit. 
Under these conditions, gas solution energy should 
not enter into the activation energy of the phenome
non. We believe .that the high y-phase energy might 
be due to the fact that several lattice defects are 
necessary for a xenon atom to move in they uranium 
lattice. 

In the case of the results obtained in the ~ phase, 
recent experiments seem to indicate that the low 
activation energy is due to the superposition of 
volume diffusion and diffusion along the grain 
boundaries or dislocations. 

R. S. BARNES (United Kingdom): In the paper you 
conclude that "the growth of bubbles is governed 
by the diffusion of rare gas". However, many of 
your observations can be explained by the movement 
and joining together of bubbles. 

If the inert gas were really soluble and able to 
diffuse from bubble to bubble, then the bubbles 
heated in a thin film of the metal should disappear 
as the gas escapes to the nearby surface (often less 
than 100 A away). We have never observed this, 
even when the bubble was joined to the surface by 
dislocations. Possibly the reason why you were unable 
to observe movement of the bubbles was that the 
conditions of the particular experiment were not 
suitable. 

Could we please have full details of these experi
ments? 

Y. ADDA (France): During our study, and particu
larly during heating experiments with the beam inside 
the microscope, we were never able to discern bubble 
movement; on the other hand, we could demonstrate 
bubble growth without relative movement. Moreover, 
on increasing the density of dislocations, we observed 
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a considerable increase in the average size of bubbles, 
although they were located at very dense and entirely 
regular lattice junctions. We believe that the bubbles 
grow as the result of gas diffusion along the disloca
tions or grain boundaries and re-solution of the small 
bubbles to the advantage of the larger ones. This 
theory appears to be confirmed by certain observed 
facts such as the absence of small bubbles in the 
vicinity of a large bubble, the frequent reduction in 
the size of bubbles as a large one is approached 
and the tendency for bubbles to grow along disloca
tions or grain boundaries in samples in which bubbles 
are of uniform size throughout. 

As regards possible observation of a decrease in 
the size of bubbles due to the escape of gas to the 
surface of a film of metal, we think this is unlikely 
to occur in our experiments, because the heating 
times are short. In view of the low solubility of the 
rare gas, the flow of gas atoms towards the surface 
is small. Moreover, surface contamination of the 
film can restrict gas escape. Finally, it must be noted 
that, for the experiment to be significant, there would 
have to be a change of about 50% in bubble diameter, 
seeing that detailed study of bubble contrast as seen 
by transmitted light showed that the apparent diameter 
can be varied considerably by sloping the film in the 
microscope; small bubbles can even be made invisible.* 

M. B. WALDRON (United Kingdom): If molyb
denum lowers the diffusion coefficient of rare gases 
in uranium by a factor of 102 in the ~ and y phases, 
why does molybdenum not have the same beneficial 
effect on the ex phase; i.e., why do dilute uranium
molybdenum alloys swell, if this explanation is 
correct? 

Y. ADDA (France): Recent experiments point to 
the fact that in the ex phase at 610 °C the ratio of the 
diffusion coefficient of xenon in pure uranium to that 
in a uranium-molybdenum alloy with 1.1% Mo is 
only about 5:1. This seems to be due to the fact that 
the phenomenon is controlled by the diffusion in the 
ex phase, where molybdenum solubility is low (about 
0.2%). The diffusion coefficient of xenon in alloys 
does not in fact decrease further when the molyb
denum content increases beyond about 0.2%. 

Paper P/97 
DISCUSSION 

R. E. MACHEREY (United States of America): 
Were residual stress determinations made on your 

• See also latter part of the discussion on Paper P/145. 
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continuously heat-treated material (i.e., material run 
through an induction coil followed by ring quenching) 
and do you feel that low residual stresses would 
contribute to the thermal and irradiation stability 
of uranium fuel? 

M. ENGLANDER (France): ·No residual stress 
determinations were made, but we did attempt to 
determine stored energy by a microcalorimetric 
method. The values we obtained were low. The 
residual stresses were apparently almost entirely 
released following thermal treatments, once the fuel 
had been clad. 

As regards the second question, I think it would 
be the other way round. But, as I have said, in every 
case the residual stresses appeared to be almos( 
completely released from the start of irradiation. 

Paper P/735 
There was no discussion of this paper. 

Paper P/145 (presented by R. S. Barnes) 

DISCUSSION 

M. ENGLANDER (France): In Figure 4 of his paper, 
Dr. Barnes has given swelling curves which include 
figures for an undefined uranium-molybdenum alloy 
from the CEA. The figures quoted relate to a sample 
obtained by a procedure different from that used 
for EDF reactor fuels. In any case, examination of 
the conditions under which these samples were 
irradiated shows that the surface temperature fell 
precisely within the critical temperature range, which 
is exceeded by fuel elements in-pile. The phenomenon 
is therefore one that need cause no alarm. Moreover, 
according to Figure 3 of the paper, the critical tem
perature for adjusted uranium lies between 475 and 
500 °C and the degree of swelling it can lead to is of 
the order indicated in Figure 4. 

R. S. BARNES (United Kingdom): It was certainly 
realized that the CEA results presented in Figure 4 
of our paper applied to the temperature range where 
enhanced swelling occurs due to the interaction of the 
growth process. However, these results are compared 
with those for pure and adjusted uranium in the same 
condition and the graph shows that the uranium
molybdenum alloys fall between pure and adjusted 
uranium as regards their swelling resistance in this 
important temperature range. 

J. H. KITTEL (United States of America): In my 
view, the authors and their colleagues are to be 
congratulated on the improvement in the irradiation 
behaviour of uranium that they have achieved 
through the development of the adjusted modifica
tion. In some of the possible uses of this material, 
it is likely that the average temperature would be 
above 600 oc, and possibly above 660 °C, in the 
~ phase. Would you care to comment on the data 
reported in Figure 3 regarding the swelling behaviour 
of adjusted uranium in this temperature range? 
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R. S. BARNES (United Kingdom): Yes. As you 
will have noticed, the swelling at, for instance, 
630 °C is only about 7% after a burn-up of between 
6 000-8 000 MWdft. Our results in the ~ phase 
show that the swelling resistance of adjusted material 
is somewhat less than in the ex phase, but the main 
effect is due to ex-~ cycling and this occurs to some 
extent in these experiments. 

M. ENGLANDER (France): I agree with Dr. Barnes, 
and it is precisely one of the advantages of hi-phase 
uranium-molybdenum alloys that they can stand 
rises of temperature above 660 °C for a fairly long 
time without dimensional instability occurring. 

R. S. BARNES (United Kingdom): Several papers 
presented at this session refer to the movement of 
large holes up the temperature gradient and this 
process must influence the gas release from the 
region. 

However, we have been able to show by electron 
microscopy that bubbles of inert gas migrate in 
U02 in a temperature gradient. These experiments 
point to a low solubility of the inert gas and suggest 
that swelling and gas release in the lower temper
ature ranges, and also the eventual release of gas 
at high burn-up, are governed by the migration 
of these bubbles, which will depend upon the detailed 
structure of the material. 

I understand from Mr. Adda's reply to my question 
on Paper P/62 that he remains sceptical as to the 
existence of bubble movement. Have Russian, 
Canadian or United States workers obtained direct 
evidence of the existence and movement of these 
small gas bubbles? 

J. H. KITTEL (United States of America): We have 
made many observations of bubbles in hi~hly irra
diated material, by optical and electron microscopy, 
directly after irradiation and after annealing. How
ever, we have not yet performed electron transmission 
studies of these materials, so we have no direct 
evidence relating to the question of migration of 
bubbles in a temperature gradient. 

M. SALESSE (France): Two of Dr. Barnes' slides 
showed one group of two bubbles, one of which 
was disappearing, and, alongside it, another group 
in which one bubble was decreasing in size, to the 
benefit of the other. This seems to me to confirm 
Mr. Adda's view. 

R. S. BARNES (United Kingdom): On the contrary, 
when two bubbles of radius r1 and r2 join, they become 
one larger bubble of radius (r1

2 + r2
2)Y., showing 

an increase in total volume. Occasionally a very 
small bubble remains very close (less than 50 A) 
to a much larger bubble during several pulse beatings. 
The small bubble becomes no smaller and we esti
mated that the diffusion coefficient of helium in 
copper is less than~ 10-12 cm2/s. In our opinion, this 
failure to observe a steady shrinkage of the bubbles 
either when they are near other bubbles or near 

·to the free surface indicates very low helium solubility 
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in copper. Even when the bubbles are joined to one 
another or to the free surface by dislocations, there is 
still no detectable loss. Any loss of gas along disloca
tion lines is therefore so small as to be of no importance 
compared with the migration in these conditions. 

However, there is much other evidence in support 
of the migration hypothesis; e.g., it affords a simple 
explanation of the marked effect of externally applied 
pressure on alpha uranium, since this would then 
logically result in large swelling of the kind reported 
at the last Geneva Conference. This cannot be ex
plained by re-solution of xenon or krypton in alpha 
uranium. 

Paper P/239 (presented by j. H. Kittel) 

DISCUSSION 

J. F. W. BISHOP (United Kingdom): You state 
that a burn-up of 5.0 at.% is considered to be achiev
able with a uranium-plutonium-fissium metal fuel. 
Please indicate whether the stress analysis quoted 
takes account of yield or creep phenomena, what 
strength parameter is used to take account of fuel 
swelling, what the proposed cladding material is, 
and its nominal maximum temperature. 

J. H. KITTEL (United States of America): In the 
stress analysis referred to, it is assumed that the fuel 
had negligible strength, so that it exercised no signifi
cant restraint on swelling. The stress-rupture strength 
of the oladding was used as the critical stress para
meter. No allowance was made for creep or strain, 
which would, of course, decrease the stress in the 
cladding. The proposed cladding material has not 
yet been finally selected, but it will probably be a 
vanadium-titanium alloy. Alloys of this type are 
under development at Argonne National Laboratory 
and have shown long-term rupture strengths near 
30 kg/mm2 at temperatures in the 500-600 °C tem
perature range. 

P. MuRRAY (United Kingdom): Reference is 
made in the paper to the irradiation behaviour of 
cermets and to the relevance of theories based on 
creep of the matrix. In UK experiments on 40 vol% 
U02-stainless steel cermets, we have demonstrated 
the importance of two features- namely, the distribu
tion of the oxide particles and the initial particle 
porosity. By careful attention to these parameters, 
swelling can be avoided until about" 1.6 x 1021 

fissions per cm3 at 650 °C (i.e., a level of about twice 
the failure limit shown in Figure 5) is reached. 
Have you any similar data on these aspects? 

J. H. KITIEL (United States of America): We 
agree with the comment that the distribution of the 
oxide particles and their initial porosity are highly 
important features of cermet fuels. The data shown 
in Figure 5 were generally obtained on fuels with 
fuel particles of high density. In the light of results 

· from a more limited number of other experiments, 
it is to be expected that the failure limits shown in 

Figure 5 would be raised significantly if fuel particles of 
lower density were used. 

Paper Pf338a (presented by V. V. Orlov) 

DISCUSSION 
R. S. BARNES (United Kingdom): The swelling 

of reactor materials is a very complex phenomen and 
the authors are to be congratulated in devising the 
general equations. However, so many variables and 
mechanisms are involved that a full formulation of 
the problem cannot be tested by practical experiments. 
In a recent paper (Journal of Nuclear Materials, 
1964), I offered some much simpler and less general
ized equations for swelling, which relate only to 
the migration of bubbles and assume that the bubbles 
nucleate very readily. This very simple theory predicts 
that in a post-irradiation anneal th•! volume increase 
is proportional to annealing time, to the quarter power. 
The quarter power comes from the surface diffusion 
mechanism, where the bubble velocity varies inversely 
with the quarter power of bubble radius. This varia
tion was found in some of our early work reported 
at the second Geneva conference. 

This theory also provides a means of predicting 
large swellings which occur on annealing uranium 
after heating under high pressure. The swelling 
values agree well with the theory. Although the theory 
is very simple, it can account for the material prop
erties which have been found to be so important. 
For instance, grain boundary sweeping and other 
grain boundary effects can be accounted for, as 
well as the influence of small precipitates. 

Paper P/526 
DISCUSSION 

R. E. MACHEREY (United States of America): 
I would like to ask Mr. Kraus if there is an applica
tion for magnesium-clad uranium fuel in his pro
gramme and, if so, what reactor coolants are con
templated. 

V. KRAUS (Czechoslovakia): The experiments on 
diffusion bonding uranium-interlayer-magnesium are 
part of a fundamental research programme con
cerned with fuel element materials for heavy-water, 
gas-cooled reactors and at present are not connected 
with any specific reactor project. 

D. 0. PICKMAN (United Kingdom): Do diffusion 
bonds with aluminium and zirconium resist long 
thermal cycles without failure? 

V. KRAUS (Czechoslovakia): No thermal cycling 
of the uranium-interlayer-magnesium bonds has 
been carried out as yet. When measuring the hot 
shear strength at 500 °C, some samples were subjected 
to a small number of thermal cycles which did not 
substantially affect their performance. 

M. B. WALDRON (United Kingdom): Have you 
observed any influence of zirconium purity on bond 
strength (of the uranium-zirconium-magnesium bond) 
and have you tried chemical preparation of the 
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surfaces for this bond; if so, were the results con
sistent? At Harwell, we have found that one Van Arkel 
batch will bond and another will not. 

V. KRAUS (Czechoslovakia): Zirconium foils of 
the same purity grade were used in all samples; 
consequently the influence of purity could not be 
detected. 

The samples were pressed together before welding, 
using the standard experimental technique (i.e., pres
sure of 1 000 kgfcm2). According to information 
given in the literature on solid-state welding, this 
is the most effective form of preparation for surfaces 
to be bonded, and was therefore chosen as standard 
for the experiment. Bonding occurred in all cases. 

M. B. WALDRON (United Kingdom): Have you 
found any evidence of a distinct phase between 
magnesium and zirconium, as reported by Hodkin 
eta!.? 

V. KRAUS (Czechoslovakia): Microhardness mea
surements and microscopical observation failed to 
reveal a magnesium-zirconium intermetallic phase. 

Paper P/241 (presented by W. R. Grimes) 

DISCUSSION 
A. J. M. HITCHCOCK (United Kingdom): Have 

you sought or observed any tendency for selective 
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release of radio-iodine from cool irradiated fluoride 
and have any irradiation tests been carried out on 
molten chlorides? 

W. R. GRIMES (United States of America): We did 
look for such release and found that no iodine is 
released during irradiation at high temperature. 
When fuel is cooled and fluorine is generated, one 
can identify iodine jn the gaseous products, but its 
release is almost certainly not selective. 

To the best of my knowledge, no tests have been 
made on the irradiation of molten chlorides. 

M. B. WALDRON (United Kingdom): In the second 
paragraph of that section of your paper entitled 
"Molten plutonium fuels", gallium is mentioned as 
stabilizing Pu-10% Fe fuel. What kind of stabilization 
have you in mind? 

W. R. GRIMES (United States of America): I believe 
that gallium is added to minimize or prevent the 
precipitation of carbides and oxides of plutonium 
and iron. Segregation of these materials would form 
sites for the collection of fission gas bubbles and 
result in loss of plutonium from the reactor core. 

Paper Pf702 (presented by. D. Kolar) 

There was no discussion of this paper. 

Combustibles metalliques et combustibles divers 

President: A. A. Bochvar (URSS) 

Memoire P/62 (presente par M. Englander) 

DISCUSSION 
G. W. GREENWOOD (Royaume-Uni): Dans le 

memoire on donne une valeur Q de 88 kcaljatome-g 
pour la diffusion du xenon dans l'uranium y. J'attri
buerais cette valeur elevee a la somme de l'energie 
d'activation de diffusion et de la chaleur de disso
lution du xenon dans l'uranium y et j'attribuerais la 
valeur Q = 27 kcalfatome-g a l'energie d'activation de 
la diffusion en surface de l'uranium ~. car les meca
nismes de degagement gazeux sont diflerents dans les 
deux cas. 

Les auteurs sont-ils d'accord avec cette interpre
tation? 

Y. ADDA (France): Nos experiences de diffusion 
ont ete faites sans degagement de gaz, c'est-a-dire 
avec des echantillons ayant une teneur en gaz voisine 
de la limite de solubilite. Dans ces conditions, l'energie 

de dissolution du gaz ne doit pas intervenir dans 
l'energie d'activation du pbenom(me. Nous pensons 
que l'energie elevee en phase y est due au fait que 
pour qu'un atome de xenon penetre dans le reseau de 
l'uranium y il faut que ce reseau presente plusieurs 
defauts. 

Pour les resultats en· phase ~. des experiences 
recentes semblent indiquer que Ia faible energie 
d'activation est due a Ia superposition de Ia diffusion 
en ·Volume et de Ia diffusion aux joints de grains et 
aux dislocations. 

R. s. BARNES (Royaume-Uni): Dans votre memoire, 
vous concluez que Ia diffusion du gaz rare joue un 
role important dans la croissance des huiles. Cepen
dant, parmi vos observations, beaucoup peuvent 
s'expliquer par les mouvements et Ia reunion des huiles. 

Si le gaz inerte etait reellement soluble et pouvait 
diffuser d'une bulle a rautre, les bulles chauffees dans 
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un film mince du metal disparaitraient a mesure que 
le gaz s'echappe vers Ia surface proche (souvent a 
moins de 100 A). Nous n'avons jamais observe ce 
phenom(me, meme quand une bulle communiquait 
avec la surface par des dislocations. Vous n'avez 
peut-etre pas observe de mouvements des huiles 
parce que les conditions experimentales ne con
venaient pas. 

Pourrions-nous avoir des details complets sur ces 
experiences? 

Y. ADDA (France): Au cours de notre etude et, en 
particulier, pendant les experiences de chauffage avec 
le faisceau a l'interieur du microscope, nous n'avons 
jamais pu observer de mouvement des huiles; d'autre 
part, nous avons pu demontrer qu'il y avait croissance 
des huiles sans mouvement relatif. De plus, en augmen
tant la densite de dislocations, nous avons observe 
une augmentation considerable de la taille moyenne 
des huiles, bien qu'elles soient placees a des jonctions 
du reseau tres denses et entierement regulieres. Nous 
croyons que les huiles grossissent par diffusion du 
gaz aux dislocations et aux joints de grains et par 
redissolution des petites bulles au profit des plus 
grosses. Cette theorie semble confirmee par certains 
faits experimentaux, tels que !'absence de petites 
huiles au voisinage d'une grosse bulle, la reduction 
frequente de la taille des huiles lorsqu'elles s'appro
chent d'une grosse bulle, et la tendance des huiles 
a grossir le long des dislocations ou des joints de 
grains dans les echantillons dans lesquels les huiles 
sont partout de taille uniforme. 

En ce qui concerne la possibilite d'observer une 
diminution de la taille des huiles par diffusion du gaz 
vers la surface d'un film de metal, nous pensons que 
ce phenomene est peu probable dans nos experiences, 
parce que les durees de chauffage sont courtes. En 
raison de Ia faible solubilite du gaz rare, le courant 
d'atomes de gaz vers Ia surface est faible. De plus, Ia 
contamination de Ia surface du film peut limiter le 
degagement de gaz. Enfin, il faut noter que, pour que 
!'experience soit significative, il faudrait une variation 
de 50% environ dans le diametre de la bulle, l'etude 
detaillee des bulles observees par transmission ayant 
montre que le diametre apparent peut varier de fa~on 
considerable lorsque le film est incline dans le micro
scope; on peut meme rendre invisibles de petites 
bulles*. 

M. B. WALDRON (Royaume-Uni): Si le molybdene 
abaisse le coefficient de diffusion des gaz rares dans 
!'uranium d'un facteur 102 en phases ~ et y, pourquoi 
n'a-t-il pas le meme effet favorable dans la phase oc; 
autrement dit, pourquoi les alliages uranium-molyb
dene dilues gonflent-ils, si cette explication est 
correcte? 

Y. ADDA (France): Des experiences recentes indi
quent qu'en phase oc a 610 °C le rapport du coefficient 
de diffusion du xenon dans ]'uranium pur au coefficient 
dans un alliage uranium-molybdene'.a 1,1% de Mo 

• Voir aussi Ia fin de Ia discussion du memoire P/145. 

n'est que de 5/1 environ. Ceci semble dii au fait que 
le phenomene est domine par la diffusion dans la 
phase oc, dans laquelle la solubilite du molybdene est 
faible (environ o;2%). Le coefficient de diffusion du 
xenon dans les alliages ne diminue d'ailleurs pas 
davantage quand la teneur en molybdene croit au
dessus de 0,2% environ. 

Memoire P/97 
DISCUSSION 

R. E. MACHEREY (Etats-Unis d'Amerique): Avez
vous mesure les contraintes residuelles sur votre 
materiau ayant subi un traitement thermique continu 
(c'est-a-dire le materiau qui est passe dans un induc
teur puis trempe dans un collier douche)? Pensez-vous 
que de faibles contraintes residuelles pourraient con
tribuer a la stabilite thermique et sous irradiation du 
combustible en uranium? 

M. ENGLANDER (France): Nous n'avons pas mesure 
les contraintes residuelles mais nous avons essaye de 
determiner l'energie accumulee par une methode 
microcalorimetrique. Les valeurs obtenues etaient 
faibles. Les contraintes residuelles etaient probable
ment presque entierement a la suite des traitements 
thermiques, une fois le combustible gaine. 

En reponse a la seconde question, je dirai que je 
pense que c'est le contraire qui se produit. Mais comme 
je l'ai dit, les contraintes residuelles semblent dans 
chaque cas presque completement reHkhees des le 
debut de !'irradiation. 

Memoire Pf735 

Ce memoire n'a pas fait l'objet d'une discussion. 

Memoire P/145 (presente par R. S. Barnes) 

DISCUSSION 
M. ENGLANPER (France): Dans la figure 4 de son 

memoire, M. Barnes a donne des courbes de gonfle
ment qui comprennent des donnees pour un alliage 
uranium-molybdene non defini venant du CEA. Les 
chiffres donnes correspondent a un echantillon obtenu 
par un procede different de celui utilise pour les com
bustibles des reacteurs EDF. Dans tous les cas, 
l'examen des conditions d'irradiation de ces echan
tillons montre que la temperature de surface etait 
precisement dans le domaine des temperatures criti
ques qui est depasse par les elements combustibles en 
pile. 11 n'y a done pas a s'inquieter de ce phenomene. 
De plus, selon la figure 3 du memoire, la temperature 
critique pour l'uranium ajuste se trouve entre 475 et 
500 °C, et le degre de gonflement correspondant est de 
l'ordre de grandeur indique sur la figure 4. 

R. S. BARNES (Royaume-Uni): Nous n'ignorions pas 
que les resultats du CEA presentes a la figure 4 de 
notre memoire correspondent au domaine de tempe
rature oil il y a augmentation du gonflement en raison 
de !'interaction du processus de croissance. Toute
fois, ces resultats sont compares aux resultats obtenus 
pour de !'uranium pur et de !'uranium ajuste dans les 
memes conditions et le graphique montre que les 
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alliages uranium-molybdene se placent entre l'ura
nium pur et l'uranium ajuste en ce qui concerne leur 
resistance au gonflement dans cet important domaine 
de temperature. 

J. H. KITTEL (Etats-Unis d'Amerique): Amon avis, 
nous devons feliciter les auteurs et leurs collegues 
pour l'amelioration du comportement de l'uranium 
sous irradiation qu'ils ont obtenue en mettant au 
point Ia modification ajustee. Pour certaines utilisa
tions eventuelles de ce materiau, Ia temperature 
moyenne pourrait depasser 600 °C, et peut-etre meme 
660 °C, en phase ~· Pourriez-vous commenter les don
nees de Ia figure 3 en ce qui concerne le comportement 
de gonflement de l'uranium ajuste dans ce domaine de 
temperature? 

R. S. BARNES (Royaume-Uni): Oui. Comme vous 
l'aurez remarque, le gonflement a 630 °C, par exemple, 
n'est que de 7% environ apres une irradiation com
prise entre 6 000 et 8 000 MWjft. Nos resultats mon
trent que Ia resistance au gonflement du materiau 
ajuste est plus faible en phase ~ qu'en phase IX, mais 
l'effet principal est du au cyclage IX-~, et celui-ci est 
present dans une certaine mesure dans ces experiences. 

M. ENGLANDER (France): Je suis d'accord avec le 
Dr Barnes. C'est precisement l'un des avantages des 
alliages uranium-molybdene a deux phases de pouvoir 
supporter des elevations de Ia temperature au-dela de 
660 °C pour des durees assez importantes sans pre
senter d'instabilite dimensionneile. 

R. s. 'QARNES (Royaume-Uni): Plusieurs memoires 
presentes a cette seance signalent le mouvement de 
grands trous le long du gradient de temperature, 
et ce processus doit influer sur le degagement de gaz 
de Ia region consideree. 

· Cependant, hous avons pu montrer a l'aide du 
microscope electronique que les bul/es de gaz inerte 
migrent dans uo2 dans un gradient de temperature. 
Ces experiences indiquent une faible solubilite du gaz 
inerte et suggerent que le gonflement et le degagement 
de gaz dans les domaines de basse temperature, ainsi 
que le degagement eventuel de gaz pour un taux de 
combustion eleve, sont commandes par Ia migration 
de ces huiles qui depend de Ia structure detaillee du 
materiau. 

Je comprends, d'apres Ia reponse de M. Adda a rna 
question concernant le memoire P/62, qu'il reste 
sceptique en ce qui concerne l'existence du deplace
ment des huiles. Est-ce que des chercheurs sovieti
ques, canadiens ou americains ont obtenu des preuves 
directes de l'existence et du deplacement de ces petites 
huiles de gaz? 

J. H. KITTEL (Etats-Unis d'Amerique): Nous 
avons fait de nombreuses observations de huiles dans 
des materiaux tres irradies, par microscopie optique 
et electronique, immediatement apn!s irradiation et 
apres recuit. Cependant, nous n'avons pas encore 
etudie ces materiaux par transmission d'electrons et 
nous n'avons done pas de preuve directe de la migra
tion des huiles dans un gradient de temperature. 
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M. SALESSE (France): Deux des diapositives du 
or Barnes montrent un groupe de deux huiles dont 
l'une est en train de disparaitre et, a cote, un autre 
groupe dans lequel une bulle diminue de taille au 
benefice de l'autre. Ceci me semble confirmer le 
point de vue M. Adda. 

R. S. BARNES (Royaume-Uni): Au contraire, quand 
deux bulles de rayons r1 et r2 se joignent, elles forment 
une bulle plus grosse de rayon (r1

2 + r2
2)Y., avec 

augmentation du volume total. Parfois une tres petite 
bulle demeure tres pres (a moins de 50 A) d'une bulle 
beaucoup plus grosse pendant plusieurs cycles de 
chauffage. La petite bulle ne diminue pas de volume 
et nous avons estime que le coefficient de diffusion de 
l'helium dans le cuivre est inferieur a I0-12 cm2 s. 
A notre avis, le fait de ne pas observer de contraction 
reguliere des huiles quand elles se trouvent au voi
sinage d'autres huiles ou au voisinage de Ia surface 
libre indique une solubilite tres faible de l'helium dans 
le cuivre. Meme quand les huiles sont au contact l'une 
de l'autre ou au contact de la surface libre par des 
dislocations, il n'y a toujours pas de perte visible. 
Toute perte de gaz le long des lignes de dislocation 
est done si faible qu'eile est negligeable par rapport 
a la migration dans ces conditions. 

II y a cependant de nombreuses autres preuves en 
faveur de l'hypothese de migration; par exemple, 
celle-d permet d'expliquer simplement l'effet marque 
de Ia pression externe sur l'uranium alpha, car logique
ment on observerait un fort grossissement du type 
signale a Ia derniere Conference de Geneve. Ceci ne 
peut etre explique par redissolution du xenon ou du 
krypton dans l'uranium alpha. 

Memoire P/239 (presente par J. H. Kittel) 

DISCUSSION 
J. F. W. BISHOP (Royaume-Uni): Vous declarez 

qu'on pense arriver a un taux de combustion de 
5,0 at% avec un combustible metallique uranium
plutonium-fissium. Pourriez-vous indiquer si l'analyse 
des contraintes signalee tient compte des phenomenes 
d'allongement ou de fluage, et dire quel est le para
metre de resistance utilise pour tenir compte du 
gonflement du combustible, quel est le materiau de 
gainage envisage, et queile est sa temperature maxi
male nominate? 

J. H. KITTEL (Etats-Unis d'Amerique): Dans l'ana
lyse des contraintes citee, on a suppose que le com
bustible a une resistance negligeable, de sorte qu'il 
ne s'oppose pratiquement pas au gonflement. C'est 
Ia force de rupture de Ia gaine qui est utilisee comme 
parametre critique. On n'a pas tenu compte du 
fluage ou des deformations qui pourraient, bien 
entendu, diminuer l'effort sur Ia gaine. Le materiau 
de gainage n'a pas ete definitivement choisi, mais ce 
sera probablement un alliage vanadium-titane. Des 
alliages de ce type sont en cours d'etude a l'Argonne 
National Laboratory; ils presentent des resistances 
a la rupture a long terme voisines de 30 kg/mm2 a des 
temperatures comprises entre 500 et 600 °C. 
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P. MURRAY (Royaume-Uni): Le memoire men
tionne le comportement des cermets sous irradiation 
et l'application possible de theories basees sur le 
fluage de Ia matrice. Les experiences effectuees au 
Royaume-Uni sur des cermets 40 vol% U02-acier 
inoxydable ont montre !'importance de deux facteurs: 
Ia distribution des particules d'oxyde et Ia porosite 
initiate des particules. En surveillant bien ces para
metres, on peut eviter le gonflement jusqu'a environ 
l ,6. 1021 fissionsfcm3 a 650 °C ( c'est a-dire un niveau 
presque double de Ia limite de rupture indiquee a Ia 
figure 5). Avez-vous des donnees analogues ace sujet'? 

J. H. KITTEL (Etats-Unis d'Amerique): Nous recon
naissons que Ia distribution des particules d'oxydes et 
leur porosite initiate constituent des aspects tres 
importants des combustibles cermets. Les donnees 
presentees a Ia figure 5 ont ete surtout obtenues avec 
des combustibles ayant des particules de densite elevee. 
A Ia suite des resultats d'un nombre limite d'autres 
experiences, on peut penser que les limites de rupture 
indiquees a Ia figure 5 seraient nettement plus elevees 
si on utilisait des particules de combustible de plus 
faible densite. 

Memoire Pf338a (presente par V. V. Orlov) 
DISCUSSION 

R. S. BARNES (Royaume-Uni): Le gonflement des 
materiaux de reacteur est un phenomene tres com
plexe, et il faut feliciter les auteurs d'avoir etabli des 
equations generales. Cependant, il y a tant de variables 
et de mecanismes que l'on ne peut verifier par des 
experiences pratiques une formulation complete du 
probleme. Dans une publication recente (Journal of 
Nuclear Materials, 1964), j'ai propose quelques equa
tions bien plus simples et moins generales pour le 
gonflement, qui s'appliquent seulement a Ia migration 
des bulles et supposent que les bulles germent tres 
facilement. Cette theorie tres simple predit que dans 
un recuit apres irradiation !'augmentation de volume 
est proportionnelle au temps de recuit, a Ia puissance 
1/4. Cette puissance 1/4 provient du _mecanisme de 
diffusion en surface, dans lequel Ia vitesse des bulles 
est inversement proportionnelle a Ia puissance 1/4 du 
rayon de bulle. Cette variation avait ete decouverte au 
cours d'un travail·anterieur que nous avions expose 
a Ia deuxieme Conference de Geneve. 

Cette theorie permet aussi de predire les forts 
gonflements qui se produisent quand on recuit de 
!'uranium apres chauffage sous forte pression. Les 
valeurs du gonflement sont en bon accord avec la 
theorie. Bien que Ia theorie soit tres simple, elle peut 
rendre compte des proprietes qui se sont revelees si 
importantes. Par exemple, elle peut expliquer le 
deplacement des joints de grains et d'autres effets 
aux joints de grains, ainsi que !'influence de petits 
precipites. 

Memoire Pf526 
DISCUSSION 

R. E. MACHERY (Etats-Unis d'Amerique): Je vou
drais demander a M. Kraus si son programme 

prevoit une application pour le combustible en ura
nium gaine de magnesium et, dans ce cas, quels 
fluides de refroidissement sont envisages. 

V. KRAUS (Tchecoslovaquie): Les experiences de 
liaison par diffusion uranium-intercouche-magnesium 
font partie d'un programme de recherches fondamen
tales sur les materiaux d'elements combustibles pour 
reacteurs a eau lourde a refroidissement gazeux et 
ne sont pour Je moment liees a aucun projet deter
mine de reacteur. 

D. 0. PICKMAN (Royaume-Uni): Est-ce que les 
liaisons par diffusion avec !'aluminium et le zirconium 
resistent sans rupture a de longs cycles thermiques'? 

V. KRAUS (Tchecoslovaquie): Nous n'avons pas 
encore fait de cyclage thermique des liaisons uranium
intercouche-magnesium. En mesurant Ia resistance 
au cisaillement a chaud a 500 °C, quelques echantillons 
ont subi un petit nombre de cycles thermiques, ce qui 
n'a pas modifie notablement leur comportement. 

M. B. WALDRON (Royaume-Uni): Avez-vous ob
serve une influence de la purete du zirconium sur la 
resistance de Ia liaison (uranium-zirconium-magne
sium), et avez-vous essaye de preparer chimiquement 
les surfaces pour cette liaison; dans ce cas, les resul
tats etaient-ils uniformes'? A Harwell, nous avons 
observe qu'un lot de metal Van Arkel pouvait donner 
des liaisons alors qu'un autre lot n'en donnait pas. 

V. KRAus (Tchecoslovaquie): On a utilise pour tous 
les echantillons des feuilles de zirconium de la meme 
purete; on ne pouvait done pas remarquer !'influence 
de Ia purete. 

Les echantillons etaient comprimes ensemble avant 
soudage, suivant Ia technique experimentale type 
(pression de l 000 kg/cm2). D'apres les renseignements 
donnes dans la litterature sur le soudage a l'etat solide, 
ceci constitue la meilleure methode de preparation 
pour les surfaces a lier, et on l'a done choisie pour 
notre experience. La liaison a ete realisee dans tous 
les cas. 

M. B. WALDRON (Royaume-Uni): Avez-vous ob
serve une preuve quelconque d'une phase distincte 
entre le magnesium et le zirconium, comme l'ont 
signale Hodkin et a/.? 

V. KRAUS (Tchecoslovaquie): Les mesures de 
microdurete et les observations au microscope n'ont 
revele aucune phase intermetallique magnesium
zirconium. 

Memoire P/241 (presente par W. R. Grimes) 

DISCUSSION 
A. J. M. HITCHCOCK (Royaume-Uni): Avez-vous 

recherche ou observe une tendance quelconque de 
l'iode radioactif a se degager selectivement du fluorure 
irradie a froid? A vez-vous fait des essais d'irradiation 
sur des chlorures fondus? 

W. R. GRIMES (Etats-Unis d'Amerique): Nous 
avons cherche a observer un tel degagement, et nous 
avons trouve qu'il n'y a pas de degagement d'iode 
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pendant !'irradiation a haute temperature. Quand le 
combustible est refroidi et que le fluor se degage, on 
peut identifier l'iode dans les produits gazeux, mais son 
degagement n'est presque certainement pas selectif. 

A rna connaissance, on n'a pas fait d'essais d'irra
diation de chlorures fondus. 

M. B. WALDRON (Royaume-Uni): Au deuxieme 
paragraphe de Ia section de votre memoire qui con
cerne les combustibles fondus au plutonium, vous 
mentionnez que le gallium stabilise le combustible 
Pu-10% Fe. De quel genre de stabilisation parlez
vous? 
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W. R. GRIMES (Etats-Unis d'Amerique): Je pense 
que le gallium est ajoute pour limiter ou empecher Ia 
precipitation des carbures et des oxydes de plutonium 
et de fer. La segregation de ces materiaux formerait 
des sites favorables au rassemblement des huiles de 
gaz de fission et entrainerait des pertes de plutonium 
a partir du creur du reacteur. 

Memoire P/702 (presente par D. Kolar) 

Ce memoire n'a pas fait !'objet d'une discussion. 

MeTannM'IeCKMe M APYrMe BMAbl TonnMaa 

llpeiJceiJame.llb: A. A. oollsap (CCCP) 

,lJ,oKnaA P/62 (npeACTaBHII M. SHrllaHAep) 

,D,It1CKYCC!t1fl 
r. Y. rPI1HBY,l1; (Coe;J,HHeHHOe l\opOJieBCTBO): 

B ;.~,oxJia;.~,e BeJIH'IHHa 38 "t>"t>aA/z • ar AJIH Q o6'hHC
HHeTcH ;.~,ncpcpyaneii Xe B 1 -ypaHe. H 6hi xoTeJI 
o6'hHCHHTb 3TY 60JibillYIO BeJIH'IHHY RaJ\ CYMMY 
:meprnn aRTHBa~nn npo~ecca ;J,Hipcpyann II Ten
JIOThi pacTnopeHHH Xe B 1 -ypaHe, a neJiwmny 
27 "t>"t>aA/z • ar AJIH Q xax :meprnro aRTHBa~rm 
upo~ecca nonepxnocTHoii ;.~,ncpcpyaiin B ~ -ypane, 
TaR RaJ\ MeXaHH3M Bbi;J,eJieHHH raaa B ABYX CJJy
'laHX paaJJn'leH. 

CorJiaceH JIH aBTop c Taxoii IIHTepnpeTa~ueii? 

11. A,rtz:.(A (<Dpamvm): Hamn onhrT~>~ no An<l>
<pyann npoBO)J,HJIHCb 6ea xaxoro-Jin6o Bbi)J,eJJeHmr 
raaa, To ecTb c ncrroJihaoaaHueM o6paau;oa, xoH
u;eHTpau;un raaa B ROTOpbiX oxaabiBaJJacb 6JJuarwii 
x npe;.~,eJiy pacTnopuMoCTH. B nux ycJIOBHHX :mep
rnn paCTBOpeHHH raaa He 6y;.~,eT HBJIHTbCH COCTaB
HOH 'laCThiO :meprun axTnaau;un npou;ecca. MM 
C'IHTaeM, 'ITO 60JibillaH :mepruH AJIH r -cpaahl 
o6ycJioaJieHa TeM, 'ITO AJIH ;.~,numeHuH aToMa Xe B 
pemeTRe 1-ypaHa Heo6XO;J,UMO HaJIH'IHC HeCKOJJh
KHX ;J,ecpeRTOB pemeTKH. qTO RaCaeTCH peayJibTa
TOB, ITOJIY'ICHHhlX B ~ -cpaae, TO IIOCJIC;J,HHe OIIbiTbi 
IIOKa3hiBaiOT, 'ITO MaJiaH :meprHH aRTHBaiJ;HH, IIO
BH;J,HMOMy, o6'hHCHHeTCH O;J,HOBpCMCHHbiM npOTC
I\aHHCM o6'hCMHOH ;J,Hcpcpyann H ;J,Hcpcpyaun B;J,O.Tlh 
rpaHHQ aepeH UJIU ;J,UCJIOI\aQHii. 

P. C. BAPHC (Coe;.~,uHeHHoe l\opoJieBeTao): B 
~ORJia;.~,e Bbi aaKJIIO'IaeTe, 'ITO <<poeT rryahipbROB 
orrpe;.~,eJIHCTCH ;.~,ucpcpyaneii nHepTHLIX raaoa>>. 0;.~,
Haxo MHorue o:a Barrm:x Ha6JIIO;J,eHnii MOiRHo o6'h
HeHHTh ;J,BUiRCHUCM II eJIHHHIICM rryahlphROB. 

EcJin 6hi nHepTHhle raahi 6hiJIII ;.~,eiieTBIITeJILHO 
paeTBOpHMbiMII ll MOI'JIII ;.l,HcpcpyH;J,IIpOBaTh OT ny
:lblphRa 1\ IIY3LiphRy, TO IIOCJie;J,HHC IIOA ;J,eiieTBII
eM TeiiJia B TOHRHX ITJICHRaX MeTaJIJia Bhi;J,CJIHJIIICh 
6hi B 6JIHiRaiimne IIOBCpXHOCTHhiC CJIOII, 1\0TOphie 
3alJaCTyiO paCIIOJiaraiOTeH Ha paCCTOHHHH MCHCC 
100 A. Mhl Hnxor;.~,a He Ha6Jiro;.~,aJin rro;.~,o6Horo HB
JICHHH ;J,ame B TCX CJiy'laHX, KOI';J,a rryahiphRH Bbi
TaJIRIIBaJIIICh Ha IIOBCpXHOCTb IIOA ;J,CHCTBHCM ;J,Ue
JIOI\au;uii. BoaMomHo, rrpn'IHHa, no KOTopoii BLI 
He MOI'JIH Ha6JIIO)J;aTh ,li;BHil\eHUH IIY3hlphROB, aa-
1\JIIO'IaJiaCh B TOM, 'ITO yCJIOBHH :noro KOHRpCTHO
ro :mcrrepnMeHTa He 6Lmn rro;.~,xo;.~,n~nMn. Mormi 
6bl Mhl rroJiy'InTh 6oJiee )J;eTaJihHoe orrncaHne aTnx 
axcrrepnMeHTOB? 

11. A,li).(A (<DpaHu;un): Bo npeMH Hamnx axenc
pnMeHTOB, H B 'laCTHOeTH BO BpeMH :menepUMCH
TOB C HarpeBaHUCM o6pa3IJ;OB aJieRTpOHHhiM JIY'IOJ\1 
B MHRpOeROITe, HaM HUROI')J,a He y)J,aBaJIOeb yeTa
HOBUTh ;J,BIIiRCHHH ITY3hlphROB. C ;.~,pyroii eTOpOHhl, 
Mhl MOI'JIU IIpO)J,CMOHeTpnpOBaTh poeT IIY3LiphROB 
6ea IIX OTHOCIITCJihHOI'O IICpCMC~CHHH. l\poMe TO
ro, npn yBeJIH'ICHIUI IIJIOTHOeTn )J,UeJIORaQHH MLI 
na6JJIO;J,aJiu ana'IIITCJihHOe yneJin'lenne cpe;.~,nero 
paaMepa rryahrphROB, XOTH onn paerroJiaraJincn na 
O'ICHb IIJIOTHhiX If COBepmeHHO rrpaBUJihHbiX nepe
eeqeHIIHX ;.~,ueJioxau;nii pemeTKn. MLI C'lnTaeM, 'ITO 
poeT rryaLipLROB o6'bHenneTeH ;.~,ncpcpyaneii raaa 
B;.l,OJih )J,IICJIOKaQIIH lfJIII rpaHUQ aepeH II IIOBTOp
HhiM paeTBOpeHUCM MaJICHhRHX IIY3blpbROB aa e'leT 
pOeTa 60JICe RpyiiHhiX. ::ha TCOpiiH, ITO-BII;.l,IIMOMy, 
IIO,lJ;TBCpiR,ll;aCTCH HCROTOphiMII cpaRTaMII, Haiipii
Mep: OTCYTCTBHeM MaJieHbRHX IIY3hlphROB B HeiiO
epe~eTBCHHOH 6JIII30eTII OT 6oJihillHX IIY3LiphROB, 
qaeTLIM yMeHhmeHneM paaMepa rryanrpLROB rrpu 
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npn6JIUII\CHIUI I{ HUM 60JihlliiiX TIY3hlphKOB II TCH
,[\CHI~HCH K pocTy nyahiphKOB np;OJih p;ncJioKa~nii 
nJin rpaHn~ aepeH n o6paa~ax, n KOTOphiX ny-
3hipbKII IIMCIOT 0,[\II.HaKOBhiH pa3Mep. 

lJ TO KaCaCTCH yMCHhlliCHIIH pa3MCpOB ny3hlphKa 
BCJIC,[ICTBIIC Bhi,[\CJICHUH ra3a Ha ITOBCpXHOCTh ITJICH
KH MeTaJIJia, TO Mhl p;yMaJIH, liTO :lTO C,[\Ba Jill. M0-
11\CT npOI130HTll B HaUIHX :lKCIIepHMeHTaX, TaK Kan 
npeMH HarpenaHnH OlieHh MaJio. l1MeH n BHAY 
Hlf31\yiO paCTBOpiiMOCTh liHCpTHOfO raaa, ITOTOI\ 
ra30BhiX aTOMOB 1\ ITOBCpXHOCTII HC3HaliHTCJICH. 
HpoMe Toro, aarpn:aHeHue nonepxHocTu ITJICHI\H 
M0/1\CT orpaHifliiiTh ITOTOI\ raaa 1\ ITOBCpXHOCTII. 
HaRoHe~, cJiep;yeT OTMCTHTh, a p;Jin: aRcnepnMeHTa 
aTO Ba/1\HO, 6yp;eT Jill. li3MCHCHHC ,[\HaMeTpa 
nyabiphROB p;ocTuraTh npuMepHo 50%, n6o p;eTaJih
HOe HCCJIC,[IOBaHHC 1\0HTpaCTa ITY3hlphi\OB B npo
XOf);HI~CM CBCTC ITOI\a3aJIO, liTO 1\a/1\y~uiicH ,[\Ha
MCTp nyahiphROB 3HalinTeJihHo naMeHHeTCH B aann
cnMOCTII OT Hai\JIOHa ITJICHI\II ITO,[\ MHI\pOCI\OITOM, 
a MaJieHhl\ne nyahiphRH p;ame MoryT 6hiTh u He 
BH,[\Hhl*. 

M. B. YOJI,[(POH (Coep;nHeHHoe HopoJieBCT
no) : EcJin MOJIH6p;eH yMeHhUiaeT Roacpcpn~neHT 
,[1Hcpcpy3HH liHCpTHhiX ra30B B ~ - H j -cpaaax ypa
Ha B 100 paa, TO nolieMy Mo He oRa3hiBaeT TaRoro 
6JiarOTBOpHOrO BJIHHHHH Ha CX-cpaay, TO eCTh ITOliC
MY MaJioJiernponaHHhie U - Mo-ciiJiaBhl pacnyxa
IOT, eCJIH Tai\Oe 06'hHCHeHne HBJIHeTCH npaBHJib
HhiM? 

11. A,[(,[(A (<I>paH~nH): Hep;anHo nponep;eHHhie 
aRcnepuMeHThi noRa3hiBaiOT, liTO B ex -cpaae npu 
610° C OTHOIIIeHne Roacpcpll~neHTa p;ncpcpyanu Xe 
B liHCTOM U K Roacpcpn~ueHTY p;ucpcpyanJI Xe B 
U- Mo-crrJiane, cop;epma~eM 1,1% Mo, cocTaBJin:
eT TOJihl\0 01\0JIO 5 : 1. IIO-BHAIIMOMy, ;)TO 06'hHC
HHeTCH TeM, liTO ,[\aHHOe HBJieHne .I{OHTpOJIHpyeT
CH p;ucpcpyane:H B a -cpaae, rp;e pacTnopnMoCTh Mo 
nnaRa ( OI\OJIO 0,2% ) . Hoacpcpn~neHT p;ncpcpyann 
Xe n crrJianax B p;eiicTnnTeJihHOCTu 6orrhllle He 
yMeHhlllaeTCH, ecJin cop;epmaHne Mo yneJinlinnaeT
cn: aa rrpep;eJIOM npnMepHo 0,2%. 

,D,HCKYCCHf1 

P. 8. M81IlEPI1 (CIIlA): Onpep;eJIHJIIICh Jill ne
. 'IIIliiiHbi ocTaTOliHOro Harrpn:meHUH n BallleM Ma
TepnaJie, nop;neprHyTOM HenpepbiBHoii TepMoo6pa-
6oTI\e (TO ecTh MaTepnaJI nponycRaJiu lie pea uH
;J.YR~uoHHYIO 1\aTyiiiRY c ITOCJiep;yro~eii aal\aJIROii 
n cTpyn:x BOAhi), II He CliHTaeTe JIH Bhl, liTO Ma.'lbiC 
OCTaTOliHbie HanpH/1\CHIIH 6yp;yT BJIIIHTh Ha TCII
JIOBYIO II pap;na~IIOHHYIO CTa6HJibHOCTb ypaH<JBOro 
TOllJIIIBa? 

M. 8HfJIAH,[(EP (<I>paH~un:): MLI He onpcp;c
JIHJin BeJIHliiiHhl OCTaTO'IHbiX HallpH/1\CHliii, HO 
llbiTaJIHCh onpep;eJIHTh BeJIU'IllHY aaiiaCCHHOii :lHep
rnn Mlll\pORaJIOpiiMCTpii'ICCI\IIM MCTO,[IOM. IIo.'ly-

* CM. TaKJRe llOCJieAHKHO qaCTb AHCKYCCHII no AOKJiaAy 

Pf145. 

'IeHHhie naMn aHa'IeHnH 6biJIII HI'BCJIIII\11. OcTaTo'I
iihie nanpH/1\CHUH 6hiJIII llO'ITH llO,lHOCThiO CHHThl 
TCpMoo6pa60TIWJI llOCJie ynai\OBI\11 TOll.TIIIBa B o6o
JIOlii\y. lJTO 1\aCaCTCH BTOporo BOllpoca, TO H p;y
MaiO, 'ITO no Tpe6yeT H3y'lennn:. Ho, 1\al\ H yme 
Cl\a3aJI, B 1\a/1\,[\0M CJiyqae OCTaTO'IHhiC HaHpHIRC
HHH, 110-Blf,[\lfMOMY, noqTH llOJIHOCTbiO CllllMaiOTCH 
B HaliaJie o6JiyliCHIIH. 

,lJ,OHllaA P /735 

IIo 3TOMY ,[\OI>Jlaf{y ,[\HCI\YCCIIIf He 6LJJIO. 

,ll,oHnaA P/145 

,ll,I-1CKYCCHf1 
M. 8HrJIAH,[(EP (<I>paH~nn:): Ha p11c. 4 cno

ero p;oKJiap;a r-H Bapnc npHBOAHT RpHBhie pac
nyxaHHH, 1\0TOphie BI\JIIOqaiOT 3HaqeHHH ,[IJIH 
U - Mo-cnJiana no p;aHHhiM HoMnccapHaTa no 
aTOMHOH aHeprHH <J>paH~HH. 8TH 3Ha'IeHHH OTHO
CHTCH 1\ o6paa~aM TOITJIHBa, MeT0,[\11.1\a H3rOTOBJie
HHH 1\0TOphiX OTJIIJqaeTCH OT MeTO,[\HI\11. 11.3fOTOB
JieHHH TonJiwna AJIH peai\Topa EDF. Bo BCHI\OM 
cJiyqae HayqeHHe ycJionnii o6JiyqeHnH aTHX o6paa
~on ITOI\a3hiBaeT, liTO TeMIIepaTyphi llOBepXHOCTH 
o6paa~on ToqHo yRJiap;hiBaiOTCH n HHTepnaJI Rpn
TnqecRnx TeMnepaTyp, npH'IeM TeiiJIOBhlp;eJIHIO~HC 
aJieMeHThl pa6oTaiOT n peai\Tope npn TeMrrepaTy
pax BhiUie noro rrpep;eJia. lloaToMy aTo HBJieHue 
He Bhl3hiBaeT oco6hiX 6ecrroRoiicTB. KpoMe Toro, 
B COOTBeTCTBHH C pHC. 3 ,[\OKJia,[la RpHTII'IeCI\aH 
TeMrrepaTypa AJIH <<peryJinponaHHorm> U (ad
justed U) * JiemnT n nHTepnaJie 475-500° C n 
CTerreHh pacrryxaHHH p;ocTnrHeT neJIH'IHHhi, yi<a
aaHnoii Ha pHc. 4. 

P. C. BAPHC (Coep;nHeHnoe H'opoJiencTno): 
BnoJIHe rroHHTHO, 'ITO peayJILTaTLI, rrpe.r:~cTaBJieH

Hhie Ha puc. 4 HaUiero ,[101\Jia):la, npuMeHIIMhi ~JIH 
TeMrrepaTypHoro HHTepnaJia, n 1\0TopoM nponcxo
;:J;HT IIOBhlllleHHOe pacrryxaHne BCJie,[\CTBIIe BJIIIH
HHH npo~ecca pocTa. Op;Hal\o n11. peayJILTaTLI 
cpaBHHMhl C peayJILTaTaMH ,[\JIH <<'IHCTOrO» U 
<<peryJiuponaHnoro>> U npn op;Hnx 11. Tex me ycJJo
nnHx. fpacpnl\ rroRa3hiBaeT, 'ITO U- Mo-CIIJiaBhi 
ITO IIX COIIpOTIIBJieHUIO pacrryxaHHIO B JTOM Bam
HOM TCMIIepaTypHOM IIHTepBaJie UaXO,[\HTCH r~e-To 
Me/1\)~y :lTHMII BH,[\aMII U . 

,[(m. r. HMTTEJI (CIIlA): Tio-MOeMy, aBTOpOB 
II UX 1\0JIJier CJiep;yeT II03;:J;paBUTh C ycrreXOM B OII
pep;eJieHUH .nonep;eHIIH U nop; o6JiyqeHneM, p;ocTH
rHYTOM HMII npn paapa60TI\e I\OMII03li~IIii <<pery
,'1HponaHHOf0)) U. B O;:J;HOM na noaM0/1\HhiX npnMe
HeHnii aToro MaTepnaJia cpep;HHH TeMnepaTypa 
6yp;eT, BepOHTHO, Bhlllle 600° C II, oqeBH,[\HO, BhiiiiC 
660° C, TO eCTh MaTepnaJI 6yp;eT Haxop;uThCH n 
~-cpa3e. He MorJin 6LI BLI npoROMMeHTuponaTh 

* adjusted U- perynnpoBaHHblii: ypaH, no,[IBeprHyTblii 
aai{aJIKe B ~ -IJ>aae H JierH~OBaHHbiH He60JibillHMH A06aB
KaMH Fe, AI n C (0,029 Yo Fe, 0,074% AI, 0,09% C) c 

D;eJibK> C03AaHHJl MeJIK03epHHCTOH KBa3HH30TpOTIHOH 
cTpyKTypbi.- JlpuM. pea. 
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p;aHHhle, npep;cTaBJieHHhiC Ha pHC. 3, B OTHOllieHI11r 
pacnyxauuH «peryJmpoBanuorm> U B aToM Teu
nepaTypuoM HHTepBaJie? 

P. C. BAPHC (Coep;uueuuoe HopoJieBCTBO): 
,Aa. HaK BLI aaMeTHJIH, pacnyxaHHe, uanpnMep, 
npH 630° C COCTaBJIHeT OKOJIO 7% nOCJie Bhll'Opa
HUH p;o 6000-8000 MBr · cynm/r. Harnu peayJih
TaThi noKa3hiBaiOT, 'ITO COnpOTUBJieHHe pacnyxa
HUIO <<peryJiup<roauuoro>> U B ~ -<f>aae uecKOJihKO 
MeHhllle, '!eM B il-<f>aae, HO OCHOBHOe BJIHHHHe OKa-
3hiBaiOT il - ~ -nepeXO/];hl, KOTOphie /];0 HeKOTOpoii 
CTeneHH HMeiOT MeCTO B 3THX 3KCnepHMeHTaX. 

M. 8HrJIAHAEP (<l>pau~nH): .H corJiaceu c 
r-HOM BapucoM. Op;uo na npeHMy~eCTB p;Byx
<f>aauhlx U - MO-cnnaBoB aaKJIIO'IaeTCH B TOM, 
'ITO OHH MOI'YT Bhip;epiiUIBaTh TIOBhiilleHne TeMne
paTyphl Bhlllle 660° C B Te'leHIIe f!;OBOJlhHO npOJ];OJl
mnTeJihHOI'O BpeMeHH H He npoHBJIHTh paaMepuyro 
HeCTa6IIJihHOCTh. 

P. C. BAPHC (Coep;HHeHHoe HopoJieBCTBo}: 
HecKOJihKo p;oKJiap;oB, npep;cTaBJieHHhlx Ha aToM 
aacep;aHHH, TIOCBH~eHO f!;BHmeHHIO 60JihlliHX TIOp B 
HanpaBJieHHH TeMnepaTYpHoro rpap;neuTa, n aTOT 
npo~ecc p;oJimeu BJIHHTh ua Bhlp;eJieune raaa na 
MaTepnaJia. 

Op;uaKo Mhl cMornn o6HapymuTh npn nay'leHIIII 
B 3JieKTpOHHOM MHKpOCKOTie, 'ITO n y 3 hi p h K H 
nuepTHoro raaa MnrpnpyroT B UOz npn TeMnepa
TYPHOM rpap;neHTe. 8TH aKcnepnMeHThi yKaahma
IOT Ha MaJiyiO paCTBOpHMOCTh HHepTHOI'O raaa II 
npep;noJiararoT, 'ITO paonyxaHue u Bhl,');eJteuue 
raaa B HH3KOTeMnepaTypHOM UHTepBaJie, a TaKme 
o'leBnp;uoe Bhlp;eneune raaa npn BhiCOKOM Bhlropa
HHH onpep;eJIHIOTCH Murpa~neii: aTHX nyahlphKOB, 
KOTOpaH aaBHCfiT OT oco6eHHOCTeii: CTpyKTyphi 
MaTepllaJia. 

.H nOHHJI ua OTBeTa r-na Ap;p;a ua Moii: Bonpoc no 
/];OKJiap;y P/62, 'ITO OH CKeiiTH'IeCKH OTHOCHTCH K 
rnnoTe3e cy~eCTBOBaHIIH f!;BIImeHIIH nyahipbKOB. 
fioJiy'IIIJIII • Jill pyCCKIIe, KaHap;CKIIe II aMepnKaH
CKIIe IICCJieJ];OBaTeJIII lip H M 0 e p;OKa3aTeJibCTBO HB
JieHUH /];BHmeHUH MaJieHhKIIX ra30BhiX nyahlphKOB? 

Am. H11TTEJI (CiliA): Mhl ueop;uoKpaTHO ua-
6nrop;ann aa nyahipbKaMn B CUJihHO o6Jiy'leHHOM 
MaTepuaJie KaK B OnTII'IeCKOM, TaK II B 3JieKTpOH
HOM MHKpOCKone Henocpep;CTBeHHO IlOCJie o6Jiy-
1'ieHIIH n nocJie oTmHra. Op;uaKo Mhi ue npoBop;nJin 
UCCJiep;OBaHHH 3TIIX MaTepuaJIOB B :meKTpOHHOlll 
MIIKpOCKOne Ha npOCBeT, noaTOMY He IIMeeM npH
MOI'O nO/];TBepmp;eHUH Mnrpa~IIII ny3hlpbKOB npn 
TeMnepaTypuoM rpap;HeHTe. 

M. CAJIEC (<l>pau~Im): Ha p;Byx p;nanoanm
Bax, npep;cTaBJieHHhiX p;-poM BapucoM, noKaaaua 
op;Ha rpynna na p;Byx nyahiphKOB, op;uu ua KOTOphiX 
nc'leaaeT, u pHp;oM p;pyraH rpynna, B KOTopoii 
Of!;IIH nyahipeK yMeHblllaeTCH B pa3Mepe aa C'leT 
pocTa p;pyroro. Ilo-Bnp;uMoMy, aTo nop;TBepmp;aeT 
TO'IKY apeunH r-ua Ap;p;a. 

P. C. BAPHC (Coep;nHenHoe l\opoJieBCTBo}: 
Hao6opoT, Korp;a p;Ba nyahiphKa pap;uycoM ft n r2 
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COe/];IIHHIOTCH p;pyr C p;pyroM, TO OHH npeBpa~a

IOTCH B Of!;liH 6onee KpynHhiM nyahlpeK pap;nycoM 

(r i +r 2
) 112 , noKaahiBaH aTIIM yBeJin'leHne o6~ero 

o6'heMa. CJIY'faii:uo MaJieHiiKHii: nyaMpeK ocTaeTcH 
o'leHh 6JiuaKo (ua paccTOHHIIII Menee '!eM 50 A) 
K nyahiphKY aua'IHTeJihHO 6oJiblllero paaMepa noc
Jie pHp;a ~IIKJIOB nMnyJihCHoro HarpeBaHnH. Ma
neHhKnii: nyahipeK ue yMeHhlllaeTcH, n Hallin o~eu
Kn noKa3hiBaiOT, 'ITo Koa<f><f>n~neHT p;n<f><f>yaun re
JIHH B Mep;nMeHhllle 10- 12 CM2/cero. Ilo HallleMy 
MHeHnro, oTcyTCTBne Ha6Jirop;eunii nocTerreHHorn 
COKpa~eHIIH TIY3blpbKOB, KOrp;a OHH HaXO/];HTCH 
B6JIII3II p;pyrux ny3hlpbKOB IIJllf B6JIH3If CB060p;Hoi[ 
IIOBepXHOCTII, liOJ];TBepmp;aeT O'leHb Hli3KYIO paC
TBOpiiMOCTh He B Cu. ,Aame, Korp;a nyahlphKH npn
coep;HHHIOTCH p;pyr K p;pyry IIJIII K CB060p;HOH no
BepXHOCTH C nOMO~hiO /];HCJIOKa~nii:, aaMeTHOii 
yTe'IKH raaa H3 HHX He 'npOHCXO,lJ;IIT. IJo3TOMY 
JII06aH yTe'IKa raaa B/];OJlh /];HCJIOKamiOHHhiX JIHHUii 
HaCTOJihKO MaJia, 'ITO He HMeeT HHKaKOI'O 3Ha'le
HIIH no cpaBHeHHIO C Murpa~neii: B 3THX yCJIOBII
HX. Op;uaKo HMeeTCH Muoro ,n;pyrnx p;oKaaaTeJihCTB 
B nop;p;epmKy rnnoTeahl Mnrpa~un nyahiphKOB. 
TaK, aTa rnnoTeaa p;aeT BoaMomHOCTh npocTo o61.
HCHIITh 3aMeTHOe BJIHHHIIe BHelliHero p;aBJieHIIH Ha 
il-ypau, IIOCKOJlhKY 3TO JIOI'II'IeCKH HpiiBO/];HT K 
aHa'IIITeJihHOMy pacnyxaunro, KOTopoe 6hiJIO oTMe
'leHo ua BTopoii: Mem,n;yHapop;uoii: Kou<f>epeH~un no 
liiiipHOMY UCnOJih30BaHIIIO aTOMHOM ::JHeprnn. 8T0-
1'0 HeJib3H 06bHCHIITh nOBTOpHhllll paCTBopeuneM 
Xe unn Kr B ex -ypaue. 

,lJ.OH/laA P/239 
,LJ.IIICKYCC!IIfl 

Am. <1>. Y. BI1IliOII (Coep;nHenHoe HopoJieB
CTBo} : Bbi YTBepmp;aeTe, 'ITO Bhiropaune oKoJio 
5 aT. % C'IIITaeTCH JJ;OCTHmHlllhllll /];JIH MeTaJIJIH'Ie
CKOI'O TOnJIHBa ll3 CnJiaBa ypaH - nJiyTOHHH -
<f>nccnyM. YKamnTe, nomaJiyii:cTa, y'lnThiBaeT Jill 
OniiCbiBaeMhiH B f!;OK.'Ia/];e aHaJIII3 HanpHmeHUH HB'" 
JieHnH TeKy'leCTH H noJiayqecTn, KaKOM napaMeTp 
npoquocTu ncrronhayeTcH AJIH yqeTa pacrryxann11 
TOnJIHBa, KaKOH MaTepnaJI peKoMeH;:J;yeTCH AJIH 
o60JIOqKH II KaKaH ero HOMIIHaJihHaH MaKCUMaJib
HaH TeMnepaTypa? 

Am. r. HI1TTEJI (ClllA}: B ynOMHHYTOM aHa
JIH3e HanpHmeHnii: npep;noJiaraeTCH, 'ITO TonJinBo 
06Jia,n;aeT He3Ha'IHTeJihHOM npO'IHOCThiO, TaK 'ITO 
OHO He OKa3hiBaeT 60JihlliOI'O COnpOTHBJieHHH pac
nyxaHIIIO. ,L\JIHTeJibHYIO npO'IHOCTh o60JIO'IKII HC
nOJih30BaJIH KaK napaMeTp KpnTn'lecKoro HanpH
meHHH. IJonay'leCTh HJIH p;e<f>opMa~HH, KOTOphie, 
KOHe'IHO, yMeHhlllaiOT HanpHmeHne B o6ono'IKe, B 
pac'leT He npuunMannch. IIpep;nonaraeMhiii: MaTe
pnan o6ono'IKH He 6biJI OKOH'IaTeJihHO onpep;eneH, 
BepoHTHo, no 6yp;eT cnnaB V - Ti. CnnaBhl noro 
THTia B HaCTOH~ee BpeMH paapa6aThiBaiOTCH B 
AprouucKoii: ua~noHaJihHOii: na6opaTopnn. 0Hn no
KaaaJin xopolliHe peayJihTaThi ncnhiTaunii: Ha p;nn
TeJihHYIO npO'IHOCTh npH HanpHmeHHHX OKOJIO 
30 ,.z!MJ.t2 u TeMnepaTypax B nuTepBane 500-
6000 c. 
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II. MEPPE:A (Coe,~~;uHeHHoe KopoJieBCTBo): B 
)J;OKJia)J;e YIIOMHHaeTCH 0 IIOBe)J;eHHH MeTaJIJI0-.1\e
paMH'IeCKOrO TO'IIJIHBa ITO)]; 06JiyqeHHeM H 0 npuMe
HHMOCTH TeopHH, OCHOBaHHOH Ha llOJiayqeCTH MaT
pH~LI. B onLrTax, npone,~~;eHHLIX B Coe,~~;nHeHHOM 
KopoJieBCTBe ua,~~; MeTaJIJIO-KepaMH'IeCRHM Torr.Tin
BOM, COCTOH~HM H3 40 06. % U02 H HepiKaBeiO
~eii: CTaJIH, 6LIJia npo)J;eMOHCTpHpOBaHa BaiKHOCTb 
)J;BYX napaMeTpOB, a HMeHHO pacnpe)J;eJieHHe OKHC
HLIX qaCTH~ H HCXO)J;HOH llOpHCTOCTH 'laCTH~. Ilpu 
T~aTeJILHOM ITO)J;60pe 3THX napaMeTpOB MOiKHO 
ua6emaTL pacnyxaHnH ,~~;o 1,6 · 1021 iJe.~tenuu/c.M3 

npn 650° C (To ecTI> ,11;0 ypoBHH, B )J;Ba paaa npe
BLimaiO~ero noKaaaHHLiii: Ha pnc. 5 rrpe,~~;eJI, npu 
KoTopoM HacTynaeT paapymeHne). PacnoJiaraeTe 
JIH BLI no,~~;o6HLIMH ,~~;aHHLIMH no aToMy nonpocy? 

J(m. r. KIITTEJI (CiliA): Mw COrJiaCHbl c aa-
1\fe'laHUeM, 'ITO pacnpe)J;eJieHue OKUCHLIX 'laCTII~ 

II IIX nepBOHa'laJILHaH llOpiiCTOCTb IIMeiOT O'leHh 
BaiKHOe 3Ha'leHne )J;JIH MeTaJIJIO-KepaMH'IeCKllX 
TOIIJIHB. ,l(aHHLie, npe)J;CTaBJieHHble Ha pHC. 5, 6LI
JJH, KaK rrpaBHJIO, llOJiy'leHhl B OllhlTax C 'laCTH~a
MH TOIIJJHBa BhlCOKoii ITJIOTHOCTH. B c.neTe peayJih
TaTOB 6oJiee OrpaHH'IeHHOrO 'IHCJia ,~~;pyrux OIILITOB 
MOiKHO OiKH)J;aTL, 'ITO IIOKa3aHHbie Ha puc. 5 npe
)J;eJJbl, npu KOTOphiX HacTyrraeT paapymeHne, 6y
)J;YT 3Ha'IIITeJJLHO B03pacTaTL, eCJIII IICUOJib30BaTh 
1IaCTII~hl TOIIJIIIBa MCHblllCH IIJIOTHOCTII. 

,lJ,oKnaA P/338a (npeACTaBHn B. B. Opnoa) 

,D,HCKYCCHfl 
P. C. BAPHC (Coe,~~;uHenuoe KopoJieBCTBO): 

PacnyxaHne peaKTopHLIX MaTepnaJioB rrpe,~~;cTaB
JJHeT co6oii: CJIOiKHOe HBJieHne, H aBTOpOB CJie)J;yeT 
no6Jiaro,~~;apnTL aa paapa6oTKY o6~nx ypanHeHnii. 
O,~~;HaKo B Hux BKJIIO'IeHo TaK MHoro rrepeMeHHhJX 
MCX3HH31110B, 'ITO IIOJIHOC <flopMyJiupoBaHHe npoG
JieMLI HeB03MOiKHO IIO)J;TBep)J;HTb rrpaKTH'ICCKHMH 
aKcrrepn:MeHTaMn. He,~~;aano JI rrpe,~~;cTaanJI HeKoTo
pMe aHa'lnTeJILHO yrrpo~eHHLie n Menee o6o6~eu
Hhle ypanueunJI (Journal of Nuclear Materials, 
1964) )J;JIJI JIBJICHIIJI pacrryxaHHJI, KOTOpLie OIIHCLI
BaiOT TOJILKO MHrpa~HIO ITY3L1pbKOB H npe,ll;ITOJia
raiOT, 'ITO aapO)J;hllllU IIY3hlpb"KOB O'ICHL JieriW 
o6paayiOTCJI. 3To o'leHL rrpocTaJI TeopuJI rrpe~o
rrpe,~~;eJIJieT, 'ITO npu oTmnre rrocne o6nyqeHHJI 
yneJin'leHne o6~eMa npoucxo,~~;nT rrporrop~noHaJIL
HO BpeMeHH OTiKHra B CTeiieHH 1/4. CTeiieHL 1/4 
BLITeKaeT H3 MCXaHH3Ma IIOBepXHOCTHOH )1;H<fJtPY-
3Hll, r)J;e CKOpOCTb pOCTa IIY3LipLKa U3MeHJICTCH 
o6paTHO rrporrop~noHaJILHO pa,~~;uycy rryahlpLRa B 
cTerreHn 1/4. TaKaJI aannCHMOCTL 6LIJia Haii,~~;eua 
B HeKOTOpLIX H3 HalllHX paHHUX pa6oT, rrpe)J;CTaB
JieHHLIX ua BTopoii :Mem,~~;yuapo,~~;Hoii: KOHipepeH
~nu 110 MHpHOMy UCIIOJib30BaHHIO aTOMHOH anep
rJIH. 

3Ta TeopnJI TaRme rrpe,~~;ycMaTpnnaeT rryTir rrpeA
cKaaaHHJI 3Ha'IIITeJILHOfO pacrryxaHIIH, KOTOpoe 
IIpOHCXO)J;HT rrpn OTiKHre U IIOCJie HarpeBaHHJI no;~ 
BMCOKHM ,~~;anJieHneM. BeJIH'IHHa pacrryxaHHJI xo
pomo corJiacyeTcJI c Teopneii:. XoTJI TeopuJI oqenh 
rrpocTa, oHa y'lnThlnaeT cnoiicTna MaTepuanon, I\0-

TOpbiC, KaK OKaaaJIOCL, IIMCIOT BaiKHOe 3Ha'ICHIIe. 
HarrpnMep, CTOK ,~~;eci>eKTOB Ha rpaun~LI aepeu u 
,~~;pyrne a«P«PeRTLI rpaun~ aepeu MoryT y'lnTLIBaTL
CJI Teopneii: TaK iKe, KaK 11 BJIHJIHIIC MeJIKllX BKJIIO
'IeHHH. 

,lJ,oKnaA P/526 
,D,HCKYCCHfl 

P. 3. M3IIIEPII (CiliA): .H xoTeJI 6LI crrpo
CHTL r-na Kpayca, npnMeuJieTCJI Jill ypanonoe TOn
JIUBO B o6oJIO'IKe na Mg B ero nporpaMMe n, ecJin 
)J;a, TO .1\aKue TellJIOHOCHTeJJU npe,II;ITOJiaraeTCH UC
IIOJIL30Ba Tb )J;JIJI peaKTOpa? 

B. KPAYC (llexocnonaKnH): 3KcrrepnMeHTM 
110 )J;llcPcPY3UOHHOH CBapKe CUCTCMLI ypaH- npo
CJIOii:Ka - MarHUH JIBJIHIOTCH 'laCTLIO rrporpaMMLI 
cPYH)J;aMeHTaJihHLIX IICCJie)J;OBaHUH, liMCIO~llX OT
HOlllCHlle K MaTepnaJiaM TeiTJIOBLI)J;CJIJIIO~UX 3JIC
MCHTOB )J;JIJI TJiiKCJIOBO)J;HLIX peal\TOpOB C raaOBLIM 
OXJiaiK)J;eHHeM, H B HaCTOJI~ee BpeMJI He CBJI3aHLI 
C KaKHM-JIH60 CIIe~HaJILHLIM IIpOCI\TOM peaKTOpa. 

J(. II. IIIIKMEH (Coe,~~;nHeHHOe KoponencTBo): 
BLr,~~;epmnnaiOT nu coe,~~;nHeHnH c AI n Mg, nony
qenHMe C IIOMO~LIO )J;llcPcPY3llOHHOH CBapKH, 
)J;JIHTeJILHLie TepMU'IeCI{lle Ka'IKU 6ea paapyme
HHJI? 

B. KPAYC (llexocJionaKuJI): Ilona cnapHhle co
e,~~;nuennJI cncTeMM ypau - rrpocnoii:Ka - :M:arHnii 
He IIO)J;BepraJIHCb TepMH'IeCKHM Ka'IKaM. Ilpn H3-
MepeHUU llpO'IHOCTH Ha Cpea rrpH TCMIIepaType 
500° C HeKOTOpLie o6paa~LI IIO)J;BepraJIUCL )J;eHCT
BUIO HC60JiblllOfO 'lllCJia TepMU'IeCKUX Ka'leK, 0,11;
HaKO 3TO He OKaaaJIO cy~eCTBeHHOfO B.TIHJIHHJI Ha 
CBOHCTBa o6pa3~0B. 

M. B. YOJIJ(POH (Coe,~~;uneHHoe KopoJieBCTBo): 
Ha6JIIOAaJiu JIM BLI BJIHJIHue 'laCTOTLI Zr ua npoq
HOCTL CBapHOfO COCAHHeHHH (cBapKa U- Zr
Mg) n rrpono,~~;nnn JIH BM xuMII'IecKyiO noAroToB
KY IIOBepXHOCTH )J;JIH 3TOH CBapKH H, eCJIH )1;3, TO 
cornacyiOTCH JIH peayJILTaTLI? 

B. KPAYC (lJexocnonaKnH): Bo ncex o6paa
~ax IICIIOJib30B3JiaCL ~HpKOHlfeBaJI cPOJILl'a O)J;lflla
KOBOH CTelleHH 'IHCTOTLI, CJie)J;OBaTeJILHO, BJIHJIHIIC 
'IHCTOTLI ue orrpe,~~;eJIJIJIOCL. Ilpe,~~;en cnapKoii o6paa
~LI IIO)J;BepraJIHCL CiKaTIIIO o6LI'IHLIM 3KCIIC
pnMeHTaJILHLIM MeTO)J;OM (TO eCTL )J;aBJieHHCM 
1000 1£ZIC.M2). B COOTBCTCTBHH C JIHTepaTypHLIMII 
)J;aHHLIMH ITO CBapKe B TBep)J;OM COCTOJIHllli 3TO 
Han6onee acpcpeKTHBHaJI cpopMa rro,~~;roToBKII rro
nepxHOCTH, IIO)J;JieiKa~eii: ,ll;HcpcpyanoHHOH CBapRe, 
H 1103TOMY OHa 6LIJia Bhl6paHa B Ra'leCTBe CTaH
)J;apTa )J;JIJI aKcrrepn:MeHTa. CnapKa rrponcxo,~~;nna 
BO BCeX CJiyqaJIX. 

M. B. YOJIJ(POH (Coe,~~;nueunoe KopoJieBCT
no) : Y cTaHoBnJin JIH ELI rrpncyTCTBne RaKoii-nn-
6y,~~;L oco6oii: «l>aaLI MeiK)J;Y MaruneM II ~JipKOHllcM, 
HaK o6 aToM coo6~aJIJI Xo,~~;Knn n ,~~;p.? 

B. KPAYC (lJexocJionaKnJI): lfaMepennJI MIIK
poTnep,~~;ocTn II MIIKpOCKOIIII'IeCI\He Ha6JIIO)J;eHIUI 
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He BLIHBIIJIII HaJIH'IHH IIHTepMeTaJIJill'leCROH cpa3LI 

MeiR~y MarHIIeM II D;IIpROHIIeM. 

,D,OKIIaA P/241 (npeACTaBHII Y. P. rpai1nec) 

,D,I-1CKYCCI-1fl 

A. JJ:m. XJ-J:TqJ\01{ (Coe~nHeHHoe RopoJieBcT

Bo) : Y CTaHOBJieHa JIH BaMn HJIII Ha6JIIo~aJin mr 
BLI HaRyiO-Hn6y~L TeH~eHn;nro n36npaTeJILHoro 

Bhl)J;eJieHUH pa~UOaRTHBHOrO IIOIIa U3 XOJIOIIHOrO 

o6Jiy'leHHOrO cpTOPHIIa II 6LIJIH JIU rrpOBelleHLI Ra
:nne-JIH60 ::mcrrepnMeHTLI C paCIIJiaBJieHHhlMII XJIO

PIIIIaMn? 

Y. P. rPAllMC (CiliA): Mbl He Ha6JIIO;:J;a.TJU 

TaROrO BLIIIeJieHIIH II He YCTaHOBIIJIH, 'ITO 11011 Bhi

IICJIHCTCH B XOIIe o6Jiy'ICHIIH rrpn BhlCOROH TeMne

paType. Ilpn OXJiaiRIIeHHU TOIIJIHBa II BhllleJieHJIH 

cpTopa MOiRHO lllleHTHcplll~IIpOBaTh 11011 B ra30BOii 
cpa3e, HO ero BhliiCJieHne IIO'ITII HaBepHHRa He HB-
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JIHeTcH Il36npaTeJILHLIM. HacROJihRO MHe II3BCCT

Ho, HIIRaRIIX OIIhiTOB ITO 06Jiy'leHUIO paCIIJiaBJICH

HhiX XJIOPHIIOB He IIpOBOIIIIJIOCh. 

M. B. YOJIJJ:POH (Coe;:J;IIHeHHoe KopoJieBCT
no): B § 2 pa311eJia Barnero IIORJialla, o3arJiaBJieH

Horo <<PaCIIJiaBJieHHOe IIJIYTOHIIeBoe TOIIJiliBO>>, 

ynoMIIHaeTCH Ga RaR cTa6nJin3npyro~IIii peareHT 

IIJIH ToiiJIIIBHoii: ROMII03IID;HII Pu- 10% Fe. 1\a

RYIO cpopMy cTa6nJin3aD;IIH BLI nMeeTe B BIIIIY? 

Y. P. fPAltMC (CiliA): H IIYMaro, 'ITO Ga 

11o6aBJIHeTCH IIJUI cBelleHnH R MnHnMyMy IIJIII npe

::\OTBpa~eHnH OCaiRIIeHIIH Rap6HIIOB H ORHCJIOB 
Pu 11 Fe. Cerperan;nH nux MaTepnaJIOB npnne11eT 
R o6pa30BaHJIIO MCCT CROIIJieHIIH IIy3LlpLROB ra30-

o6pa3HhlX IIpO::\YRTOB lleJieHHH H, CJieiiOBaTeJibHO, 
R yMeHhiiiCHniO Pu B aRTIIBHoii 30HC peaRTopa. 

,D,oKnaA P/702 (npeACTaBHII ,D,. Konap) 

Ilo JTOMY IIORJiaily !IUCRYCCIIII He 6hiJIO. 

Combustibles metalicos y de tipo diverso 

Presidente: A. A. Bochvar (U RSS) 

Documento P/62 (presentado por M. Englander) 

DISCUSI6N 

G. W. GREENWOOD (Reino Unido): En Ia memoria 
se asigna a Q un valor de 88 kcalfat.g para Ia difusion 
del xenon en uranio gamma. Yo atribuiria este valor 
elevado a Ia suma de Ia energia de activacion de difu
si6n y del calor de disoluci6n del xenon en uranio 
gamma, y asignaria a Q el valor de 27 kcal/at.g para 
Ia energia de activacion de Ia difusion superficial de 
uranio beta, puesto que el mecanismo de desprendi
miento de gas es diferente en los dos casos. 

i, Estan de acuerdo los autores con esta inter
pretacion? 

Y. AooA (Francia): Nuestros experimentos de 
difusion se han llevado a cabo sin desprendimiento 
gaseoso alguno, es decir, utilizando muestras con 
una concentraci6n gaseosa proxima al limite de 
solubilidad. Bajo estas condiciones, Ia energia de 
disoluci6n del gas no entrara en Ia energia de activa
cion del fenomeno. Creemos que Ia energia elevada 
de Ia fase gamma puede ser debida al hecho de que 
para que un atomo de xenon se mueva en Ia red del 
ur3;nio gamma es necesaria Ia existencia de algunos 
defectos reticulares. 

En el caso de .los resultados obtenidos en la fase 
beta, experimentos recientes parecen indicar que Ia 
energia de activacion baja se debe a Ia superposicion 

de Ia difusi6n en la masa y Ia difusion a lo largo de 
los hordes de grano o dislocaciones. 

R. S. BARNES (Reino Unido): En la memoria Vd. 
concluye que << el crecimiento de burbujas esta 
regido por Ia difusi6n de gas raro ». Sin embargo, 
muchas de sus observaciones pueden explicarse por 
el movimiento y agrupacion de burbujas. 

Si el gas inerte fuese realmente soluble y capaz de 
difundirse de burbuja a burbuja, entonces, las bur
bujas calentadas en una pelicula delgada del metal 
desaparecerian cuando el gas escapase a Ia superficie 
proxima (que dista frecuentemente menos de I 00 A). 
Nosotros no hemos observado esto, aun cuando las 
burbujas se pongan en contacto con Ia superficie 
por dislocaciones. Posiblemente Ia razon por la 
que Vds. no han podido observar el movimiento de 
las burbujas sea la de que las condiciones del experi
mento particular no fueran adecuadas. 

i, Podriamos tener detalles completos de estos 
experimentos? 

Y. AooA (Francia): Durante nuestro estudio, y 
particularmente durante los experimentos de calen
tamiento bajo el haz electronico en el microscopio, 
nunca nos fue posible distinguir movimiento de 
burbujas; por otra parte, nosotros podriamos demos
trar el crecimiento de burbujas sin movimiento 
relativo. Ademas, al aumentar Ia densidad de dis-
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locaciones, hemos observado un aumento considerable 
en el tamaiio medio de las burbujas, aunque estu
vieran situadas en nudos reticulares totalmente 
regulares y muy densos. Creemos que las burbujas 
crecen como resultado de la difusion gaseosa a lo 
largo de las dislocaciones o hordes de grano, y rediso
lucion de las burbujas pequeiias en pro de las mayores. 
Esta teoria parece que se confirma por ciertos hechos 
observados, tales como la ausencia de burbujas 
pequeiias en torno a las grandes, la reduccion fre
cuente del tamaiio de las burbujas cuando se acerca 
una grande y la tendencia de las burbujas a crecer 
a lo largo de dislocaciones o hordes de grano en 
muestras en que el tamaiio de las burbujas es uniforme. 

En relacion con la observacion posible de una dis
minucion en el tamaiio de las burbujas debida al 
escape de gas a la superficie de una pelicula de metal, 
pensamos que era poco probable que ocurriese en 
nuestros experimentos, ya que los tiempos de calen
tamiento eran cortos. A consecuencia de la pequeiia 
solubilidad del gas raro, el flujo de los atomos de 
gas bacia la superficie es pequeiio. Ademas, Ia conta
minacion de Ia superficie de la pelicula plJ.ede restringir 
el escape de gas. Finalmente, se debe seiialar que, 
para que el experimento fuera significativo, habria 
de producirse una variacion en el diametro de las 
burbujas del 50%, puesto que el estudio detallado 
del contraste de burbujas vistas por transmision 
muestra que el diametro aparente puede variar 
considerablemente con la inclinacion de Ia pelicula 
en el microscopio: las burbujas pequeiias pueden 
llegar a hacerse invisibles. * 

M. B. WALDRON (Reino Unido): Si el molibdeno 
reduce el cocficiente de difusion de los gases raros 
en el uranio en un factor de 102 en las fases beta y 
gamma, i. por que el molibdeno no produce el mismo 
efecto beneficioso en la fase alfa; esto es, por que las 
aleaciones diluidas uranio-molibdeno se deforman 
por «hinchamiento », si esta explicacion es correcta? 

Y. ADDA (Francia): Experimentos recientes seiialan 
el hecho de que, en Ia fase alfa a 610 °C, la relacion 
del coeficiente de difusion del xenon en uranio puro 
respecto del coeficiente en aleacion de uranio
molibdeno con l, I ~~ de molibdeno es solamente 5: l. 
Esto parece que se debe al hecho de que el fenomeno 
esta regido por la difusion en Ia fase alfa, en que 
Ia solubilidad del molibdeno es baja (alrededor de-
0,2%). El coefiCiente de difusion del xenon en alea
ciones realmente no se reduce mas cuando el conte
nido en molibdeno aumenta por encima del 0,2%. 

Documento P/97 
DISCUSI6N 

R. E. MACHEREY (Estados Unidos de America): 
i. Se han efectuado determinaciones de tensiones 
residuales, sobre su material tratado termicamente 
de un modo continuo (es. decir, material que pasa 

* Vease tambien Ia ultima parte de Ia discusi6n sobre el 
documento P/145. 

a traves de una bobina de induccion y a continua
cion se enfria bruscamente por una aspersion cir
cular), y cree Vd. que las tensiones residuales pequeiias 
contribuirian a Ia estabilidad termica y frente a irra
diacion de combustibles de uranio? 

M. ENGLANDER (Francia): No se hicieron deter
minaciones de tensiones residuales, pero se intento 
determinar· la energia almacenada mediante un 
metodo microcalorimetrico. Los valores obtenidos 
fueron bajos. Las tensiones internas evidentemente 
se habian eliminado casi por completo con los 
tratamientos termicos siguientes, una vez que el 
combustible se habia envainado. 

Con respecto a la segunda pregunta, creo que eso 
seria otro problema. Pero, como he dicho, en cual
quier caso las tensiones residuales parece que son 
eliminadas casi por completo desde el comienzo 
de Ia irradiacion. 

Documento P/735 
No bubo discusion de esta memoria. 

Documento P/145 (presentado por R. S. Barnes) 

DISCUSI6N 
M. ENGLANDER (Francia): En la figura 4 de este 

trabajo, el Dr. Barnes ha dado unas curvas de hincha
miento que incluyen valores para una aleacion de 
uranio-molibdeno indefinida del CEA. Las cifras 
citadas corresponden a una muestra obtenida por 
un procedimiento diferente del utilizado para los 
combustibles del reactor EDF. En cualquier caso, 
el examen de las condiciones ·bajo las cuales se 
irradiaron estas muestras indica que Ia temperatura 
de Ia superficie cae precisamente dentro del intervalo 
de temperatura critica, que es sobrepasado por los 
elementos combustibles dentro del reactor. El feno
meno, por tanto, no tiene por que producir alarma 
alguna. Ademas, segun Ia figura 3 de la memoria, 
Ia temperatura critica para uranio modificado esta 
entre 475 y 500 °C y el grado de hinchamiento a que 
puede llegar es del orden indicado en Ia figura 4. 

R. S. BARNES (Reino Unido): Efectivamente los 
resultados del CEA presentados en Ia figura 4 de 
nuestra memoria corresponqian al intervalo de 
temperaturas en que se produce un hinchamiento 
acentuado, debido a Ia interacci6n del proceso de 
crecimiento. Sin embargo, estos resultados se han 
comparado con los obtenidos en las mismas condi
ciones para uranio « puro » y uranio « modificado » 
y Ia grafica muestra que las aleaciones de uranio
molibdeno caen entre uranio « puro » y el « modi
ficado >> en cuanto a su resistencia al swelling en 
este intervalo de temperatura importante. 

J. H. KITTEL (Estados Unidos de America): En 
mi opinion, los autores y sus colegas deben congra
tularse por los progresos en el comportamiento 
frente a irradiacion del uranio, que han logrado 
a traves del desarrollo del uranio « modificado ». 
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En alguno de los usos posibles de este material, es 
probable que la temperatura media sea superior 
a 600 °C, y tal vez por encima de 660 °C, en fase beta. 
1., Querria V d. comentar los datos reseiiados en Ia 
figura 3 en relacion con el comportamiento del 
uranio ajustado, en este intervalo de temperatura? 

R. S. BARNES (Reino Unido): Si. Como Vd. 
habra notado, el hinchamiento a unos 630 °C, por 
ejemplo, solamente es de alrededor del 7% despues 
de un quemado entre 6 000-8 000 MWdjt. Nuestros 
resultados en Ia fase beta muestran que la resistencia 
al hinchamiento del material « modificado » es algo 
menor que en Ia fase alfa, pero el efecto principal 
se debe al ciclado alfa-beta y este tiene Iugar en 
estos experimentos en cierto grado. 

M. ENGLANDER (Francia): Estoy de acuerdo con 
el Dr. Barnes y precisamente una de las ventajas 
de las aleaciones de uranio-molibdeno bifasicas es 
que puedan aguantar elevaciones de temperatura 
por encima de los 660 °C durante un tiempo bastante 
prolongado sin que se produzca inestabilidad dimen
sional. 

R. S. BARNES (Reino Unido): Algunas memorias 
presentados en esta sesion se refieren al movimiento de 
grandes huecos con el gradiente de temperatura y 
este proceso influini en la emigracion de gas desde 
estas regiones. 

Sin embargo, nosotros hemos podido demostrar 
por microscopia electr6nica que las burbujas de gas 
inerte emigran en el uo2 en un gradiente de tempera
tura. Estos experimentos seiialan una solubilidad 
pequeiia del gas inerte y sugieren que el hincha
miento y el desprendimiento gaseoso en los intervalos 
de temperaturas mas bajas, y tambien la perdida 
eventual de gas para grados de quemados elevados, 
estan regidos por la migraci6n de estas burbujas, que 
dependera de la estructura final del material. 

He deducido de la respuesta del Sr. Adda a mi 
pregunta relativa al documento P/62 que el es escep
tico en cuanto a la existencia del movimiento de 
burbujas. i. Han obtenido los investigadores rusos, 
canadienses o norteamericanos pruebas directas de 
Ia existencia y movimiento de estos pequeiias bur
bujas gaseosas? 

J. H. KITTEL (Estados Unidos de America): 
Hemos realizado muchas observaciones de burbujas 
en material irradiado en alto grado, por microscopia 
6ptica y electr6nica, directamente despues de irradia
ci6n y despues de recocido. Sin embargo, a(m no 
timemos dispuestos los estudios de transmisi6n de 
electrones de estos materiales, de modo que no 
tenemos pruebas directas relacionadas con la cuestion 
de Ia migracion de burbujas en un gradiente de 
temperatura. 

M. SALESSE (Francia): Dos de las diapositivas 
del Dr. Barnes muestran un grupo de dos burbujas, 
una de las cuales desaparece, y junto a el otro grupo 
en el que una de las burbujas va reduciendo su 
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tamaiio en beneficio de Ia otra. Esto me parece que 
confirma Ia idea del Sr. Adda. 

R. S. BARNES (lreino Unido): Por el contrario, 
cuando dos burbujas de radios r1 y r2 se juntan se 
forma una burbuja mayor, de radio (r1

2 + r2
2)Yz, 

presentando un aumento en el volumen total. Ocasio
nalmente, una burbuja muy pequeiia permanece muy 
proxima (a menos de 50 A) a una mucho mayor, 

. durante varios pulsos de calentamiento. La burbuja 
pequeiia no se hace menor y estimamos que el coefi
ciente de difusi6n del helio en el cobre es menor de 
~ I0-12 cm2/s. En nuestra opinion, esta dificultad en 
Ia observaci6n de una contraccion regular de las 
burbujas, tanto cuando estan proximas unas a otras 
como cerca de la superficie libre, indica una solubi
lidad muy pequeiia del helio en el cobre. 

Aun cuando las burbujas se pongan en contacto 
una con otra o con Ia superficie libre por disloca
ciones, la perdida no es detectable. Cualquier perdida 
de gas a lo largo de lineas de dislocacion, por tanto, 
es tan pequeiia que carece de importancia comparada 
con Ia migracion en estas condiciones. 

Sin embargo, existen otras muchas pruebas .a 
favor de la hip6tesis de la migracion; por ejemplo, 
ella proporciona una explicacion senci!la del efecto 
marcado de la presion, aplicada exteriormente, sobre 
el uranio alfa, ya que esto daria Iugar logicamente 
a un gran hinchamiento del tipo descrito en la ultima 
Conferencia de Ginebra. Esto no se puede explicar por 
redisolucion del xenon o del cript6n en uranio alfa. 

Document P/239 (presentado por j. H. Kittel) 

DISCUSI6N 
J. F. W. BISHOP (Reino Unido): Vd. establece 

que un quemado del 5,0 % en atomos se considera 
factible con un combustible metalico uranio-plutonio
fisio. Le ruego que me indique, si en el analisis de 
tensiones utilizado se han tenido en cuenta los 
fen6menos de fluencia o de fluencia leota, que para
metro de resistencia se emplea para establecer rela
ci6n con el hinchamiento del combustible, que 
material se propone para vaina y su temperatura 
maxima nominal. 

J. H. KITTEL (Estados Unidos de America): En el 
analisis de tensiones a que se refiere, se admite que el 
combustible tiene una resistencia despreciable que 
no se opone de un modo sensible al hinchamiento. 
La carga de rotura a traccion de la vaina se usa como 
parametro de tension critica. No se han tenido en 
cuenta Ia fluencia o deformacion que, desde luego, 
reducirian la resistencia de la vaina. Tampoco se 
ha seleccionado definitivamente el material pro
puesto para la vaina, pero probablemente sera una 
aleacion de vanadio-titanio. Aleaciones de este tipo 
se estan estudiando en el Argonne National Labo
ratory y han presentado cargas de rotura en ensayos 
de larga duracion proximas a 30 kg/mm2 a tempera
turas en el intervalo de 500-600 °C. 

P. MuRRAY (Reino Unido): En Ia memoria se hace 
referencia al comportamiento frente a irradiacion 
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de « cermets » y Ia aplicaci6n de teorias basadas 
en Ia ftuencia lenta de Ia matriz. En los experimentos 
realizados en el Reino Unido sobre cerametales de 
acero inoxidable con uo2 al 40 % en volumen, hemos 
demostrado Ia importancia de dos puntos, principal
mente Ia distribucion de las particulas de oxido y Ia 
porosidad de las particulas iniciales. Si se . presta 
cuidado a estos panimetros puede evitarse el hincha
miento basta alcanzar alrededor de 1,6 x 1021 

fisiones por cm3 a 650 °C (esto es, un nivel de unas 
dos veces el limite de fallo que se muestra en Ia 
figura 5). j, Tiene Yd. algunos datos simihlres sobre 
estos puntos? 

J. H. KITTEL (Estados Unidos de America): 
Estamos de acuerdo con el comentario de que Ia 
distribucion de particulas de oxido y su porosidad 
inicial son hechos muy importantes en los com
bustibles cerametal. Los datos presentados en Ia 
figura 5 generalmente se han obtenido sobre par
ticulas combustibles de densidad elevada. A Ia vista 
de los resultados obtenidos de un numero mas 
limitado de otros experimentos, es de esperar que los 
Iimites de fallo sefialados en Ia figura 5 se elevarian 
de un modo significativo si las particulas empleadas 
fueran de menor densidad. 

Docurnento Pf338a (presentado por V. V. Orlov) 

DISCUSI6N 

R. S. BARNES (Reino Unido): El hinchamiento 
de los materiales es un fenomeno muy complejo 
y los autores estim de enhorabuena por el estableci
miento de las ecuaciones generales. Sin embargo, 
son tantas las variables y los mecanismos que implica, 
que no puede intentarse una formulacion completa 
por via empirica. En un trabajo reciente (Journal 
of Nuclear Materials, 1964) yo presentaba unas 
ecuaciones para el hinchamiento mucho mas sencillas 
y menos generalizadas, que solo se refieren a Ia 
migracion de las burbujas y suponen que estas se 
nuclean con gran facilidad. Esta teoria muy simple 
predice que, en un recocido despues de Ia irradiacion, 
el aumento de volumen es proporcional al tiempo 
de.recocido elevado a Ia cuarta potencia. Esta potencia 
viene del mecanismo de difusion superficial, en que 
Ia velocidad de Ia burbuja varia inversamente a Ia 
cuarta potencia del radio de Ia burbuja. Esta variacion 
se encuentra en alguno de nuestros trabajos presen
tados en Ia segunda Conferencia de Ginebra. 

Esta teoria proporciona tambien un medio de 
predecir el elevado hinchamiento que se produce 
cuando se recuece uranio despues de calentamiento 
bajo alta presion. Los valores del hinchamiento 
coinciden bien con Ia teoria. Aunque esta es muy 
simple, puede ser util para las propiedades del 
material que parecen mas importantes. Por ejemplo, 
el desplazamiento de los hordes de grano y otros 
efectos de borde de grano se pueden explicar con 
ella, asi como Ia inftuencia de precipitados pequefios. 

Documento P/526 
DISCUS16N 

R. E. MACHEREY (Estados Unidos de America): 
Desearia preguntar al Sr. Kraus si en este programa 
existe alguna aplicacion para el combustible de 
uranio con vaina de magnesio y, en caso afirmativo, 
que refrigerantes tienen pensados. 

V. KRAUS (Checoslovaquia): Los experimentos 
sobre soldadura por dilucion uranio-interfase-magne
sio son parte de un programa de investigacion 
fundamental relacionado con los materiales de 
elementos combustibles para reactores por gas, y por 
el momento no tienen nada que ver con ningun 
proyecto de un reactor determinado. 

D. 0. PICKMAN (Reino Unido): j,Las uniones por 
difusion con aluminio y circonio resisten ciclados 
termicos prolongados sin fallar? 

V. KRAUS (Cchecoslovaquia): Por ahora no se 
ha efectuado aun ciclado termico en las uniones 
uranio-interfase-magnesio. Cuando se ha medido 
Ia resistencia a Ia cizalladura en caliente, a -500 °C, 
algunas muestras se han sometido a un numero 
reducido de ciclos termicos, lo que no ha afectado 
sustancialmente a su comportamiento. 

M. B. WALDRON (Reino Unido): j,Ha observado 
alguna inftuencia de Ia pureza del circonio sobre Ia 
resistencia de Ia union (union uranio-circonio
magnesio) y ha ensayado Ia preparacion quimica 
de las superficies para esta union? En caso afirmativo, 
i, cuales son los resultados? En Harwell, hemos 
encontrado que una partida de circonio Van Arkel 
conducia a union y otra no. 

V. KRAUS (Checoslovaquia): En todas las muestras 
se han utilizado hojas de circonio de Ia misma pureza; 
por tanto no se ha podido detectar Ia inftuencia de 
Ia pureza. 

Las muestras se han prensado juntas antes de 
soldar, empleando Ia tecnica experimental norma
lizada (es decir, presion de 1000 kg/cm2). De acuerdo 
con Ia informacion dada en Ia bibliografia sobre 
soldadura en estado solido, esta es Ia forma mas 
eficaz de preparacion de las superficies para ser 
soldadas, y por tanto se ha elegido como norma 
para el experimento. La union se produjo en todos 
los casos. 

M. B. WALDRON (Reino Unido): j,Ha encontrado 
algun indicio de una fase neta entre magnesio y 
circonio, como citaron Hodkin y otros? 

V. KRAUS (Checoslovaquia): Las medidas de 
microdureza y Ia observacion al microscopio no 
han revelado una fase intermetalica de magnesio
circonio. 

Documento P/241 (presentado por W. R. Grimes) 

DISCUSI6N 
A. J. M. HITCHCOCK (Reino Unido): j,Ha visto 

u observado alguna tendencia para el desprendi-
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miento selectivo de radioiodo a partir de ftuoruro 
irradiado en frio y ha efectuado algllll ensayo de 
irradiaci6n sobre cloruros fundidos? 

W. R. GRIMES (Estados Unidos de America): 
Hemos investigado sobre tal desprendimiento y 
encontramos que no se escapa iodo durante la irra
diaci6n a temperatura elevada. Cuando el com
bustible se enfria y se produce F2 puede identificarse 
el iodo en los productos gaseosos, pero su despren
dimiento es casi seguro que no es selectivo. 

Que yo sepa, no se han efectuado ensayos sobre 
Ia irradiaci6n de cloruros fundidos. 

M. B. WALDRON (Reino Unido): En el segundo 
parrafo de la secci6n de su memoria titulada «Com-
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bustibles de plutonio fundido », se menciona el 
galio como estabilizador para el combustible de 
plutonio con 10% de hierro. l,A que tipo de esta
bilizador se refiere? 

W. R. GRIMES (Estados Unidos de America): 
Creo que el galio se aiiade para reducir o evitar Ia 
precipitaci6n de carburos y 6xidos de plutonio y de:: 
hierro. La segregaci6n de estos materiales podrfa 
producir lugares para el alojamiento de burbujas 
de gases de fisi6n y resultaria una perdida de plu
tonio del nucleo del reactor. 

Documento Pf702 (presentado por D. Kolar) 

No hubo discusi6n de esta memoria. 
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Developpements recents dans le domaine des combustibles 
refractai res* 

par A. Accary et R. Delmas** 

Le developpement des reacteurs de puissance en 
France a vu apparaitre, avec EL4 et RAPSODIE, 
!'utilisation des combustibles ceramiques qui per
mettent un accroissement notable de la puissance 
specifique par rapport aux reacteurs classiques a com
bustibles metalliques. 

Les etudes du CEA ont porte essentiellement sur le 
bioxyde et le monocarbure. Les etudes concernant le 
bioxyde d'uranium ont ete developpees dans le sens 
de son utilisation comme combustible du reacteur EL4. 
Dans le cas des alliages uranium-carbone, les recher
ches ont ete orientees vers une connaissance de base 
des proprietes de ces materiaux, ainsi que des metho
des propres a leur production industrielle. 

BIOXYDE D'URANIUM 

Une des tentatives d'accroissement des perfor
mances de uo2 a pour objet !'augmentation des 
temperatures de gaine, done des rendements thermo
dynamiques. C't<st un des aspects nouveaux que revet 
l'emploi du bioxyde d'uranium dans les reacteurs 
refroidis par gaz; parmi ceux-ci, le pro jet franc;ais 
EL4 [1] pose un probleme difficile pour le combustible 
au point le plus charge: l'integrale de conductibilite 
souhaitee y est de 29 Wcm-1, la temperature de sur
face etant comprise entre 750 et 800 °C. 

Les travaux franc;ais, outre des recherches de base 
sur le diagramme 0-U et sur !'elaboration de corps 
massifs par frittage, ont surtout tendu a !'obtention 
de renseignements techniques sur le comportement 
global dans les conditions enoncees. 

Distribution de Ia temperature dans un element 
combustible cylindrique 

Les principaux parametres pouvant limiter les per
fonnances des combustibles utilises dans des con
ditions poussees dependent etroitement de Ia tempe
rature : evolution dimensionnelle, transfert de matiere 
par fusion ou volatilisation, migration des produits 
de fission. II est done essentiel d'avoir une information 
aussi exacte que possible sur les temperatures atteintes. 

Utilisant un dispositif dans lequel les pastilles 
002 sont chauffees en leur centre par un element 

* Certains resultats rapportes dans le present memoire 
ont ete obtenus dans le cadre de contrats EURATOM. Chaque 
fois que cela est le cas, mention en est faite dans le texte. 

•• Commissariat a l'energie atomique. 

resistant en tungstene, J. P. Stora [2]* a montre que 
lorsque uo2 est utilise sous forme de pieces cylin
driques frittees, sa fragilite ne lui permet pas d'accom
moder les differences de dilatation. II s'ensuit une 
fracturation. On constate alors que les fissures non 
radiales jouent efficacement le role de barrieres ther
miques. Les valeurs de conductibilite thermique 
intrinseque ne peuvent done pas s'appliquer a un tel 
systeme. J. P. Stora a montre, de plus, que le frettage 
par dilatation de uo2 sur une gaine epaisse froide 
permettait une restauration totale de la conductibilite 
thermique par reduction des fissures. Le tableau 1 
donne les valeurs moyennes des integrales de con
ductibilite mesurees apres restauration. 

Tableau 1. lntegrale de conductibilite de U02 fritte en 
fonction de Ia temperature, U02 ayant une densite 

d = 95% de Ia densite theorique 

T •C 500 750 I 000 I 250 I 500 2 000 2 400 

IT kdT.... 9,7 19,0 26,8 33,45 39,2 50,5 61,7 
. 300 

Dans des expenences semblables, P. Deschamps 
a note que !'application d'une pression de 60 kg/cm2 

sur une gaine d'acier mince susceptible de fluer 
suffisait pour provoquer un accroissement de conduc
tibilite [2]. 

Des mesures analogues ont ete effectuees en pile 
jusqu'a 1 200 °C par M. Bogaievski eta/. [3].' puis par 
B. de Bernardy de Sigoyer et R. Delmas [2] a Ia suite 
de Ia mise au point d'un dispositif d'irradiation plus 
rigoureux [4]; ces derniers notent egalement un 
accroissement de Ia conductibilite apparente attri
buable aux contraintes de frettage. 

Taux instantane de liberation des gaz de fission sous 
irradiation 

Un travail important a ete consacre par J. L. Berry 
et a/. [5] a !'etude de l'echappement 133Xe hors de 
l'oxyde d'uranium monocristallin ou fritte prealable
ment irradie; ils ont notamment analyse !'influence 
de Ia surface specifique des echantillons et di~cute les 
effets de « bouffee » observes suivant le traitement 

293 

* Resultats obtenus dans le cadre du contrat EURATOM 
N° 0.31.60.10RDF. 
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T bl 2 f 
- nombre d'atomes d'isotope emis par l'echantillon 

a eau . -
nombre d'atomes formes 

Echantillon 

uo• 
fritte 

Spheres 
monocristallines 

Temperature 
_(•C) 

t50 
970 

ttt5 
t400 
t400 
t 500 
t 850 
2000 

t50 
t400 
t 500 
2000 

thermique impose. Toutefois, il y a generalement desac
cord entre les coefficients apparents de diffusion D' 
deduits de ces mesures et ceux qu'il faudrait admettre 
si les memes mecanismes etaient responsables de Ia 
liberation des isotopes stables de Kr et de Xe que 
l'on trouve par per\(age des elements combustibles 
irradies; il parait imprudent de faire confiance aux 
valeurs de D' mesurees par traitement hors pile post
irradiatoire. 

On peut soup\(onner que les processus preponde
rants dans un materiau fissile en cours d'irradiation 
soient notablement plus complexes qu'une diffusion 
dans un solide dont les defauts ont ete prealablement 
recuits. C'est ce qui nous a incites a transposer cette 
experience en pile: un fragment de uo2 est chauffe 
dans un microfour pendant I' irradiation; un courant 
d'helium purifie circule dans Ia partie chauffee placee 
aupres du camr du reacteur MELUSINE et entraine 
les gaz de fission sur une batterie de pieges oil ils 
sont absorbes, puis doses quantitativement par 
spectrometrie gamma [6]. 

R. Soulhier et A. Schurenkamper [7]* ont mesure, 
dans le gaz porteur, les quantites de 135Xe et 133Xe et 
calcule Ia fraction liberee** de ces elements (tableau 2). 

La fraction f croit d'une fa\;on significative avec Ia 
temperature; a 1 850 et a 2 000 °C, on constate une 
perte de poids par evaporation qui rend compte 
d'une partie de Ia quantite de gaz degagee. Ce pheno
mene, secondaire a I 850 °C, est preponderant a 
2 000 °C. 

L'influence de Ia surface specifique des echantillons 
sur l'intensite des evolutions, mesurees a une tempe
rature donnee, semble apparaitre si on compare les 
deux series de mesures donnees dans le tableau 2. 
P. Chenebault et A. Schurenkamper proposent une 
methode d'une extreme sensibilite, basee sur l'adsorp
tion de 133Xe, pour Ia mesure de surfaces totales de 
solides de l'ordre de 1 cm2 [8]. 

• Resultats obtenus dans le cadre du contrat EURATOM 
N° 0.31.60.10RDF. 

•• Nous designons par « fraction liberee » le rapport: 
f = nombre d'atomes "d'isotope emis par l'echanti/lon.nombre 
d'atomes formes. 

nsxe 
lUXe (environ SO% des 

(concentrations concentrations A 
a l'equilibre) l'equilibre) 

2.10-' 2,5.10-' 
4.to-' 8 .to-• 

6,5.to-' t,3.t0-4 
4.to-• 9 .to-• 

5,5.10-3 t,5 .to-• 
4.to-• 8 .to-• 

1,5 .to-• t,2.to-1 

2,6.10-1 5,5.to-1 

t,3.to-' 9.to-5 

t,8.to-• 2,7.to-• 
2.10-3 3,5.to-3 

4.to-• 6,5.to-• 

Methodes d'elaboration 
Compte tenu des conditions de service prevues et 

des solutions technologiques proposees pour Ia 
fabrication de l'element combustible [9], le frittage 
constitue Ia methode d'elaboration Ia plus appropriee. 

Les etudes qui ont contribue a definir les conditions 
de fabrication des poudres de caracteristiques 
convenables ont ete exposees et commentees par 
J. Holder [10] et les details du procede de frittage 
industriel applique par Ia Compagnie industrielle des 
combustibles atomiques frittes ont ete presentes par 
R. Hauser [11]*. Les pastilles d'oxyde d'uranium fabri
quees ont tine densite minimale de 95% de Ia densite 
theorique et un rapport 0/U moyen inferieur a 2,005. 

H. Brandela, C. Braun et M. Conte [12]** ont 
etudie le probleme du rapport 0/U obtenu a Ia sortie 
des fours industriels de frittage, suivant 1a teneur en 
impuretes oxydantes de I' atmosphere. lis ont · notam
ment etabli que l'oxydation accidentelle a comme 
resultat une heterogeneite de distribution de l'oxy
gene excedentaire, ce1ui-ci etant localise au voisinage 
des surfaces accessibles aux gaz, oil 1e rapport 0/U 
peut etre tres eleve. Toutefois, lorsque Ia teneur en 
oxygene de l'atmosphere de frittage est largement 
inferieure a 100 ppm, ce qui est facilement obtenu 
dans un four continu, Ia profondeur de penetration 
ne depasse pas I 00 microns. 

En appui au procede principal, les preparations de 
poudres de uo2 de haute densite sont etudiees avec 
Ia perspective d'une utilisation eventuelle comme 
combustible compacte par vibration pour des charges 
futures du reacteur EL4. A ce titre, ont ete mises au 
point une methode de fabrication de uo2 dense par 
electrolyse en bains de sel fondus [13] et une prepa
ration de uo2 fondu de haute purete par couplage 
direct de la tres haute frequence [14]. 

Etudes fondamentales 
Des etudes de structure dans le diagramme oxygene

uranium sont poursuivies par B. Belbeoch, qui a 

• Resultats obtenus dans le cadre du contrat EURATOM 
no 0.31.60.tORDF. 

•• Travail partiellement finance par le contrat EURATOM 
no 0.31.60.tORDF. 
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rendu compte recemment de l'etat des connaissances 
et surtout des imprecisions qui demeurent dans ce 
domaine [15]. II convient egalement de citer des tra
vaux de M. Dode et P. Cerdanian [16] sur Ia deter
mination des pressions partielles d'oxygene en equi
libre avec les compositions mono ou diphasees entre 
uo2+Z et 0409-y• 

Enfin, une recherche des cinetiques de frittage du 
bioxyde . d'uranium dans l'hydrogene a conduit 
B. Fran~ois a etudier les conditions d'apparition et les 
proprietes d'une microstructure particuliere dans 
laquelle tous les pores residuels sont rassembles aux 
joints de grains; en particulier, il met en evidence Ia 
remarquable stabilite thermique de ce facies [17]. 

LES ALLIAGES URANIUM-CARBONE 
Depuis Ia Conference de 1958, ou Dubuisson [18] 

presentait les premiers resultats obtenus en France 
dans l'etude des alliages uranium-carbone, les recher
ches du CEA ont tendu a mettre au point la produc
tion d'un carbure d'uranium satisfaisant comme 
combustible. Cela nous a conduits a deux sortes 
d'etudes: 

Des etudes sur /es proprietes fondamentales encore 
incompletement connues de ces materiaux: 

a) Domaine d'existence des differentes phases; 
b) Influence des impuretes sur les proprietes; 
c) Compatibilite des differents alliages avec les 

materiaux de gaines metalliques ou ceramiques; 
d) Corrosion de ces alliages par Ies fluides de refroi

dissement des piles, ainsi que par les agents atmo
~pheriques; 

2000 

1500 

I uc 
100 0 u, + uc,_x u2c3 + c I 

U~ + UC1-x 
U2C3 

uCI( -t uc,_x I Carbone 
50 0 

10 20 30 40 50 60 70 atom. 
pond 

17 

Figure 1. Oiagramme uranium-carbone 

e) Comportement sous irradiation en pile. 
Des etudes de preparation: 
a) Au laboratoire, de maniere a obtenir des eprou

vettes definies avec Ia precision necessaire pour nos 
etudes; 

b) A. I'echelle industrielle permettant de produire 
en grande quantite un produit de qualite constante et 
presentant les specifications que les etudes fondamen
tales ont montre necessaires. 

Nous allons brievement passer en revue ces diffe
rents points. 

Le diagramme d'equilibre U-C 

Les diagrammes publies anterieurement [19] ne 
permettaient pas de rendre compte des resultats de 
fusion ou de traitement thermique sur des alliages de 
composition voisine de celle de UC stoechiometrique. 
C'est ce qui a conduit MAGNIER [20, 21, 22] a etudier 
Ia solubilite de l'uranium et du carbone dans le mono
carbure. Ses travaux ont conduit au diagramme 
(fig. 1) ou les limites de phases etablies sont represen
tees en trait epais. On remarque que ]'uranium est 
soluble dans UC jusqu'a former UC 0,96 a environ 
1 700 °C. Le carbone qui parait soluble jusqu'a une 
composition voisine de uc2, ne l'est qu'a haute 
temperature. 

Influence, sur les proprietes de UC, de !'oxygene 
et de l'azote dissous 

Magnier et a/. [23] ont montre que l'oxygene peut 
se substituer au carbone dans le monocarbure d'ura
nium pour former des composes du type U(C1 _y, Oy}. 
II a obtenu a 1 000 °C des valeurs de y s'elevant 
jusqu'a 0,37. II a egalement montre que Ia courbe de 
variation du parametre de ces solutions solides passe 
par un maximum pour y = 0,027. 

Enfin, il a remarque que UC2 a cette temperature 
ne pouvait exister en presence de UC que si ce dernier 
n'est pas trop riche en oxygene. 

Cet ensemble de resultats etablis sur des materiaux 
massifs n'est pas necessairement valable pour les 
poudres finement divisees qui conduiraient a 1'equi
libre thermodynamique. Cependant, il donne une 
idee de stabilite hors rayonnement des solutions 
solides d'oxygene dans le monocarbure d'uranium. 
Nous verrons plus loin que les resultats sous irra
diation sot'l.t notablement differents. 

Dans Ie cas de l'azote, Magnier et a/. ont trouve, 
conformement aux travaux precedents [24], que cet 
element se substitue, en toute proportion, au carbone 
du monocarbure et que les variations du parametre 
reticulaire de ces solutions presentent une deviation 
positive par rapport a la loi Vegard. 

Compatibilite des alliages U-C avec les materiaux de 
gaine metalliques ou ceramiques 

Parmi les metaux utilisables comme gaine [25], on 
a particulierement etudie les aciers inoxydables, le 
beryllium, les alliages fer-aluminium et le zirco
nium [26]. 
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Les resultats obtenus dependent beaucoup de Ia 
teneur en carbone de l'alliage UC. Ainsi le zirconium 
reagit avec le monocarbure d'uranium stoechio
metrique suivant Ia reaction: 

UC + Zr > ZrC + U (1), 

avec apparition d'uranium metallique qui facilite Ia 
deterioration de Ia gaine. Cependant, Mansard et 
Dumas ont montre qu'a des temperatures de 700-
800 °C le carbure de zirconium est inerte vis-a-vis du 
monocarbure d'uranium*. 

Dans le cas du beryllium, des 600 °C, on constate Ia 
formation de UBe13• 

Dans le cas des alliages Fe-Al, Ia compatibilite 
semble bonne jusqu'a 800 °C pour des alliages sur
stoechiometriques par rapport a uc. 

Corrosion des alliages U-C par l'eau et C02 

a) L'eau desagrege avec une grande rapidite les 
alliages de composition voisine de celle de UC; 
l'humidite atmospherique est suffisante pour conduire 
a ce resultat. Rousset a montre que le mecanisme de 
cette desagregation est une corrosion fissurante sous 
tension [27]. Ceci commande les conditions d'usinage 
et de stockage de ces alliages, ainsi que leur comporte
ment au chauffage apres exposition a !'air. Pratique
ment, ces alliages doivent etre manipules en milieu 
parfaitement desseche (Ia presence d'oxygene a froid 
ne parait pas les endommager). 

b) L'action du C02 a chaud est importante si on 
envisage l'emploi de monocarbure d'uranium dans un 
reacteur refroidi par ce gaz. Dans le cas d'une rupture 
de gaine, le combustible chaud se trouve expose au 
C02 et il convient de choisir des conditions de fonc
tionnement n'entrainant pas Ia combustion de !'ele
ment combustible. Desrues, Paidassi et Darras [28] 
ont montre que Ia reaction d'oxydation du mono
carbure d'uranium massif par C02 devient rapide 
des 500-600 °C. 

Etude du comportement en pile 
Rappelons ici que le programme fran~ais ne prevoit 

pas d'application dans un futur immediat. De ce fait, 
les etudes ont ete conduites de maniere a permettre 
d'accumuler des connaissances de base. Cela imposait 
que: 

a) Les eprouvettes irradiees soient bien definies au 
point de vue chimique et structural; 

b) Le dispositif d'irradiation permette de controler 
Ia temperature d'irradiation ainsi que le taux de 
fission avec une precision suffisante; 

c) On possede une connaissance suffisante du com
portement, hors irradiation, du materiau etudie, pour 
permettre de separer, dans les modifications consta
tees, celles qui soot attribuables a !'irradiation et celles 
qui soot Ia consequence d'autres effets (en particulier, 
le traitement thermique prolonge que constitue une 
irradiation). 

Nous reviendrons sur Ia partie a) au cours du cha
pitre consacre aux methodes de preparation. 

• Travail execute sous contrat EURATOM N° 0.12.60.5RDF. 
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En ce qui concerne le point b), nous mentionnerons 
deux dispositifs, l'un mis au point par Millies et a!. 
[29], !'autre etudie par le CEA sous contrat pour 
EURATOM par Mansard. . 

Le premier de ces dispositifs est con~u pour mat.n
tenir a temperature constante et connue de petits 
echantillons d'alliage U-C de composition Voisine de 
celle de UC. La temperature est maintenue constante 
grace a un chauffage electrique d'ap~oint. Ce di~
positif permet done de separer _Ies vanab~es, tempe
rature de taux et de fission, qm soot habttuellement 
liees dans les irradiations en capsule. 

Le second dispositif est destine a irradier dans le 
reacteur EL3 de grosses eprouvettes sous un flux 
calorifique eleve (jusqu'a 2 000 W/cm) [35]. . . 

Entin, un exemple de !'importance de Ia conditiOn c) 
est fourni par !'experience suivante: !'irradiation pen
dant I 000 h a I 000 °C d'eprouvettes de «mono
carbure » preparees par fusion sous bombardement 
electronique, constituees d'une seule phase et conte
nant 4, 7% de carbone, a provoque pour un t~ux de 
fission d'environ 200 MWj/t, une augmentatiOn de 
densite d'environ 0,5%. La porosite avant irradiation 
de ces eprouvettes etait nulle, !'augmentation de 
densite constatee ne peut done pas etre attribuee a un 
effet de frittage. Par contre, Magnier (voir plus haut) 
a montre que le parametre de solutions solides d~~ra
nium dans UC varie legerement avec Ia compositiOn 
et que, a I 000 °C, Ia solution solide devrait, prati~ue
ment, se decomposer en monocarbure et ura~t~m 
metallique. Le calcul montre que cette decomposition 
doit conduire a une augmentation de densite de 
0, 7% environ. La precision des mesures de densite sur 
les eprouvettes radioactives etant d'environ ± 0,2% 
et le resultat de calcul egalement exact a ± 0,2% 
pres, on constate un accord satisfaisant en~re les 
valeurs mesurees et calculees de !'augmentatiOn de 
densite; cela justifie done !'hypothese explicative 
fondee sur !'etude du parametre et du diagramme 
d'equilibre. II ne s'agit done pas d'un effet d:irradia
tion comme une connaissance trop superficielle des 
pro;rietes hors radiation aurait pu le faire croire. 

Par contre, !'irradiation d'eprouvettes de «mono
carbure* » preparees par frittage-reaction sous charge 
(a partir d'un melange U +C) a montre que Ia 
reaction: 

U(C1 _y,Oy)-+- UCt-2y + y CO + 2yU (2) 

qui ne se produit pas avant I 8?0 °C hors raY.onn~
ment sur des eprouvettes masstves, se prodmt des 
1 000 oc sous rayonnement et peut conduire a des 
gonflements importants. 

Preparation 
Preparation au laboratoire 

Dans le but d'obtenir des alliages aussi purs que 
possible, Blum et Devillard [30] ont etudie Ia fusion 
goutte a goutte appliquee au monocarbure e~ Ia 
fusion de particules obtenues par carbothermte a 

• Travail fait dans le cadre du contrat EURATOM N° 0.12. 
60.5.RDF. 
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l'etat fondu. Dans les deux cas, la source de chaleur 
adoptee etait le bombardement d'electrons. 

Preparation industrielle 

L'etude physico-chimique ainsi que le comporte
ment sous irradiation des alliages de composition 
proche de celle du monocarbure, nous a conduits 
a considerer comme fondamentales les caracteris
tiques suivantes: 

Teneur en oxygene aussi basse que possible; 
Teneur en carbone aussi proche que possible de la 

stoechiometrie pour UC; 
Porosite nulle; 
Cristallisation equiaxe a grain aussi fin que pos

sible. 
Une etude critique des methodes de mise en forme 

[31] no us a conduits a fixer notre choix sur Ia fusion 
sous bombardement d'electrons, associee a Ia coulee 
continue pour respecter ces specifications en produc
tion industrielle [32, 33]. 

L'automatisation poussee du procede ainsi que son 
fonctionnement en continu, outre une grande regu
larite des caracteristiques des produits obtenus, per
mettent un prix de revient bas compare a celui des 
autres methodes equivalentes en ce qul concerne les 
specifications. 

Le defaut principal de la methode est l'etat de 
surface des barreaux en « peau d'orange ». Elle 
impose un usinage [34] conduisant a un rendement 
assez faible de 40% dans le cas de barreaux de 18 mm 
de diametre (mais qui croit rapidement avec le dia
metre du barreau). 

CONCLUSION 

Les proprietes de l'oxyde d'uranium sont assez bien 
connues aujourd'hui dans le contexte de l'emploi de 
ce materiau comme combustible nucleaire des reac
teurs de puissance refroidis par eau, qui connaissent 
dans certains pays un developpement important. 

Son application au cas des reacteurs refroidis par 
gaz implique un accroissement des performances. 
Les moyens mis en place en France pour n!pondre 
aux exigences de ce nouveau schema paraissent de 
nature a permettre Ia production d'un materiau de 
qualite. 

En ce qui concerne les alliages uranium-carbone, 
les connaissances acquises, bien qu'encore insuffi
santes, nous ont permis de definir les caracteristiques 
d'un « monocarbure » constituant un combustible 
satisfaisant, ainsi que ses conditions de fabrication 
et de manipulation. 
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A/59 France 

Recent developments in refractory fuels 

By A. Accary and R. Delmas 

The main part of the work carried out on ceramic 
fuels by the French Atomic Energy Commission in 
recent years has been in the direction of uranium 
dioxide and uranium-carbon alloys. 

Uranium dioxide is being studied with a view to its 
use as a fuel in the first core of the EL4 reactor, in 
which an integrated thermal conductivity of 29 W fern 
is expected at the hottest point with a surface tem
perature of about 750 °C. 

Efforts were concentrated on developing a process 
for preparing a dioxide powder of suitable charac
teristics and sintering it on the industrial scale, and 
on assessing the main properties of the material 
obtained in the light of the conditions under which it 
will be used. The properties studied were: 

(a) Microstructure and pore distribution; 
(b) Mechanical and thermal behaviour in cylin

drical form; 
(c) Control of excess oxygen in the industrial 

product; 
(d) Compatibility at high temperatures with oxides 

that may be used for thermal insulation; and 
(e) Behaviour of the gaseous fission products at 

high temperatures after or during irradiation. 
The aim in the case of uranium carbides was to 

determine the conditions of industrial manufacture of 
a suitable fuel with a composition close to that of 
uranium carbide (UC). 

This led the authors to undertake a series of basic 
research investigations into: 

(a) The region of existence of non-stoichiometric 
UC; 

(b) The influence of dissolved 0 and N on the 
properties of UC; 

(c) The compatibility of uranium-carbon alloys 
with the various metallic or ceramic materials used 
for the sheath; 

(d) The corrosion- of uranium-carbon alloys by 
H 20 and C02 ; 

(e) Methods of preparing samples of high purity; 
(f) In-pile irradiation devices for studying uranium

carbon alloys in the region of possible operating 
temperatures. 

Parallel with this basic research, attempts were 
made to work out a procedure for the fabrication of 
uranium-carbon alloys of composition very close to 
UC which, in industrial use, would give better tech
nical and economic results than existing methods 
(i.e., sintering or arc fusion). The new method is 
based on fusion by electronic bombardment and 
continuous casting. 

A/59 ttlpaH4Hf1 

nocneAHHe AOCTH>HeHHH B o6naCTH 
paapa60TKH TOnflHB, YCTOH4HBbiX npH 
B~COKHX TeMneparypax 

A. AKKapH, P. ,D,enbMa 

B rrocJie)J,Hne ro)J,hi ycuJIHH I\oMuccapuaTa rro 
aTOMHOii :mepruu B 06JiaCTJI KepaMJilieCKJIX TJIIIOB 
TOIIJIJIBa 6hiJIJI B OCHOBHOM HarrpaBJieHbl Ha H3y
l.JeHue iJ,BYOKJICeii ypaHa Jl ypaH-yrJiepoil,HhiX CIIJia
BOB. 

MayqeHue ABYOKncu ypaHa rrpoBO)J,HJIOCh c Qe
.llhiO ero JICIIOJih30BaHJIH B KaqecTBe TOIIJIJIBa )J,JIH 
nepooii aarpyaKu peaKTopa EL-4, B KoTopoii HHTe-
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rpaJihHaH TenJIOBO,!I,HOCTh COCTaBJIHeT 29 BTICM npH 

uau6oJihiiieii TeMnepaType ua nonepxuocTu oKoJio 

750° c. 
Oco6oe BHHMauue y,D,eJIHJIOCh paapa6oTKe Me

TOAa H3fOTOBJieHHH nopoiiiK006pa3HOH ,!I,BYOKHCU 

C nO,!I,XO,!I,H~HMU CBOHCTBaMH II CneKaHHIO 3'l'Of0 

nopOIIIKa, a TaKme OIJ.eHKe OCHOBHhiX CBOHCTB Ma

TepuaJia, noJiyqeuuoro c yqeToM ycJionnii ux nc

noJih30BaHHH: 

a) MHKpocTpyKTypa u pacnpe)J.eJieuue nop; 

b) MexaunqecKHe H TepMnqeCKHe CBOHCTBa B 

IJ.HJIHHApnqecKoii reoMeTpnu; 

C) 1\0HTpOJih 3a H36hi'fKOM 1\HCJIOpO)J.a B npo

MhiiiiJieHHhljX npOAYKT ax; 

d) COBMeCTHMOCTh npn BhiCOI<IIX TeMnepaTypaX 

C 01\HCHMH, HCnOJih3yeMhiMH I<ai< TenJIOH.30JIH-

TOphl; 

e) none)J.euue raaoo6pa3HhiX npOAYI<TOB )J.eJie

HHH npu BhiCOKOii TeMnepaType nOCJie HJIII B npo

u.ecce o6JiyqeHHH. 

B CJiyqae c I<ap6u,D,aMu ypaua Tpe6onaJioch yc

TaHOBHTh ycJioBnH npoMhiiiiJieuuoro naroTOBJieHnH 

TOnJIHBa, 6JIJt3I<OrO no COCTaBy I< UC. 8TO npuneJIO 

n Heo6XO)J.HMOCTH npoBeCTH Hei<OTOphie tPYH,D,a

MeHTaJihHhie HCCJie,D,OBaHHH, OTHOCH~UeCH I<: 

a) o6JiaCTH cy~ecTnonauuH HecTexuoMeTpuqe

ci<oro UC; 
b) noa,D,eiicTBHIO ::meMeHTOB 0 n N, paCTBopeH

HhiX B aToM MaTepuaJie, Ha cnoiicTna UC; 
c) COBMeCTHMOCTH ypaH-yrJiepO,!J,HhiX CnJiaBOB C 

pa3JIHqHhiMH MeTaJIJIUqeci<HMH HJIH I<epaMnqeCI<H

Mll MaTepuaJiaMu, HCnOJih3yeMhiMH B KaqeCTBe 

o6oJioqJ<n; 

d) Koppoann ypau-yrJiepo,D,HhiX cnJianon B H20 

u C02; 
e) MeTO,D,aM H3fOTOBJieHHH o6pa3IJ.OB BhiCOIWii 

qucTOTLI; 

f) YCTaHOBKaM ,!I,JIH 06JiyqeHHH B peai<TOpe, no-

3BOJIHIO~HM npoBO,!I,HTh HCCJie,D,OBaHHH 3THX MaTe

pua,JIOB B ,D,HanaaoHe ,D,OnyCTHMhiX TeMnepaTyp. 

0,D,HOBpeMeHHO C aTHMH tPYH,D,aMeHTaJILHhiMII 

HCCJJe,!I,OBaHHHMH aBTOphi CTpeMHJIHCh onpe,D,eJIHTh 

MeTO,!I,hl H3fOTOBJieHHH ypaH-yrJiepO)J.HhiX CllJiaBOB, 

no COCTaBy oqeHh 6JIJI3I<UX I< UC, ROTOphie npn

B('JIH 6LI n npou.ecce npoMhiiiiJieHuoro npuMeHe

nnH 1\ 6oJiee BhiCOKHM peayJILTaTaM, TO eCTh cne-

1\aHHe nJin ,D,yronaH nJiani<a. ITocJie,D,Hnii MeTOA 

OCHOBaH Ha nJiaBRe ::JJiei<TpOHHOH 6oM6ap,D,HpOB

I<OH II uenpephiBHOH pa3JIIfBI<e. 

A/59 Francia 

Recientes progresos en materia de com
bustibles refractarios 

por A. Accary y R. Delmas 

La labor realizada en estos ultimos afios en el 
Commissariat a renergie atomique en materia de 

combustibles cenimicos se ha concentrado sobre 
todo en el dioxido de uranio y en las aleaciones 
uranio-carbono. 

El dioxido de uranio se ha estudiado desde el 
punto de vista de su utilizacion como combustible 
para Ia primera carga del reactor EL4, en Ia cual se 
ha fijado en el punto mas cargado una conductibilidad 
termica integrada de 29 W fern, para una temperatura 
superficial del orden de 750 °C. 

Se ha procurado especialmente perfeccionar un 
procedimiento de preparacion de un polvo de dioxido 
dotado de caracteristicas satisfactorias, proyectar 
metodos industriales de sinterizacion del mismo 
polvo y evaluar las principales propiedades de los 
cuerpos obtenidos, teniendo en cuenta las condi
ciones de aplicacion previstas, por lo que respecta 
a los siguientes puntos: 

a) Aspecto microestructural y distribucion de los 
poros; 

b) Comportamiento mecanico y termico en geo
metria cilindrica; 

c) Regulacion del exceso de oxigeno en los pro
ductus industriales; 

d) Compatibilidad, a temperaturas elevadas, con 
los oxidos que se pueden utilizar como aislantes 
termicos; 

e) Comportamiento de los productos de fision 
gaseosos a temperaturas elevadas, despues de Ia 
irradiacion o durante Ia misma. 

En el caso de los carburos de uranio, el proposito 
del trabajo ha sido determinar las condiciones de 
produccion industrial de un combustible satisfactorio, 
de composicion proxima a la del UC teorico. A tal 
efecto, se han realizado varios estudios fundamen
tales sobre los siguientes temas: 

a) Intervalo de existencia del UC no estequio
metrico; 

b) Influencia que sobre este material ejercen los 
elementos 0 y N disueltos en el UC; 

c) Compatibilidad de las aleaciones uranio-carbono 
con los diferentes materiales de revestimiento· meta
licos o cerii.micos; 

d) Corrosion de las aleaciones uranio-carbono por 
acci6n del H20 y C02 ; 

e) Metodos de preparacion de muestras de alta 
pureza; 

f) Dispositivos de irradiacion dentro del reactor 
que permiten estudiar estos materiales en los inter
valos de temperatura de interes practico. 

Paralelamente a estos estudios fundamentales, los 
autores procuraron establecer un metodo de produc
cion de aleaciones uranio-carbono de composicion 
muy proxima a Ia del UC teorico que brinde, en su 
aplicacion industrial, resultados mas satisfactorios, 
desde el pun.to de vista tecnico y econ6micci, que los 
metodos actualmente empleados (a saber, Ia sinteri
zacion o Ia fusion por medio del arco electrico ). 
Dicho metodo se basa en una fusion por bombardeo 
electronico, combinada con una colada continua. 



P/154 United Kingdom 

Monocarbides as reactor fuels 

By L. E. Russell,* B. T. Bradbury,* H. J. Hedger,* N. Parkinson,** R. G. Sowden* 
and M. B. Waldron* 

This paper describes work leading to an evaluation 
of the monocarbides of U and U-Pu as reactor fuels. 
More effort has been devoted to the development 
of carbide fuels for fast reactors than for thermal 
reactors .since their notably high thermal conductivity 
can best be exploited in reactors of very high power 
rating. A fast reactor fuel is required to operate at 
a high heat rating to a very high burn-up; it should 
preferably use plutonium as the source of fissile 
atoms and the combination of reactor design and 
fuel material should give a high breeding ratio. 
The complexity of the preparation, fabrication and 
reprocessing routes must be related to the resultant 
irradiation behaviour since it is of little significance 
that a particular fuel can be fabricated easily if it 
will only withstand irradiation to a low burn-up. 

The monocarbides were selected for intensive study 
because of the need for high fissile atom density and 
the demonstrated superior compatibility of the 
stoichiometric compounds with potential canning 
alloys. For use as thermal reactor fuels another 
important requirement is compatibility with the 
gaseous or liquid coolant. 

PREPARATION 

Both UC and (U,Pu)C can be prepared from the 
metals by reaction with elemental carbon or with 
a gaseous hydrocarbon. Since the metal is normally 
prepared from the oxide by a process involving 
several stages, the attraction of proceeding directly 
from oxide to carbide is considerable, particularly 
for a Pu-containing fuel. Special attention has 
therefore been given to the reaction M0 2 + 3C--+ 
MC + 2CO. 

The U02-C reaction 

Studies have been made of this reaction in vacuum 
over the temperature range I 250-2 200 °C. The rate 
of reaction is first order with respect to oxide, up 
to about 95% conversion and the variation of the 
rate constants with temperature are summarized 
in Fig. 1. It is found that (a) loose powders react 
at a higher rate than pellets, (b) for pelleted reactants, 
the rate is independent of oxide and carbon particle 

* UKAEA, Atomic Energy Research Establishment, Harwell, 
Berkshire. 

** UKAEA, Dounreay Experimental Reactor Establishment, 
Thurso, Scotland. 

300 

size over considerable ranges (2-20fL and O.l-6fL 
respectively), and (c) coarse particles of oxide 
O~IOOfL) react very slowly with carbon. Thorough 
mixing is therefore important to avoid large agglome
rates of oxide. 

In practice it is difficult to avoid some form of 
compaction of the reactants and it is prudent to 
avoid deep beds of reactants from which the escape 
of CO is difficult. The relation between oxygen 
level and time of reaction for pelleted reactants under 
good pumping conditions is illustrated in Table I ; 

Table 1. Oxygen content of UC prepared from U02 
in vacuo at 1 450 oc 

Oxygen content Conversion 
Reaction (wt%) (wt%) 

time 
(h) From From 

Measured Fig. I Measured Fig. I 
(calc) (calc) 

1 ............. 0.45 0.53 96.2 95.5 
2 ············· 0.25 0.04 97.9 99.7 
4 ············· 0.13 <0.01 99.0 >99.9 

the last traces of oxygen are removed relatively 
slowly. Quenching the reaction at various stages has 
shown that the only important intermediate product 
is a material with a high lattice parameter (4.963A), 
resulting from a small content of dissolved oxygen. 
It is likely that the rate-controlling process is the 
diffusion of either oxygen or carbon through a 
layer of this oxycarbide. By careful control of ex
perimental conditions, high density UC spheres 
have been made directly from U0 2-C reacted at 
,., I 500 °C in vacuum before sintering at I 600 °C. 

The (U,Pu)02-C reaction 

When the Pu0 2 concentration is <30 mol% the 
reduction of (U,Pu)0 2 with carbon is similar to 
that of uo2, except that the rate is somewhat 
higher, an initial reduction to (U,Pu)0 2-x occurs 
and there is some loss of plutonium by evapora
tion. (U0 •5PUo.5)02 undergoes a complex reaction 
with the formation of more than one oxide phase as 
well as a sesquicarbide phase which is also a reaction 
intermediate. The use of mixed powders of U0 2 

and Pu0 2 rather than a solid solution can lead to 
the formation of sesquicarbides even at quite small 
concentrations of Pu02• However, this no longer 
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Figure 1. Arrhenius plot of first order rate constants for the reaction of U02-C mixtures 
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happens if the heating cycle is chosen to ensure that 
a solid solution is formed before reaction with 
carbon takes place. On the 150 g scale carbon contents 
close to 5 wt % were reproducible to ± 0.2 wt % 
and the oxygen content was between 0.1 and 0.35 wt %-

Loss of plutonium by evaporation 

The volatilisation of plutonium from (U,Pu)-C 
has been studied by the technique of free evaporation 
and collection on cold surfaces. Assuming that the 
volatile species is elemental Pu, an upper limit for 
the vapour pressure is given by 

105,000 
log Ppu (atm) = 5.47- 2.3RT(oK) (1) 

Gas transpiration experiments suggest values more 
than ten times greater than this. 

Reduction of oxides in a flowing inert gas 

To avoid high vacua and to render the M02-C 
process more amenable to continuous operation it is 
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desirable to remove CO in a stream of inert gas, e.g. 
argon. Longer reaction times and higher temperatures 
are required than for the vacuum process, but the 
reaction time should be reduced considerably if 
thorough mixing of CO and argon can be ensured. 
This can be achieved either in a spouting bed, in 
which M02-C granules contained in a conical-shaped 
reactor are continuously stirred by a flow of argon 
upwards from the apex, or in a moving bed reactor in 
which the reactants move counter-current to the gas. 

Estimates based on vapour pressure measurements 
indicate a Pu loss of < 1% with reaction temperatures 
< 1 600 °C. Under these conditions it is not essential 
to use a solid solution since mixtures of uo2 and 
Pu02 powders react with carbon in a static bed to 
give products in which the C content was controlled to 
± 0.05 wt%, with final oxygen contents of "" 0.2 wt%. 
The losses of Pu from batches of "" 50 g were 
< 1.2 wt% of the total Pu content when the operating 
temperature was .,;; 1 650 °C. 
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FABRICATION 

Several methods are available for the fabrication 
of carbides into fuel forms suitable for both fast and 
thermal reactor applications. Melting and casting 
processes can be used where long rods of very dense 
material are required; sintering and vibratory com
paction may be employed to produce fuel of slightly 
lower density. 

Sintering 

Cold pressing and sintering processes, which are 
particularly suited to the manufacture of cylindrical 
pieces whose length is less than their diameter and 
whose density is in the range 80-97% of theoretical, 
can easily be adapted for continuous operation in 
ever-safe geometry. Sintering is usually performed 
in the temperature range I 500-1 600 °C and wide 
variations in the sintering time or in the heating 
and cooling rates have no significant effect on the 
final product. The temperature required to produce 
(U,Pu)C of a given density falls progressively with 
increase of the PuC concentration, presumably 
because of the progressive decrease in melting point. 
However, the effect is not significant when the PuC 
concentration is <20%. 

Two critical factors in the sintering of these carbides 
are particle size and oxidation. Provided that the 
powder has a surface area in the range 0.5-3.0 m2/g, 
with a mean parficle size close to lfL, and that it is 
handled in atmospheres where the oxygen and 
moisture concentrations are each ,;;; 25 ppm, high 
density pellets can be produced. These normally 
lose no carbon during sintering and the over-all 
increase in oxygen content is <0.2 wt%. The sintering 
of particles appears to be inhibited by films resulting 
from exposure to high concentrations of moisture or 
oxygen; it is not affected by much larger concentra
tions of oxygen in the form of oxycarbides or in
completely reduced oxides. 

Sintering atmospheres 

Two favoured atmospheres for sintering are argon 
and vacuum. The use of argon presents no compli
cations provided that oxidation of the carbide 
powders prior to sintering is avoided. Vacuum 
sintering is also effective provided that the concentra
tion of PuC is >25 mol%, otherwise it is difficult 
to attain high density and the product is also suscep
tible to quite large composition changes resulting 
from the loss of carbon and oxygen. 

The difficulty of sintering U-C and UC-rich mixed 
carbides in vacuum can readily be overcome by the 
addition of 0.2-0.5 wt% Ni as a micron-size powder. 
This not only ensures the production of high density 
pellets but also appears to suppress those reactions 
which lead to the loss of carbon and oxygen. Much 
of the nickel volatilises during sintering and only 
10-20% remains. 

With argon sintering, the extent to which gas
forming reactions proceed is determined by the 
amount of oxidation experienced by the powders 
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and by their original carbon content. With powders 
which are hypostoichiometric with respect to carbon 
it is possible for substantial oxygen concentrations 
to be found in the final pellets as oxycarbides, without 
any significant loss of weight or change in carbon 
content during sintering. In the case of oxidised 
hyperstoichiometric carbides (>4.8 wt% C), however, 
the reaction between oxide and carbide leads to a 
decrease in the oxygen and carbon contents as a 
result of the formation and loss of CO. 

Adjustment of carbon content 

It is thus possible to produce, by sintering, fuel 
pellets which have a composition identiCal, as far as 
present analytical techniques can determine, with 
the powder from which the pellets are pressed. 
However, there exist two techniques which may be 
used to correct possible compositional variations in 
the feed material. 

(a) The higher carbides of U and U-Pu can be 
readily reduced to the monocarbide or single phase 
oxycarbide by heat treatment in hydrogen at 1 000 °C. 
This process, which is probably diffusion-controlled, 
could be satisfactorily applied to fine powders whioh 
had been deliberately made to a carbon-rich com
position (assuming that the desired product is single 
pbase monocarbide ). There is also the possibility 
that the sintering operation could be carried out in 
hydrogen since it is possible to achieve single phase 
compositions simultaneously with sintering to high 
density. 

(b) Powders of different compositions may be 
blended in proportions such that the blend has the 
composition desired in the final pellets. With crushed 
arc melted materials, it has been shown that when 
the particle sizes are correct the use of blended 
powders can result in high density homogeneous 
pellets of the correct composition. Blends of U-C 
with small amounts of Zr-C or W-C behave similarly 
and sinter to high densities under the same conditions 
that are required to produce high density U-C or 
(U,Pu)-C. 

Vibratory compaction 

Fuel pieces of less than theoretical density (TD) 
can be fabricated by vibratory compaction. Arc 
melted buttons or plunge sintered pellets of UC have 
been crushed and mixtures of three size fractions have 
been compacted to 90% TD. The small proportion 
of large particles in the coarse fraction appears ·tQ 

create local disturbances in the powders at the low 
frequency range of vibration, thereby providing 
paths along which the smaller particles can migrate. 
Densities up to 93% TD are obtainable using suitable 
combinations of feed material and compacting 
conditions which . produce further breakdown of 
some particles. 

Irradiation test pins of (U0 •85Puu5)-4.9 wt% C 
have been compacted into 20 inch fuel lengths of 
78-80% TD using crushed arc melted buttons. 
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Melting 

Melting methods are attractive because they can 
accept incompletely reduced oxides as feed material, 
they avoid the high purity handling atmospheres 
required in the sintering process and they produce 
relatively long dense shapes. Although drop casting 
and electron beam techniques have also been studied 
most work has been done on skull melting because 
it appears to have greater immediate potentialities 
for fuel production. 

Dropcasting 

Dropcast cylinders up to 2 in long and 3/ 8 in diam 
have been made in both UC and (U,Pu)C for irra
diation and other experimental purposes but the 
method is probably unsuitable for large-scale 
operation. 

Electron beam melting 

Electron beam melting of carbides has been 
achieved on an experimental scale using a 60 kW 
triple beam unit incorporating a water cooled crucible 
which can be spun at speeds up to 700 rpm. A molten 
pool is built up progressively from 300 g to I kg by 
feeding granules and this is finally spun to produce 
6 simultaneous castings of 0.4 in diam. 

Skull melting 

Skull melting has been used for UC and (U,Pu)C 
preparation on the 600 g scale by the Durville method. 
A graphite electrode, having an axial hole treated 
with CsCl to focus the arc and reduce arc instability 
due to spatter on to the electrode, was employed. 

With a continuously variable 2 200 A power source 
for a total melting time of 4 min, of which approxi
mately 5 seconds is at full power, ingots are produced 
within ± 0.07 wt% C of the intended composition~ 
carbon changes on melting being negligible and 
plutonium losses <1% of the total present. The 
cast carbide has relatively fine equiaxed grains, 
"" 100(1., and a good surface finish, although occasional 
blemishes about 0.002 in deep are found. The ingots 
have slight central porosity and are virtually free 
from cracks when the melts are poured into static 
copper moulds lined with graphite sleeves, 0.25 in 
diam and up to 2 in long. Increasing the diameter 
assists the production of sound ingots. With·a slightly 
larger furnace and a 2% kg skull, and using a 3 000 A 
supply which could only be varied discontinuously, 
sound castings in the range %,-1 in diam have been 
produced. 

Satisfactory feed materials include premelted ura
nium and graphite, and carbothermically reduced 
oxide spheroids. The carbide spheroids, which had 
oxygen concentrations ..;;0.125 wt%, melted without 
difficulty to give material containing <0.010 wt% 0 2• 

Preliminary experiments indicate that samples con
taining l wt% 0 2 can be melted with consequent 
reduction to <0.1 wt% if a flow of argon is main
tained through the furnace to prevent the build up 
of a partial pressure of CO. The amount of the 
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skull which could be poured varied between 30 and 
75%, the best results being obtained with spheroids. 

Centrifugal casting has been used for small diameter 
ingots to increase the yield of sound material per 
cast since a limiting length/diameter ratio of 8 seems 
to be necessary to avoid cracking under these condi
tions. The molten carbide was poured from a tilted 
skull on to a centrifugal impeller equipped with 
tangential graphite-lined moulds. A six fold increase 
in yield of sound UC bars was obtained with this 
method but with (U0 •85Pu0 •15)-C there was an in
creased tendency to central porosity and associated 
bt:ittleness. It is believed that this is due to a greater 
quenching action with centrifugal flow, as indicated 
by a significantly finer grain size (- 50(1.), than with 
Durville casting. It is expected that modification of 
the mould design will overcome this tendency. 

Cemented carbides 

Skull melting has also been applied to cemented 
carbides. The existence of a eutectic in systems such 
as UC-Fe produces structures in which UC dendrites, 
"" 20(1. across, are surrounded by a more ductile 
matrix of the eutectic composition. Sound castings 
of UC-10 wt% Fe and (U,Pu)C-Fe alloys have been 
readily produced and these have proved to be more 
crack resistant than UC or (U,Pu)C. Typical properties 
of these materials are described later. The low melting 
point, I 000-1 100 °C, of these alloys poses problems 
in their use as nuclear fuels but the substitution of 
more refractory metals for iron may enable the 
desirable properties to be obtained without this 
disadvantage. 

PHASE DIAGRAMS 

Phase diagrams of systems involving the carbides 
are helpful in understanding the effects of variations 
in composition on the stability of fuel and on possible 
reactions between the fuel and its canning material. 

A carbide fuel prepared by sintering, particularly 
of carbon reduced U 0 2, is likely to contain appreciable 
amounts of oxygen, and yet be free of U0 2• Oxygen 
can replace carbon in the UC lattice; in the presence 
of UC 2, up to ""0.3 wt% and in the presence of 
uranium, up to "" 2.2 wt%, will dissolve. The addition 
of plutonium increases the limit of replacement 
both in carbon-deficient and in carbon-rich systems. 
These findings are' generally in agreement with 
those of French workers [1, 2]. 

Studies of the U-Pu-C system in the region between 
50 and 60 at.% C show the sesquicarbides to be 
mutually soluble, with the lattice parameters of the 
solid solutions following Vegard's Law. Plutonium 
is uniformly distributed between the monocarbide and 
sesquicarbide phases, but arc melted alloys show 
some segregation which can only be removed by a 
high temperature anneal, e.g. 5 hours at I 800 °C for 
(U0 •6Pu0•4)-C. The most marked effect of Pu is the 
effective stabilization of the sesquicarbide phase; 
sections of the ternary system incorporating these 
findings, together with those on the liquidus tern-
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peratures, have been proposed. The stabilization of 
sesquicarbide by plutonium has also been noted in 
oxygen containing material. 

Improved control of composition has resulted 
in the possibility of specifying a single phase alloy 
as a fuel and hence a knowledge of the properties 
of stoichiometric (U,Pu)C is of great interest. Contrary 
to what might be expected from the work of 
Pascard [3], and of Rosen [4], it has been found that 
the lattice parameters of the monocarbide solutions, 
prepared by annealing arc melted specimens at 
I 800 °C, vary linearly with composition, at least 
between UC and (U0 •4Pu0 •6)C. 

The U-C-Fe [5, 6], U-C-Ni and U-C-Cr [5, 6, 7], 
Pu-C-Fe and U-Pu-C-Fe systems were investigated 
to provide a basic background to the compatibility 
studies of carbides with steels. The low melting 
point eutectics found in the U-C-M systems indicated 
the possibility of metal bonded carbides. Nickel has 
been shown to be incompatible with the carbides at 
equilibrium, and it was observed that whilst Fe 
and Cr are compatible with UC, Fe-Cr solid solutions 
containing "" 8 - 98.5 wt% Cr react to form UFe 2 
and Cr23C6• With stainless steel, Fe-Ni or Fe-Cr 
eutetics melting at "" I 000 °C can be formed. The 
ternary compounds UFeC 2, UCrC 2 and U3Cr2C8 

(approx. composition) were detected. 
Although replacement of < 30% of the U by Pu 

has relatively little effect on the U-C-Fe system, the 
Pu-C-Fe system is influenced by the low stability 
of PuC, eliminating a monocarbide-metal tie line 
in this system. A further point of difference is the 
existence of Pu3C4Fe5 in addition to PuFeC 2• 

PROPERTIES 
Thermal properties 

The mean coefficient of expansion of sintered and 
of arc melted U-C and (U0 .85Pu0•15)-C, determined 
dilatometrically, is 11.2 ± 0. 5 x I 0-6 f°C (25-1 000 oq. 
Expansion is not significantly affected by the method 
of manufacture and, providing free metal is absent, 
by variation of the carbon or oxygen contents. 

The thermal conductivity (k) of UC lies in the range 
0.05-0.065 calfs cm2 °C up to at least I 200 °C. 
Enhanced thermal diffusivity values have been 
obtained at higher temperatures for hypostoichio
metric alloys, but these do not necessarily result from 
higher k values [8]. Carbon contents of 4.8-5.4 wt% 
and oxygen contents <0.2 wt%, have a minor 
effect on k at high temperatures [8] and at room 
temperature. The thermal conductivity of PuC1-x 

at 70 °C is between 0.015 and 0.02 calfs cm2 °C, in 
solution this markedly reduces kuc to 0.040 calfs 
cm2 °C in (U0•85U0 .15)C; recent work has shown 
that the temperature coefficient of k for (U,Pu)-C 
alloys is positive [9]. The inclusion of 10 wt% Fe in 
arc melted compositions raised k by about 20% 
at 70 °C. 

The thermal shock resistance of U-C is much 
superior to that of uo2. 
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Mechanical properties 

Some mechanical properties of various potential 
carbide fuels are compared with those of uo2 in 
Table 2. The room temperature properties are 

Table 2. Mechanical properties of some carbides and 
cermets 

Compressive Hardness (DPN) 

Composition 
strength 

(tsi) Room 
temp. soo •c 900 •c 

uc2 ·········· ........ 40-90 
U-5.1 wt% C . ······· .. 10-30 
U-4.6 wt% C ........... 30-60 
U-5.5C-5W (wt%) ....... 150 
UC-lOwt% Fe ........ 95- 115 
U-13.3 Pu-4. 72C (wt%) .. 62-92 
U-13.8 Pu-4.72C (wt%) .. 
U-13.3 Pu-4.38C-9.3Fe 

(wt%) ............... 
UOs.oo" ................ 60-80 

• Sintered material (10.6-10.7 gfcm3). 

b soo •c. 

450 290 180 
680 490 320 
750 500 90b 

1200 
620 350 120 
635 195 55 
630 200 60 

615 250 110 
750 200 120 

improved by the presence of Fe or metallic U, but 
these metals generally have deleterious effects at 
higher temperatures, though Fe may give some 
advantages up to 900 °C. Above l 000 °C, materials 
free from the metallic phase are strongest in com
pression, but alloys of high carbon content are weak 
relative to stoichiometric UC. The results of com
pression creep tests [10] made at about I 400 °C 
are summarized in Fig. 2 in which the effect of U 
and excess C can be clearly seen. A most significant 
discovery is that tungsten, in amounts <I wt%, 
reduces the secondary creep rate, of otherwise similar 
U-C specimens, by a factor of 50-100. 
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Figure 2. Effect of carbon and tungsten content on creep of U-C 
(4.9 wt% C unless specified) 
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Carbide fuel fabrication and performance 

By H. Pearlman* and R. F. Dickerson** 

Significant effort in the United States on developing 
uranium carbide as a reactor fuel started in 1958 [I, 2]. 
Through the support of the USAEC, and more 
recently the ESADA *** group, uranium carbide 
technology has been brought to the point of practical 
demonstration in operating power reactors. The 
first electricity from fission in uranium carbide was 
generated in June 1963, when two full-length elements 
were placed in Core II of the sodium reactor experi
ment (SRE). This was followed in September 1963 
by the insertion of ten full-size carbide elements 
in the first core loading of the Hallam nuclear power 
facility (HNPF). In both of these sodium-cooled, 
graphite-moderated reactors, the carbide fuel element 
performance has been entirely satisfactory. 

It is the binary U-C system that has been of greatest 
interest, although compositions of uranium carbide 
with other constituents have also been studied and 
continue to be of importance. 

PROPERTIES OF THE URANIUM-CARBON SYSTEM 

Three compounds are recognized in the system: 
UC, U 2C3, and UC2• Some properties of UC are 
compared in Table I with those of U02 and uranium 
metal. A portion of the uranium-carbon phase dia
gram is shown in Fig. I based on [4] with some later 
additions. The isotropic properties of its cubic 
structure, the high density, high thermal conductivity 

• Atomics International, Canoga Park, California. 
•• Battelle Memorial Institute, Columbus, Ohio. 
••• ESADA: Empire State Atomic Development Associates, 

an association of private utility companies in New York. 

and low parasitic neutron absorption initially at
tracted attention to UC. Most experience has been 
gained, however, with compositions having slightly 
less carbon (hypo-UC) or slightly more (hyper-UC) 
than the 50 at.% carbon in stoichiometric UC. The 
photomicrographs (Fig. I) are typical of poly
crystalline material which has been arc-melted and 
cast. The two-phase hypo-UC at 4.6 wt% C consists 
of grains of monocarbide, with uranium metal 
principally in the grain boundaries but also finely 
dispersed within the grains. The dispersion reflects 
the high temperature solubility of U in UC [5]. 
Below about 4.3 wt% C, the U phase in the grain 
boundaries approaches a continuous network. The 
two-phase hyper-UC structure at 5.0 wt% C shows 
UC2 platelets arranged in a Widmanstiitten pattern 
within the UC grains. The heavy arrows within the 
diagram indicate fuel compositions and operating 
temperatures in three different reactors: the 81 
MW(e) HNPF; and the projected I 000 MW(e) 
large sodium graphite reactor (LSGR) and ~200 
MW(e) LSGR prototype [6]. 

UN and UC are isomorphous. There is also evidence 
that solid solutions of U(C,N,O) exist, in which 0 
and N replace C in the UC lattice [7, 8]. Thus, a 
system containing less than 50 at.% C may show the 
UC 2-platelet structure typical of hyper-UC, if the 
0 and N concentrations are high enough. Such 
material would also demonstrate compatibility be
havior characteristic of hyper-UC (see below). 

The thermal conductivity of arc-cast carbide shows 
little dependence on carbon content or temperature. 

Table 1. U, U02 and UC properties comparisona 

Umetal uo. uc 

U density (g/cm8) 19.1 9.6 12.97 

Crystal structures (transitions, °C) Orthorhombic Fcc (CaF2 type) Fcc (NaC1 type) 
Tetrag. (657) 
Bee (767) No transitions No transitions 

Crystal density (g/cm8) Ortho. 19.12 10.97 13.63 
Tetrag. 18.11 
Bee 18.06 

Melting pt. (0 C) 1 133 2 750 2 560 [3] 

Thermal cond., (W/cm-0 C), at 0.27 at 100 O.o75 at 100 0.23, 100 to 700 
temp. (0 C) 0.34 at 400 0.053 at 400 

0.44 at 700 0.033 at 700 

• Based on standard sources, and on private communications from H. Deem, BMI, except where noted. 
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Clf ypaHa C HapyiRHbiM Jl:HaMeTpOM 1,27 CM B o6o

JIO'!Ke 113 ~llpKaJIOH-2 pa6oTaJIJI npn TeiiJIOBOM 

IIOTOKe 38 MJIH. l'i,IW.Il/M2 • lJ IIpH MaKCHMaJibHOM 

Bhiropamm oKOJio 3 · 1020 8e.llenuii/cM3• B aoHax 

MaKCJIMaJibHOrO TellJIOBbiJl:eJieHHH IIJiaBJITCH OKO

JIO 70% Jl:BYOKHCJI ypaHa, O,n:HaKo HHKaKHX IIpH-

3HaKOB paapyrneHHH 060JIO'IKII He Ha6JIIo,n:aJIOCb 

BCJieP,CTBJie Jl:OCTaTO'IHOrO ypoBHH TeiiJIOC'heMa B 

TeiiJIOHOCHTeJie. 

A/233 Estados Unidos de America 

Fabricaci6n y funcionamiento de combustibles 
de 6xido 

por S. Naymark y C. Spalaris 

En los ultimos cinco aiios se han abordado 
sistematicamente en los Estados Unidos, los proble
mas de proyecto, desarrollo de fabricacion y realiza
cion de ensayos de funcionamiento de combustibles 
tipo oxido de uranio, principalmente para reactores 
de agua y vapor. Se ha realizado un basico esfuerzo 
en Ia determinacion de propiedades mecanicas y 
fisicas y resistencia a Ia corrosion de los componentes 
individuates de los elementos combustibles, bajo 
condiciones ambientales de irradiacion y refrigera
cion. Simultaneamente Ia profusion de los ensayos 
en pila en diferentes condiciones termicas y de 
duracion han proporcionado importantes datos de 
operacion y desde el punto de vista de ingenieria 
sobre muchos tipos de combustibles. Estos datos 
proporcionan una segura evaluacion cuantitativa de 
los combustibles a base de oxidos con vistas a su 
aplicacion en centrales de potencia de tipo econo
mico. En todos los estudios emprendidos, la informa
cion sobre el funcionamiento del combustible, fue 
precedida por el desarrollo de tecnicas de fabricacion 
adecuadas a geometrias especificas del elemento. 
En general, las tecnicas de fabricaci6n se orientaron 
bacia un incremento del rendimiento termico, aumento 
de la vida media de un nucleo dado, disminucion 
de la absorcion parasita de neutrones y reduccion 
de costes de fabricacion. 

Los procesos de fabricacion abarcan tanto los 
combustibles de tipo cenimico en forma de pastillas 
sinterizadas (de 93-97% de densidad teorica) como 
en forma de polvo compactado a alta densidad, 
bien por simple compactado vibratorio (83-89% D.T.) 
o bien con posterior forjado enfrio (92% D.T.) o en 
caliente (94% D.T.). Entre los materiales de vaina 

empleados para reactores de agua o vapor estan 
las aleaciones de zirconio, aceros inoxidables austeni
ticos y mas recientemente aleaciones de niquel. 

El numero de elementos combustibles que se han 
irradiado a grados maximos de quemado compren
didos entre 35 X 1020 fisionesfcm3 y a valores maxi
mos de ftujo termico basta 700 000 Btufh ft2, ha sido 
suficiente para tener un significado estadistico. Los 
estudios se han realizado bajo condiciones ambien
tales de agua y vapor en el intervalo de temperatura 
de operacion de 550-650 °F, y tambien en vapor 
sobrecalentado en el intervalo de temperaturas de 
Ia vaina de 1 200-1 300 op. 

Los combustibles de oxido de uranio envainados 
en Zircaloy-2 han demostrado en general un com
portamiento favorable en las condiciones seiialadas. 
Los alentadores resultados previos obtenidos con 
Incoloy como material de vaina en vapor sobre
calentado han dado Iugar a que se haya despertado 
tambien el interes sobre este material para vapor a 
temperatura mas baja. 

El combustible envainado en acero inoxidable 
austenitico (18% Cr-8% Ni) en condiciones extremas 
de funcionamiento, presento algunos fallos en ensayos 
en pila, despues de unos 1,6 a 3, 7 x 1020 fisionesfcm3 

de pico maximo de quemado. El ataque del metal fue 
de tipo intergranular y se produjo tanto en estado 
no sensibilizado (agua refrigerante) como en condi
ciones de sensibilizacion (vapor sobrecalentado). Se 
formaron grietas en las zonas de alta potencia, indi
cando una dependencia de las tensiones y del medio 
de trabajo. 

Otros dos importantes hechos se han puesto de 
manifiesto respecto al funcionamiento de los com
bustibles. 

Los defectos de la vaina provocados y los produ
cidos en servicio, que exponen al U02 a la accion 
del refrigerante, han mostrado que la contaminaci6n 
por escape de radiactividad al circuito refrigerante 
es menor que la que en un principio se habia pensado. 
Una vez extraido el elemento defectuoso parece que 
es depreciable la actividad residual transportada 
por el refrigerante. 

Algunos de los combustibles de oxido de uranio 
envainados en Zr-2 de 0,5 in de D.E. han estado 
operando en ftujos termicos de 1 400 000 Btu/h ff' 
basta cerca de 3 x 1020 fisionesfcm3 de quemado 
maximo. Nose observa deterioro alguno de la vaina, 
siempre que se mantenga una adecuada renovacion 
termica en el refrigerante, incluso con el 70% del U02 

fundido, en las zonas de ftujo termico maximo. 
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290-395 °C (550-650 °F), et aussi dans Ia vapeur sur
chauffee avec des temperatures de gaines de 650 
a 705 oc (1 200 a. 1 300 °F). 

L'oxyde gaine de Zircaloy-2 s'est generalement bien 
comporte dans ces conditions. Les premiers resultats 
obtenus avec l'Incoloy comme materiau de gainage 
pour Ia surchauffe ont ete encourageants et ont suscite 
un certain interet pour ce materiau pour Ia vapeur 
a plus basse temperature. 

Le combustible gaine en acier inoxydable 18% Cr-
8% Ni austenitique dans des conditions poussees, a 
subi quelques incidents au cours d'essais avec des 
taux de combustion maximaux de 1,6 a 3,7 X 1020 

fissions/ems. L'attaque du metal a ete de nature 
intergranulaire, le materiau etant soit passive (dans 
l'eau), soit reactif (dans Ia vapeur surchauffee). II y a 
eu rupture dans les regions de flux thermique maximal, 
ce qui indique Ia presence de contraintes et Ia sensi
bilite a l'environnement. 

Deux autres tendances importantes dans le fonc
tionnement du combustible ont ete mises en evidence: 
les defauts provoques ou dus au fonctionnement du 
gainage, exposant l'U02 au refrigerant, provoquent 
dans le refrigerant !'apparition d'une radioactivite 
beaucoup plus faible que l'on ne s'y attendait. Une 
fois l'element fautif retire, il semble ne rester dans le 
refrigerant qu'une activite negligeable; des elements 
en oxyde d'uranium gaine de Zr-2 de 1,25 em de 
diametre exterieur (0,5 pouce) ont fonctionne a des 
flux thermiques d'environ 380 000 cal/h cm2 (l 400 000 
Btu/h pied carre) pour un taux de combustion de 
3 x 1020 fissions/ems. Avec environ 70% de l'U02 

fondu aux endroits de puissance thermique maximale, 
il n'y a aucun indice de deterioration du gainage tant 
qu'il y a echange de chaleur convenable dans le 
refrigerant. 

A/233 CWA 

~3fOTOBneHHe H CBOHCTBa OKHCHOrO 
TonnHBa 

W. HeHMapK, K. H. CnanapHc 

3a nocJiep,mte IIHTb JieT B CIIlA nponop,IIJIJ1Cb 

CHCTCMaTIPICCKifC HCCJICP,OBaHHH IIO COCTaBJICHHIO, 

Il3fOTOBJICHHIO H UCIIbiTaHHIO pa3HbiX BHP,OB OKIIC

HOfO TOIIJIUBa TIIIIa OKHCH ypaHa. 0CHOBHhiC ycn

JJIIH 6LIJJn nanpanJJeHLI ua onpep,eJJenue cpnall'Je

CKnx, MeXaHUlJCCKHX H KOpp03HOHHbiX CBOHCTB 

OTP,CJibHhiX COCTaBJJHIOIQliX 3TOfO TOIIJiliBa KaK IIpU 

o6JiylJCHUH, Tal\ II B YCJIOBIIHX B03P,CHCTBIIH TCII

JIOHOCHTCJIH. llop,po6HLie BHYTPliPCai\TOpHLie nc

cJiep,onaHHH IIpii pa3HhiX TCIIJIOBhiX pe/1\IIMaX l1 

paanoi1 AJIHTCJILHOCTII KaMnaHllll peaKTopa p,ami 

B03MOII\HOCTh IIOJIYlfliTb MHOfO TCXHUlJCCKliX P,aH

HbiX no paaJilllJHhiM BliP,aM TOIIJIHBa. aTII p,aHHhie 

A810T Hap,emHyiO KOJilllJCCTBCHHYIO OIICHKY OI\IIC

IILIX TOIIJIIIB, npep,uaaHalJCHHbiX P,JIH 31\0HOMlllJHO

ro liCIIOJib30BaHIIH H peaKTopax aTOMHbiX 3Jlei{

TpOCTaHn;IIi:f. Bo ncex nponep,eHHMx nccJJep,onamt

HX li3YlJCHliC CBOHCTB TOIIJiliBa IIpCAIIICCTBOBaJIO 

paapa60TKC npon;eCCOB H3f0TOBJICHHH TOIIJIIIBU 

crren;HaJJbHoii reoMeTpHII. Boo6IQe paapa6oTKa Me

TOilOB II3fOTOBJJCHHH TOITJJHBa IIpCCJJCJIOBa.rra IICJJh 

JIOBhiiiiCHIIH TCITJJOBOfO 1\. II. JJ:., YBCJJIIlJCHIIH CpOKa 

CJJym6hl TOIIJJIIBHOI'O CTCp/1\HH, yMCHhiiiCHIIH IIapa-

3liTHOfO norJIOIQCHliH ueiiTpouon li coKpaiiieHHH 

aaTpaT Ha H3fOTOBJJCHJIC. 

]{ MCTOP,UM H3rOTOBJICHliH TOTIJiliBa OTHOCHTCH 

JJ3fOTOBJJCHJIC rpaHyJJIIpOBUHHOfO TOTIJiliBa (93-

97% TeopeTlllJCCKOH TIJIOTHOCTII), npeCCOBUIIIIC 110-

poiiiKa AO BbiCOKOH IIJIOTHOCTH, BI16pan;HOHHO 

YTIJIOTHCHHOrO (AO 83-89% TeopeTlllJCCKOM IIJIOT

HOCTH), Jin6o C IJOCJJCAYIOIQCH XOJJOi'J:HOii (AO 92% 

TeopeTIIlJCCKOH IIJIOTHOCTII) HJIII ropHlJCH (AO 94% 

TeopeTHlfecKoi1 TIJIOTHOCTH) o6pa6oTKoi1. B KalJe

CTBe MaTepHaJIOB o60JIOlJKH P,JIH BOP,HOrO HJIII na

pOBOrO IIpnMeneHHH HcnoJIL3YIOTCH cnJiaBM IIIIP-

1\0HHH, ayCTCHIITHhlC HepmaBCIOIQHC CTUJIII H CIIJia

Dbl HHI\CJIH. 

CTaTHCTIIlfecRIIe HCcJie::~onannH noKaaLmaroT, 

~ITO 3HUlJHTCJibHOe KOJIHlJCCTBO TCTIJIOBhiACJIHIOIQHX: 

3JICMCHTOB 6biJJO 06JiylJeHO AO MUKCIIMaJibHOrO Dbi

ropaHHH 35 • 1020 iJe.JleHUU/CM3 Hpll MaKCIIMUJib

HbJX 3HUlJCHJIHX TCTIJIOBOrO TIOTOKa AO 

321 000 KIW.!t/M2 ·'I • °C. MccJieAOBaJIIICb KaK BOll

uaH, TaK 11 naponaH cpep,a (npn TeMnepaType oT 

287 p,o 343° C), a TaKme cpep,a neperpeToro napa 

npu TeMnepaType 649-704° C. 

OKIICHoe TOTIJIIIBO B o6oJIOlJKe 113 n;npKaJioH-2 n 

yKaaaHHLIX ycJioBnHx npiiMeueunH o6JJa::~aeT B o6-

IQeM XOpOIIIliMU xapaKTCpHCTJIKaMH. llOJIYlfCHbl 

TaKme nepBLie 6JiaronpH1!THLie npep,BapnTeJibHhle 

peayJILTaTbl IIO liCIIOJib30BaHHIO CTIJiaBa liHKOJJOH 

B KalJCCTBe MaTepnaJia 060JIOlJKH TOTIJIHBa, pa6o

TaiOIIICfO B ycJioBnHx neperpena, 3To BLianaJio nn

Tepec K ero npiiMeueunro n cpep,e napa 6oJiee uua

Koi1 TeMnepaTypLI. 

TonJIHBo B o6oJIOlJKe na nepmaneiOIQei1 aycTe

HHTnoi1 CTaJIH (18% Cr, 8% Ni), HCTibiTannoe 

npn pa6oTe nuyTpH peaKTopa nop, narpyaKoi1 npH 

MaKCHMaJibHOM DbirOpaHIIH OT 1,6 P,O 3,7 • 1020 iJe

.!teHUU/CM3, o6Jiap,aeT TCHACHD;HCH I\ paapyiiieHHIO. 

MeTa~JI KaK B necencn6HJIH3HpoBaHHLIX (npH 

BOP,HOM TCTIJIOHOCHTCJIC), Tal\ II B CCHCH6JIJIH311pO

BaHHbiX ycJIOBHHX ( c neperpeTbiM II a poM) nop,

nepraJICH MemKp11CTaJIJIHTHoi1 Koppoa1111. PacTpec

KHBaHHe OTMClJaJIOCb B 30HaX MaKCIIMaJibHOrO 

TCTIJIODbiP,CJICHHH, yKa3LIBaH Ha aaBIICHMOCTh Ta

KIIX TIOBpemp,eHHH OT nanpH/1\CHIIH H OT YCJIOBHH 

oKpymaiOIQei1 cpep,bi. 

0TMelfaiOTCH TaKme p,Be p,pyr11e Ba/1\Hbie oco-

6euuocTH TOTIJIHBa. ,lJ;ecpeKTbl B o6oJIOlJKC, KaK 

npoHciiiep,IIIMe B xop,e :mcnJiyaTan;HH, TaK n npn

•mueHHLie HaMepeHHO, B peayJibTaTe KOTOpbiX 

ABYOKHCb ypaua TIOP,BepraeTCH npHMOMy KOHTaR

TY C OKpymaiOIQCH cpep,oi:f, HBJIHIOTCH npHlJHHOJI 

yTelJKII pap,noaKTHBHOCTH B TCTIJIOHOCIITCJIL, op,
IIaKo 3arpH3IICHHC TCTIJIOHOCHTCJIH OKa3biBaCTCH 

3HalJHTCJibHO MCHbiiiHM, lJCM npep,noJiaraJIOCb. llo

CJIC YAaJieHIIH p,ecpeKTHoro TenJioBLIACJIHIOIQero 

;)JICMCHTa B TCTIJIOHOCHTCJie, OlJCBUP,HO, OCTaCTCH 

CaMOC MIJHUMaJibHOC KOJIIIlJCCTBO paP,IIOaKTIIBHO

CTII. HeKoTopLie TOIIJIIIBHLie cTepmHII na OKII-
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ABSTRACT -RESU M E-AH HOT A Ulll.s:t-RESU MEN 

A/233 ~tats-Unis d'Amerique 

Fabrication et performance des combustibles 
a oxydes 
par S. Naymark et C. N. Spalaris 

On a cherche systematiquement aux Etats-Unis, au 
COUTS des cinq dernieres annees, a definir les formules, 
mettre au point la fabrication, et essayer en fonction
nement les combustibles d'oxyde d'uranium essentiel
lement pour les reacteurs a eau et a vapeur. L'effort 
fondamental a porte sur la determination des pro
prietes physiques, mecaniques et de corrosion sous 
irradiation et dans les conditions creees par le milieu 
refrigerant pour les divers composants du combus
tible. En meme temps, les essais en pile dans diffe
rentes conditions thermiques et operationnelles ont 
fourni nombre de donnees sur le fonctionnement et 
la valeur mecanique de nombreux types de combus
tibles. Ces donnees permettent d'evaluer avec con
fiance et de facon quantitative les oxydes combustibles 
destines a des centrales economiques. Dans toutes les 

recherches, l'etude du fonctionnement du combustible 
a suivi la mise au point de techniques de fabrication 
adaptees a des geometries specifiques. En general, les 
techniques de fabrication avaient pour but d'augmenter 
Ia puissance thermique et Ia duree de vie d'un creur 
donne, de reduire au minimum !'absorption parasite 
de neutrons, et de reduire le cout de la fabrication. 

Les procedes de fabrication comprennent le com
bustible en pastilles ceramiques (93-97% de Ia densite 
theorique) et Ia poudre a compacter de haute densite, 
que l'on peut compacter par vibration (83-89% DT) 
ou par travail a froid Uusqu'a 92% DT) ou a chaud 
Uusqu'a 94% DT). Les gainages utilises pour l'eau et 
pour Ia vapeur comprennent les alliages du zirconium, 
les aciers inoxydables austenitiques, et, plus recem
ment, les alliages de nickel. . 

On a irradie des nombres statistiquement signifi
catifs d'elements combustibles jusqu'a des taux de 
combustion maximaux de 35 X 1020 fissionsfcm3

, a 
des flux thermiques maximaux de 190 000 cal/h cm2 

(700 000 Btu/h pied carre). On a travaille dans l'eau 
et la vapeur dans le domaine de temperatures de 
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Table 9. Irradiation results from superheat fuel 

Fuel cladding 
Peak 

heat flux 
(Btu/h ft') 

Annular fuel 1.25 in od, 0.75 in id, 0.028 in thick cladding: 
Inconel . . . . . . . . . . . . . . . . . . . . . . . . . . 362 000 

Incoloya ......................... . 398 000 

304SS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 000 
Rod type, 3-rod cluster, 0.438 in od, 0.016 in thick cladding: 

lncoloy (2 rods) . . . . . . . . . . . . . . . . . . . . 270 000 
347 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270000 

Average 
exposure 

(MWd/tU) 

2 320 

2 570 

410 

1 810 
1 810 

Power 
cycles Remarks 

63 3 Segments 
No failure after 135 days 

63 2 Segments 
No failure after 135 days 

18 Failed after 29 days 

45 No failure after 105 days 
45 No failure after 105 days 

a Reached 445 000 Btu/h rt• maximum heat flux- Peak exposure= Average exposure x 1.4. 

of 304SS resulted in longer life (lOS days) than 
with annular rods. 

EXPLORATORY EXPERIMENTS 

Fuel elements irradiated with molten core in the U02 

Fuel elements that are used in power reactors are 
designed for uo2 pellet centerline temperatures 
below the melting point of U0 2 (2 80S ± IS 0C). 
Fuel elements operating with molten U0 2 were 
studied in a loop at GETR under a joint USAEC
EURATOM program [36, 39]. Adequate subcooling 
of water was provided to overcome heat transfer 
limitations. This permitted fuel heat fluxes up to 
1.4 x 106 Btu/h ft2• Fuel elements tested were 
O.S inch in diameter, 30 in long, using both pellets 
and compacted powder sheathed in 0.030 inch Zr-2. 
Conclusions derived from initial experiments in
dicated that solid pellet fuel rods were subject to 
diametral swelling when operating with molten 
centers. Powder-filled (90% dense) rods swelled more 
than pellet-filled rods at similar performance levels 
because of the lower effective thermal conductivity 
for powder. When free volume was provided through 
the use of hollow uo2 pellets or 8S% density com
pacted powder, swelling was avoided and operation 
continued before failure at 1.4 x 106 Btufh ft2 to 
average burn-ups of S 300 MWd/t U for pellets and 
10 600 MWd/t U for powder with numerous inter
mittent power cycles. During shutdown, U0 2 ap
peared to concentrate at the lower end of the fuel 
rod. Rod swelling was prevented by regulated (gradu
ally increasing) power rise that allowed axial reloca
tion of uo2 in the fuel elements after each shutdown. 

CONCLUSIONS 

The inherent simple fabrication processes and low 
costs of rod type uo2 fuel make it sufficiently attrac
tive that it is used almost exclusively for all low
enrichment water and steam cooled reactors. 

The minimization of fuel cycle costs favor high 
surface heat fluxes (in the range of SOO 000 Btu/h ft2), 

large fuel diameters, nonsegmented full core length 
fuel, average fuel burn-up in the range of 20 000 
MWd/t U (SO 000 maximum), and either Zir~aloy or 

thin clad stainless steel cladding for neutron economy. 
Zircaloy-2 clad rod fuel has been operated satis

factorily to maximum burn-up of 16 000 MWd/t U 
at peak heat fluxes of S10 000 Btu/h ft2, and tests 
are continuing. 

Heavy walled freestanding fully annealed stainless 
steel rods have operated satisfactorily to 27 000 
MWd/t U maximum and peak heat fluxes of 446 000 
Btu/h ft2• 

Thin clad non-freestanding stainless steel has 
shown intergranular stress-induced corrosion at 
average burn-ups les!> than 10 000 MWd/t U and 
high heat fluxes. Exact cause of the failure mecha
nism is still under investigation. 

The use of a thin cladding of Incaloy to extend 
the performance appears promising in the light of 
tests run under elevated-temperature superheat con
ditions. 

Pelleted and compactible U02 powder fuel has 
performed satisfactorily to date. With Zircaloy clad 
rod fuel, the relative performance of these two fab
rication types has not been determined since neither 
has been tested to the point of failure initiation. 
With a stressed thin cladding of stainless steel, sus
ceptibility to intergranular failure appears to override 
any fabrication permutations tested. 

Zircaloy clad plate type U0 2 fuel has been used 
in operating power reactors primarily with highly 
enriched fuel. Limiting life occurs due to irradiation 
swelling of the uo2 or by formation of a fission gas 
gap at the fuel cladding-meat interface and resultant 
strain on the cladding. For the long life (SO 000-
70 000 MWd/t U maximum) desired in applications, 
satisfactory performance has been experienced with 
1093 °C center temperature for 1/4 in wide platelets 
with 96% TD of the U0 2• 

Operation of U0 2 fuel with a cladding defect of the 
type normally found in fabrication releases fission 
gases at a rate four orders of magnitude lower than 
that allowable from the stack effluent of an open 
cycle reactor. Gross in-service fuel failure releases 
activity at least two orders of magnitude lower than 
the stack limit, regardless of whether pelleted or 
powder fuel are used. Once the faulty fuel is removed, 
the system tends to show no memory of further 
radioactivity release. 
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drawn below the earliest recorded failures for 4 mil 
nominal gap and for a zero gap. Failure occurred at 
the highest heat flux region in all cases, an indication 
of stress being a strong contributor to the mechanism 
involved. Once initiated, localized cracking pro
gressed rapidly. Inreactor failures of Type 304SS 
clad fuel were also reported by Caskey [34]. 

FISSION GAS RELEASE FROM U02 FUEL 

In designing fuel rods, a void plenum should be 
provided to accommodate the fission gases. The 
release of fission gases at high temperatures has been 
studied in a series of experiments in GETR and 
VBWR [35], Fig. 3. Each fuel rod contained 1 kg 

.T 
/ KdT (Wa!B <"')From A~<'•09e Svrlace He<l! Flu• 

! 100 c-'T"'----'"r----T---';'''----'''."--' --'<'"--';""--' ----'T'-----T"''-----'i""--' ----''r-" ---'1150 

" 

. .I lOOOF 2000F 3000F 4000F 
538°( 1093°( \64~ 0( 2200°C 

+ S-1-1-8-P 1980MWcl T 
... Sav (S-11-3-G-P, 121 MWd T U 
o S-11-2-G-P, 1890 MWd T U 
6. PWL-6, 600 MW~ T U 
U DP-1, 3580 MWd T U 
x DP-5, 5000 MWd T U 
'Y DP-14, 5250MWd T U 
0 NUSU, 815 MWd T U 
0 Measured by Gemma Spectromel<'l 

• M .. <HurO'd by Gc1 Chromoto9raph 

S&M Bond of Octo Fro'f' Spola••1 & Me9ertM 1351 

5000 F A•••o9• Cented.ne Temp<'rolure ol U02 

276C"c 

Figure 3. Fission gas release as a function of integrated thermal 
conductivity and temperature 

of uo2, the operating heat fluxes were 130 000 to 
420 000 Btu/h ft2, and the accumulated exposures 
were up to 5 000 MWd/t U. Data points above 
2 200 °C were obtained from another experiment [36]. 
Central fuel rod temperatures above 2 800 oc are 
not meaningful as the uo2 migrated toward the 
cooler rod regions and voids appeared. Also, a large 
portion of the fuel volume was molten in these 
experiments. The two groups agree well when one 
considers the accumulation of possible errors in 
gas collection, analysis, and fabrication differences 
between different batches of U02• Levelling off 
effects after 2 800 °C can be attributed to gases 
trapped in resolidified uo2. 

Fission gas release was measured in situ in fuel 
while being irradiated in the VBWR by Reynolds [37], 
who used a pressure equalizing transducer. Pressure 
from fission gases was found to be directly 
proportional to the fuel volume fraction operating at 
temperatures above 1 600°C, and negligible below 
this temperature. These results are in agreement with 
those obtained from post irradiation punctures, 
in Fig. 3. 

Fission gas release from platelets of U02 have been 
extensively studied at Bettis Laboratories [2, 19]. 
The values obtained exhibited a dependence on 
fission depletion similar to that found in volume 
changes discussed earlier. 

PERFORMANCE OF FUEL ELEMENTS FOR 
NUCLEAR SUPERHEAT STEAM REACTORS 

Experiments in nuclear superheat environment 

The desirability of adding superheating to boiling 
water reactors stems from an expected increase in 
power plant efficiency from the present 30 to 31% 
to approximately 37%. The U02 temperatures are 
similar to those encountered in fuels used in water
cooled reactors, and the length of exposures desired 
are 15 000 to 20 000 MWd/t U. Pioneering fuel 
irradiations experiments were initiated during mid-
1959 in a single element loop in VBWR. Later in 
1962 a multi-channel loop permitted simultaneous 
testing of nine fuel elements. Steam was taken from 
the boiling water portion of the core and super
heated to 455 to 510 °C. 

In three separate tests, it was demonstrated that 
annular geometry fuel elements sheathed in Type 
304SS were subject to rapid localized corrosion of 
the type indicated in Fig. 4. These jacket failures were 

Figure 4. Type 304 cladding failure in VBWR superheat loop, 
compared to sound lncoloy sheath exposed under identical 

conditions 

attributed to stress-corrosion attack, probably as
sisted by the presence of chloride ions. The next 
phase of the experimental work has concentrated 
toward (a) reducing stresses in fuel design, (b) in
creasing environmental chemistry surveillance, and 
(c) selecting sheath materials less susceptible to 
stress corrosion [38]. Materials selected were: Incoloy, 
Inconel, Type 300 series SS (310, 304) prepared 
by vacuum melting to reduce nitrogen content to 
<100 ppm, and Hastelloy X (42%Ni, 22%Cr, 9%Mo, 
remainder Fe). 

Irradiation results are listed in Table 9. Significant 
facts gathered were: (a) Incoloy and Inconel clad 
fuel elements performed satisfactorily without clad 
failure for 135 days, whereas a Type 304SS clad 
element failed within 29 days; (b) a reduction of 
clad stresses by usi,ng smaller diameter fuel rods 
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Table 8. Fuel irradiation experiments using 304 stainless cladding 

Place of irradiation and No. of Rodod 
reactor program rods (in) 

A. Fuel segments containing pellets: 
Dresden, Development ........ 216 0.489 
VBWR, Dresden Core 2 ....... 86 0.560 
VBWR, Savannah Core 1 ..... 64 0.500 
VBWR, Savannah Core 2 ..... 107 0.568 

VBWR high power density .... 264 0.385, 0.400 
VBWR, fuel cycle ············ 802 0.360-1.375 
ETR, Yankee Core 1 ......... 6 0.332, 0.336 
GETR, Indian Point Core 1 ... 9 0.304 

EBWR, Elk River, Prototype 
fuel ....................... 25 0.453 

B. Fuel segments containing powderc: 
Dresden development ......... 108 0.489 
VBWR, high burn-up ......... 142 0.250 
VBWR, fuel cycle ............ 36 0.385, 0.485 
VBWR, high power density .... 129 0.400, 0.425 
HAPO ...................... 9 0.565 

ORNL compacted fuel ........ 28 0.500 
Savannah River fuel .......... 15 2 

a Pellet and jacket gaps investigated were 0.0 to 0.013 in. 
• Leading assembly. 
• U01 density varied from 53 to 95% TO. 

Experiments with purposely defected cladding 

The exploration of fuel performance limits was 
conducted in VBWR to establish fission product 
release and fuel performance in general, once a 
defective fuel segment was present in a core. Three 
types of cladding defects were studied: (a) a drilled 
hole or slit (it x 0.020 in slits) made in the fuel 
during fabrication, (b) microscopic defects taken 
from the fuel production line (usually rejected at the 
helium mass spectrometer inspection station at 
10-8 cm3fsec leak rates), and (c) service failures 
occurring in the reactor .. No differences in behavior 
of the uo2 from failures were detected between 
pellets and vibrationally compacted powder, nor 
between SS and Zr-2 clad fuel. 

Service failures of stainless clad fuel 

Fuel cladding failures of Type 304SS in VBWR 
and Dresden development fuel were manifested as 
severe, longitudinal intergranular cracks. For Type-
304SS in the nonsensitized condition, this mode of 
failure has not been observed to occur in high purity 
water except in one other case, which was also in 
a reactor environment [33). The details of the fuel 
failures have been reported [1, 22]. The design of 
the failed fuel included the following range of para
meters: (a) cladding 304SS, commercially annealed 
and cold worked, (b) initial tensile strength 44 000 
to 115 000 psi, (c) diameter 0.360 to 0.480 in, (d) U02-

cladding diametral gap 0.000 to 0.016 in, (e) cladding 
wall thickness 0.005, 0.008, 0.010, 0.012, 0.014, 

Cladding Peak heat Average 
thickness a flux x 10-• exposureb 

(in) (Btu/h ft') (MWd/TU) 

0.011, 0.017 2.95 7 400 
0.022, 0.025 5.50 8 900 
O.o35 3.30 5 800 
0.025, 0.033, 5.50 8 900 
0.046 
0.005 to 0.017 4.80 9000 
0.011 to 0.065 5.35 10000 
0.015, 0.021 2.96 
0.020 5.60 1 180 

(300 ppm B) 

0.020 0.85 570 

0.017 2.75 6000 
0.028 4.10 20000 
0.005 to 0.015 4.61 4200 
0.008 to 0.016 5.27 4800 
0.008, 0.010, 2.79 1 245 
0.015 
O.o35 2.00 10000 
0.020 2.25 

O.ot8, and 0.020 in, (f) heat flux, 350 000 to 500 000 
Btu/h ft2, (g) accumulated exposures, average as low 
as 2 500 and up to 8 700 MWd/t U, and (h) pellets, 
vibratory compacted and swaged powder. 

It was concluded that a strong contributory 
variable in all of these tests was the use of Type 
304SS in a stressed condition. (Out-of-pile simulated 
tests show similar failure phenomena for other 
18%Cr-8%Ni austenitics as well.) Williamson and 
Arlt correlated maximum heat fluxes (shortly before 
failure) of failed fuel with accumulated peak ex
posures in MWd/t U, in Fig. 2, with limit lines 
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Table 7. Power reactor cores with stainless steel clad fuel elementsa 

Power Number Rodod Reactor MWe of rods (in) 

Boiling water reactors: 
Dresden ............... 220 4900 0.440 
Elk River ............ 20 0.452 
Humboldt Bay ......... 65 8 428 0.463 
Big Rock Point ........ 50 7 392 0.388 

Pressurized water reactors: 
Yankee ............... 185 23 142 0.340 
Saxton ................ 20 1 512 0.391 

(thermal) 
Indian Pointb .......... 151 23 400 0.304 
N.S. Savannah ......... 70 5 248 0.500 

(thermal) 
Selni .................. 270 24960 0.385 

a USA designed and built power reactors. 
& Electrical 255 MW, 104 MW from fossil superheaters. 

Stability under irradiation 

Results available from tensile tests indicate that 
yield strength of Zr-2 increases with irradiation 
faster than its ultimate strength [30, 31]. Additive 
effects of hydrogen pickup and irradiation exposures 
upon cladding ductility have not been studied in 
detail. In one experiment, hydrogen concentrations 
of up to 60 ppm had no significant effect upon the 
mechanical properties of specimens irradiated to 
8.1 x 1020/cm2 (over 0.5 Mev) [31]. Zr-2 irradiated 
to 1021 njcm2 retains about 10% total elongation 
but has very little uniform elongation. 

PERFORMANCE OF FUEL ELEMENTS CLAD IN 
STAINLESS ALLOYS 

Fuel performance in power reactors 

Stainless steel alloys have been used extensively 
as fuel cladding for core loads in pressurized water 
and boiling water power producing reactors (Table 7). 
Operation has been satisfactory to date. The second 
core of Yankee was identical to the first and con
tained two assemblies from the first core for fuel 
test. Maximum burn-up in these two assemblies 
was 27 000 MWd/t U with satisfactory operation. 
Detailed examination of the cladding from Yankee 
Fuel Core 1 showed no microstructural changes, an 
increase in burst strength (80% over the as-fabricated 
standard), a limited amount of crud at certain loca
tions and no significant structural changes [32]. The 
average Yankee Core 1 burn-up was about 8 000 
MWd/t U and peak was 17 000-18 000 MWd/t U. 

To improve neutron economy, thin walled stainless, 
U02-supported, fuel designs have been tested. Nine 
full-size assemblies with U02-supported Type-304SS 
were irradiated in the Dresden core to exposures 
of 6 200 to 7 400 MWd/t U average (Table 8). Some 
cladding sections of these test assemblies cracked 
intergranularly during reactor exposure. Similar 
results were found in identical fuel designs tested in 

Cladding Peak heat flux Average 
thickness X 10-' exposure 

(in) (Btu/h ft') (MWd/tU) 

0.019,304SS 2.76 4000 
0.020,304SS 3.13 500 
0.019,304SS 3.65 3 000 
0.019,304SS 3.50 3 000 

0.021,348SS 4.46 8000 
0.015,304SS 4.44 3 000 

0.021,304SS 5.40 3 000 
0.035,304SS 2.77 1 500 

0.015,304SS Under 
construction 

VBWR. The characteristics of the fractures were: 
(a) cracking incidence was the highest at the maxi
mum heat flux region of fuel elements (stress de
pendent); (b) fractures occurred at peak fuel ex
posures of 6 000 MWd/t U or greater, with some 
near 15 000 MWd/t U, (c) fractures were highly 
localized and branched; and (d) rate of cracking was 
rapid. 

Fuel performance in test reactors and experimental 
loops 

The most extensive stainless-clad U02 fuel irradia
tion was conducted in VBWR, with additional tests 
in loops in the MTR, ORR, GETR, and ETR. In 
tests, summarized in Table 8, the principal objective 
has been the reduction of parasitic neutron absorp
tion in fuel elements through the use of thin walled 
stainless steel containing vibrationally compacted or 
swaged uo2 or pelleted uo2. 

Experiments with thin cladding 
Initial experiments using full-size fuel rods were 

conducted simultaneously in VBWR and the pres
surized water loop in GETR. The thinnest fuel 
cladding irradiated was 0.005 and 3.385 inch in 
diameter. After an exposure of these latter rods to 
2 500 MWd/t U at 488 000 Btu/h ft2, it was found 
that 4 of the 16 rods tested had failed, three with 
longitudinal wrinkles and transgranular cracks. One 
failure was due to a fabrication cladding defect. These 
failures were mechanical and believed to be asso
ciated with a strain cycling mechanism. Experiments 
with other thin SS claddings were continued in 
VBWR until it was established that Type-304SS 
was subject to intergranular failure resulting from 
stress induced corrosion after exposures of about 
6 000 MWd/t U. Tests now being conducted indicate 
that Incoloy is much less susceptible to stress induced 
corrosion than 300 series stainless. No in-reactor fail
ures of Incoloy cladding have been observed to date. 
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Figure 1. Corrosion behavior and hydrogen pickup of Zircaloy-2. 
Comparison of autoclave and reactor exposures 

cladding or from service failures. Even less U02 
reacted with the oxygen available in the water, and 
washout from powder-filled fuel elements has been 
slight [I, 21, 22]. 

Early irradiation testing in I959 revealed a unique 
mechanism causing fuel failures [23], later studied 
and reported also by Canadian workers [24]. High 
fluoride concentrations, 700 to 1 000 ppm as CaF 2, 

were inadvertently introduced in some of the uo2 
pellets. Microscopic holes through end plugs permitted 
water to enter the. fuel cavity. The steam formed 
caused pyrohydrolysis of CaF 2, releasing the fluoride 
ion that in turn attacked the inside of the cladding. 
The time of failure was determined to be 14 to 32 h 
once water entered the fuel cavity. Experiments con
ducted later in VBWR with purposely drilled holes 
in Zr-2 or Zr-4 cladding and with pellets containing 
35 ppm fluoride, operated at heat fluxes of over 
370 000 Btu/h ft2 and for "" 140 days without failure. 
A Zr-2 clad fuel element was irradiated in the Hanford 
loop of ETR. After I 000 MW d/t U exposure at 
600 000 Btu/h ft2 (24 days) an unexplained service 
cladding failure resulted in about 10% of fuel washout 
near the failure region (1 !- insplit). This examin
ation indicated the failure consequences from com
pacted and swaged uo2 are not different from those 
involving pelleted U02 [25]. During the entire 
program at VBWR cited in Table 6, only two in
reactor service failures have been experienced from 
causes other than the presence of fluoride impurities 
in uo2 [26]. 

Corrosion and hydrogen pickup 
Hydrogen pickup by zirconium base alloys in 

a reactor environment is the result of the corrosion 
reaction of the cladding with the water coolant, 
and the presence of radiolytically produced hydrogen 
(decomposition of water). Figure I shows the hydro
gen pickup and oxidation of Zr-2 in irradiated fuel 
elements. The orientation and distribution of in
soluble zirconium hydride platelets may affect clad
ding ductility adversely at hydrogen concentrations 

considerably less than the present 250 ppm design 
limit. Normal representative fuel inspected from 
boiling or pressurized water reactors indicates that 
up to 13 000 MWd/t U, hydrogen pickup in cladding 
is identical to that computed from out of reactor 
(autoclave) corrosion data. Concentrations of hydro
gen indicated in Fig. 1 are those obtained during 
irradiation of fuel elements that did not affect fuel 
performance. Hydriding failures observed in some 
zirconium base alloy clad fuel can be traced to 
factors other than normal corrosion imparted in a 
reactor environment. 

Oxidation of zirconium cladding has not been a 
serious problem with the zirconium-base alloys used 
for fuel cladding. If one considers the most pessimistic 
oxidation rates proposed to be operative in reactor 
environments, the maximum oxide thickness ex
pected during a period of 3.5 years at 316 °C was 
computed to be 1.3 x I0-3 in. The observed in
reactor oxidation rates are 8 to 10 times less than 
this value. Only one batch of material tested at 
APED behaved as proposed by Asher and Cox's 
data [27] in regard to weight gain, but its hydrogen 
pickup was considerably lower than weight gain data 
would indicate. 

Dimensional stability of fuel under irradiation 

Fuel rods with U0 2 centerline temperatures near 
or below the melting point of uo2 exhibit minor 
dimensional changes. Longitudinal changes observed 
have been limited in rod geometries with self support
ing cladding [28, 29]. It is believed that cladding 
restraint upon the uo2 column is substantial, and 
that the outer, cooler pellet regions restrain the 
inner pellet region which deforms plastically. Plastic 
deformation of uo2 was shown by indirect measure
ments to be accelerated also by fission product 
bombardment [2, 19]. 

Flat plates of U0 2 at high exposures exhibit 
considerable volume expansion. This was found 
to be a function of exposure, density and clad
ding restraint. Ceramic dispersons of U0 2 with 
Zr0 2, BeO and Al20 3 exhibited swelling [19]. Vo
lumetric swelling rates of U0 2 were 0.16% LlV 
per 1020 fissionsjcm3 up to 20 x 1020 fissions/cm3, 
then 0.7% LlV per 1020 fissionsjcm3• Swelling was 
independent of uo2 temperature between 760 and 
1 980 °C, and to exposures up to 36 x 1020 fissions/ 
cm3• Lower platelet densities resulted in lower 
swelling rates which were attributed to better con
tact between the uo2 and cladding, and due to 
the presence of void volume that accommodated 
some of the volume change. Zr0 2-U0 2 plates swelled 
at 0.7% LlV per 1020 fissions/cm3 up to 35 x 1020 
fissions/cm3 after an initial densification to 100% TD 
at exposures below 6 x 1020 fissions/cm3. Not all 
swelling may be due to irradiation exposure, because 
fission gas release (held in internal porosity) is a 
contributing factor. This has not been studied 
separately. 
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Table 5. Power reactor cores with Zircaloy clad fuel elementsa 

Reactor Power Number 
MW(e) of rods 

Boiling water reactors: 
Dresden ..................... 220 15 500 
Dresdenb .................... 192 
Japan ....................... 12 3 460 
Pathfinder" ... ············ ... 66 7 800 

KAHL ...................... 16 3 200 
Bonus" ...................... 17.3 4100 

SENN ..... ·············· ... 150 17000 

Pressurized water reactors: 
Shippingport Core 1 d ......... 68 16400 
Shippingport Core 2 • ......... 150 Flat plates 

Carolinas-Virginia t ...... ····· 17 

a USA designed and built power reactors (Zircaloy-2 alloy). 
b Straight through, 9 ft long rods. 
c Boiling portion of cores. 

1 230 

Cladding Peak heat flux Average 
Rodod thickness X JO·• exposure 

(in) (in) (Btu/h ft') (MWd/tU) 

0.570 0.030 3.46 9000 
0.470 0.025 3.46 7000 
0.564 0.033 2.96 1000 
0.348 0.028 3.40 Under 

construction 
0.571 0.033 3.38 5 500 
0.500 0.025 3.23 Under 

construction 
0.535 0.025 3.15 100 

0.411 0.023 3.43 10000 
Flat plates 0.020 6.50 
0.100 thick 

0.490 0.022 4.69 1000 

d Rod fuel only in blanket region. 
• Flat plates in entire core. Seed 0.040 in thick plates with Zr02-U02• 

I Zircaloy-4 clad. 

Table 6. Fuel experiments in VBWR and PRTR with U02 containing Zircaloy clad fuel elements 

Number 
of Clad 

Reactor program rods alloy 

l. VBWR initial program b ....... 450 Zr-2 

2. VBWR fuel: b 
(a) Fuel cycle program 

(USAEC) .......... ····· 380 Zr-2 

(b) Fuel cycle program 
(USAEC) .. ············· 16 Zr-4 

(c) Fuel cycle program 
(USAEC) •••••••••••• 0 •• 496 Zr-2 

3. PRTR fuel: 
(a) Swaged hot and cold 800 Zr-2 

-4 
(b) Vibratory compacted 38 Zr-4 

4 Leading assembly. 
b Radiation terminated December 1963. 

The theoretically calculated hydrogen (assuming 
25% pickup) for the 205 days of exposure in Dresden 
was 40 ppm. 

Fuel performance in test reactors and experimental 
loops 

To date, Zr-2 clad fuel rod elements containing 
uo2 have accumulated average exposures of 10 000 
MWd/t U. A summary of these programs as of 
l January, 1964 is given in Table 6. Irradiation 
programs performed at Hanford pioneered the use 
of uo2 powder compacted or compacted and swaged 
into Zr-2 or Zr-4 tubes. 

Irradiation experiments with plate geometry fuel 
elements containing uo2 have been conducted by 
Westinghouse Bettis Laboratories [2, 18, 19]. The 
experiments were conducted in pressurized water 
loops under 1 140 to 2 200 psi and 250 to 280 °C 

Pellet Peak 
Cladding jacket- heat flux Average 

Rodod thickness gap x to·• exposure4 

(in) (in) (in) (Btu/h ft') (MWd/tU) 

0.569 0.030 0.003 to 4.6 9 500 
0.016 

0.424 0.022 0.004 to 5.1 10000 
0.007 

0.567 0.027 0.009 4.7 2 500 

0.437 0.028 0.004 to 3.0 5 800 
0.007 

0.565 0.030 0.00 4.0 4450 

0.565 0.030 0.00 4.0 1 750 

coolant conditions, at maximum exposures of 
127 000 MWd/t U. 

Fuel operating with clad defects 

It has been established that fuel clad ruptures in 
the reactor core can be tolerated in relatively mod
erate numbers; once the ruptured fuel is removed 
from the core there are no "memory" effects [20]. 
Uranium dioxide, even though exposed to oxygen
containing coolant in a boiling water reactor, was 
found to be relatively stable [21]. Similar experience 
was obtained in pressurized water environment, with 
both cylindrical and flat plate geometries [18]. 
VBWR was the first full-size core in which large 
numbers of purposely defected fuel elements were 
allowed to operate simultaneously. Upon post
irradiation examination, very little uo2 fuel was 
lost in the coolant, either from purposely defected 
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Table 4. Fabrication parameters for compactible powder processes 
(For 0.4-0.5 in diam. rods, SS clad) 

Relative 
Representative As Hot labor 
Taylor screen loaded Red. worked· content 

sizes of density area Cold at offab. 
U02 feed (%) (%) worked I OOOOC proc.0 

I. Vibratory compaction: b 

I. Single screen size particles 58-65 
2. Binary screen size mixture 60% 8 + 10 

40% 200 82 
3. Ternary screen size mixture 60% 10 + 14 coarse frac. 88 88% 

20% 48 + 65 medium frac. 
20% 5 fl. fine fraction 

n. Cold swaging: 
I. Single swaging pass 60% 6 + 20 85 20 91 ± 2 

20% 35 + 65 
20% 200 

2. Two swaging passes 60% 8 + 24 78-80 25 90-92.5 83 
23% 40 + 100 
17% 5f.l. 

3. Three swaging passes 57% 6 + 20 68-73 40 92-94 73 
23% 20 + 28 broad banding 
20% 28 + 100 

Ill. Cold-hot swaging: 
l. Two pass cold - Third pass 

hot (l 000 °C) 20 mesh 72 40 88-90 94-95 74 
IV. Swaging + hot isostatic 70w% Fused UO, 81-85 94-96. 

Pressing (l 0 000 psi at l 000 °C) 30w% micronized UO, 
V. Hot extrusion (l 875 °C for U02 

- 760 °C for steel clad) Crushed sintered pellets 95 97-98 

• Labor content of ground pelleted fuel taken as 100%. Cost of UO, feed not included. 
b Vibrating single rods. Density achieved with multiple rod vibration 2-3% lower. 

scrap, is pressed in a stainless steel can to about 
50% TO at 6 000 psi. The can is then evacuated at 
elevated temperature and sealed. Impaction takes 
place at I 200 °C with a ram pressure of "" 250 000 psi 
for steel dies, and up to 400 000 psi for tungsten 
carbide dies. At the lower pressure 98 to 99% TO 
is attained; above 99% for the higher pressure. 

The high-density compactible powder can be made 
into fuel rods by a variety of processes: 

(a) Vibratory compaction by either electrodynamic 
or pneumatic vibrations [10-12] in which the fuel 
rod is either supported directly on the vibrator or 
suspended vertically from a horizontal bar and the 
cladding excited transversely; 

(b) Vibratory compaction followed by a cold 
working process; e.g., multiple swaging [3, 13] or 
tandem rolling, such as is used in calrod fabrica
tion [14]; 

(c) Vibratory compaction followed by a hot 
working process such as hot swaging, or by cold 
swaging with a finishing hot isostatic pressing; 

(d) Extrusion of U02 powder in its cladding. 
The major process and product variables are 

shown in Table 4. 

PERFORMANCE OF FUEL ELEMENTS CLAD IN 
ZIRCONIUM ALLOYS 

Fuel performance in power reactors 
The first commercial reactors to make use of a 

zirconium base alloy (Zr-2) as fuel cladding, Ship
pingport (PWR) and Dresden (BWR), have achieved 
average accumulated exposures of about 10 000 

MWd/t U satisfactorily. Power producing reactors 
with Zr-2 clad fuel elements and their respective 
designs are listed in Table 5. The over-all performance 
of the <;ores to date has been outstanding, with 
only a few fuel failures attributed to either faulty 
materials used initially, or due to isolated cases of 
malfunctions in design. Furthermore, failures known 
to exist in the core for some time did not interfere 
with the routine plant operations. 

Highly depleted fuel rods from the Core l blanket 
at Shippingport were removed [15, 16]. The burn-up 
of the fuel area examined was l3 000 MWdft U, 
operating in the core at maximum heat fluxes of 
300 000 Btu/h ft2• The rod showed no significant 
changes in dimensions and the fission gas release 
was about 0.29% of that theoretically calculated. 
Hydrogen pickup and oxide film on the coolant 
side of Zr-2 clad agree well with the values determined 
from calculation. The hydrogen content was estimated 
to be 71 ppm* and the oxide film thickness 0.000059 in. 

Post irradiation examinations of fuel removed 
from Dresden after 12 234 h (510 days) indicated 
that there had been less than 6 failures. The majority 
of these failures could be traced to mechanical 
bowing of individual rods. Detailed post irradiation 
examination after 4 900 h (205 days) in Dresden 
revealed the maximum hydrogen concentrations 
to be 40 to 50 ppm [17] which included the initial 
concentration ( ll to 17 ppm) plus that added during 
autoclave corrosion ("" 15 ppm, 3 days at 400 °C). 

* Assume 270 oc exposure for reactor environment and 
40 ppm estimated at the time of fabrication. 
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Table 3. Comparison of fuel fabrication economics (%) 

Reference process 
Increase L/ D 

X2 X8 
(pelleted with binder Sinter to 

Press 
without 
binder ground to size) final diam 

Binder additions + furnace 
dewaxing .................... 20 

Press and sinter 0 •••••••••••••••• 18 
Grind and align • 0 •••••••••••••• 18 
Clad preparation, rod loading, 

assembly .................... 44 

Total direct labor costs .......... 100 
Maximum savings ••••••• 0 •••••• 

Sintered ceramic pellets or platelets 

Ceramic grade U02 is usually converted to a free
flowing granular feed material by ball milling or 
other mechanical mixing with a binder such as 
paraffin, polyvinyl alcohol, camphor, or polyethylene 
glycol. A small quantity of lubricant such as 0.2% 
sterotex is added and the uo2 is then cold pressed 
at 25 to 45 tsi to form a green pellet with a density of 6 
to 7 gfcm3. A two-stage furnace process removes 
the binder (at ""600 to 800 °C); this is followed 
by sintering at 1 600 to 1 700 °C for 1 to 4 h in either 
a hydrogen or a mixed hydrogen-nitrogen atmosphere. 
Normally, pellets are centerless ground to diameter 
.by removing a few thousandths of an inch. Many 
modifications to the basic pellet process have been 
investigated to reduce fabricating costs; these include: 

(a) With more active powders, densities between 
94 to 96% can be attained without using a wax 
binder before cold pressing. This removes the ball 
milling and furnace dewaxing steps from the process. 
The relatively large shrinkage, however, associated 
with pressing without binder increases the difficulty 
of meeting the dimensional tolerances or requires 
more final grinding. 

(b) Increasing the length to diameter ratio tends 
to reduce fabrication costs if "hourglassing" or 
"tapering" can be avoided. L/D ratios of 3.5: 1 
have been achieved for a pellet diameter of 0.370 in. 
They have been attained with less than 0.001 in 
taper and ± 0.001 in of hourglassing [3]. 

(c) Miller [4] reports fabrication of long extruded 
pellets with a L/D of 12 to 24: I by mixing ceramic 
grade uo2 into a wet paste with plasticizers and 
densifiers, extruding at room temperature, oven 
drying at 80 to 90 °C, and sintering for about It h 
at 1 550 to 1 600 °C. Sintered density is 95 to 98% TD 
after final grinding. 

(d) When a non-freestanding cladding is used over 
pelleted fuel, the sheath must be fabricated in close 
contact with the supporting pellet column. Lees [3] 
has accomplished this by loading the fuel into the 
cladding with a nominal gap for easy fabrication 
(about 0.003 in) and then cold swaging with either 
nylon or steel dies. 

From information developed by Winchell [5] and 
the authors, the comparison of direct labor costs 
associated with some of the process variations 
discussed are shown in Table 3. 

20 33 
18 
3 18 

44 44 

85 95 
15 5 

29 

18 

44 

91 
9 

0 
18 
18 

44 

80 
20 

The two principal mixed oxides used with U02 
for power reactor fuel have been Th02-U02 and 
Zr02-U0 2• Th02 (>90 wt%)- U02 solid solutions 
have been prepared for pelletizing by methods 
described by Handwerk and Hoenig [6] and De 
Boskey [7]. 

The processes for fabricating platelet fuel clad with 
Zircaloy which have been evolved for production 
size quantities are described by Wolfe [8] and 
Paprocki [9]. Fuel platelets of either U02 or Zr02-
U02 (with 4 wt% polyvinyl alcohol as binder) are 
cold pressed and sintered at l 750 °C. Density is 
in the range of 85 to 90% TD. After grinding to size, 
the platelets are resintered at 1 700 °C to reduce 
the surface area to about 50 cm2/g and to densify 
the oxides around internal open pores, up to 98% 
TD. Compartment geometries have been made in 
the range of 0.030 to 0.160 in thick, I/8 to 1/2 in 
wide, and 1.5-6 in long. 

Annular-type oxide fuel has been used in the initial 
ESADA-EVESR core. The fuel was formed from two 
0.028 in thick concentric tubes of cladding over 
hollow sintered U02 pellets. The maximum gap 
permissible for preventing instability collapse of 
the outer cladding during reactor service was 0.002 
in accomplished by swage reducing the outer cladding 
with nylon swaging dies. The gap between the inside 
surface of the pellets and the outer surface of the 
cladding was reduced to <0.002 in by hydrostatic 
pressing the completed rod at room temperature 
and 4 000 psi. 

Compacted powder 

Compactible powder rod fuel has been under 
·development during the past 3 to 4 years to reduce 
fabrication costs, to provide a simplified fabrication 
process suitable for handling plutonia-urania mixtures, 
and to provide a more easily variable final fuel powder 
density. Basically, a high particle density (98 to 100% 
TD) U02 of selective mesh size, and low entrapped 
gas content is needed as the starting feed stock. 
Processes evolved to provide this feed are: 

(a) Fused U02 is normally made by melting U02 
feed stock with a carbon electric arc in an air atmos
phere with an outgassing step following the melting. 

(b) Brite and Sump [10] use a high-energy impact 
process with a DynaPak high velocity forming 
machine. uo2 powder, such as pulverized sintered 
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Table 2. Fuel cycle economics 

For average life (MWd/t U) of: 

A change of: 
1000 MWd/t U 
10% fuel rod thermal output 
5% plant down time 
$5/lb U fabrication costs 
non-segmented fuel 
from 0.4 to 0.5 in diam fuel 

Original fuel designs limited the central fuel 
temperature below the melting point of the oxide. 
However, the concept of operating oxide fuel with 
an appreciable fraction of the volume in the molten 
state seems feasible. Fuel geometries which have 
been used are as follows. 

Cylindrical rod design 

The solid rod (0.3 to 0.6 in od) is used for most 
slightly enriched fuel for water, saturated steam, 
and su~rheat reactors. Pelleted (91 to 97% TD) 
rod fuel Is the present design. High density compactible 
powder (82 to 98% TD) is under development. 
Where the cladding is sufficiently strong to withstand 
coolant pressure, a gap is maintained between it and 
the oxide. When the cladding thickness is reduced 
below freestanding, as is necessary to improve 
neutron economy for stainless steel (SS) and nickel 
alloys, the cladding is formed directly over the oxide 
with either no gap or a small gap to preclude wrinkling 
of the cladding under thermal cycling. 

Uranium dioxide is used most extensively as the 
fissionable material, although 90+ wt% Th0 2-U02 

has been used as the prime fuel load in two power 
reactor cores. 

Plate-type fuel elements 

This fuel design is being used primarily for the 
seed and blanket concept [2]. Urania cermets of 
this type are used in some military reactors. The 
sintered platelets (86 to 98% TD) containing the 
fissionable material, either as uo2 or uo2 in solid 
solution with Zr02 or Zr02 + Ca02, are placed 
in a "picture frame" of cladding metal and fabricated 
by bonding. Multiple platelets are assembled into 
structures and conform to the thermodynamic and 
hydraulic requirements. Platelet thicknesses vary 
between 0.040 and 0.100 in for present designs. At 
surface heat fluxes of about 500 000 Btu/h ft2, maxi
mum fissionable material temperatures in the range 
of I 260 °C are attained. Because released fission 
gases and volumetric distortion of the fuel under 
irradiation must be accommodated within the fuel 
co~partment, the flat plates are designed to keep 
oxide temperatures below the recrystallization point. 

Annular cylinders 

Annular cylindrical fuel has been considered in 
some superheat applications for two-pass flow, where 

7000 10000 15 000 20000 

0.4 M/kWh 0.12 0.05 0.02 
0.1 0.06 0.04 0.03 
0.22 0.22 0.22 0.22 
0.2 0.14 0.1 O.o7 

0.5 
0.4 0.3 0.22 0.17 

sintered annular rings are sheathed in metallic 
cladding. Because of the reduced metal strength at 
elevated temperatures, the large diameter, and the 
desire for minimal cladding thickness for neutron 
economy, the cladding is designed to be completely 
supported by the oxide during operation. 

For pressurized water and saturated steam reactor 
applications where the maximum cladding surface 
temperature is between 316 and 360 °C the cladding 
is either a Zircaloy* alloy or austenitic 18% Cr-8% 
Ni SS (ASTM 304, 304 LC, 347, 348). Mor~ recent 
testing has been started with Incoloy 800**. The 
prime design demands for the cladding are adequate 
strength, acceptable corrosion resistance to general 
and local attack, low macroscopic neutron absorption 
cross section, and low fabrication costs. For super
heat applications with a sheath temperature in the 
675 °C range, Types 304 and 310 SS, Incoloy, 
Inconel, *** and some of the other high nickel alloys 
have been used. The elevated temperatures eliminate 
the present zirconium alloys from consideration. 

A summary of the fuel cycle economic incentives 
and incremental gains resulting from separately 
improving the key fuel parameters, assuming there 
are no other detrimental effects or limitations from 
such improvement, is shown in Table 2. 

FUEL FABRICATION 

Fabrication processes are selected to minimize 
manufacturing costs and yet lead to a product that 
meets required performance standards. 

In preparing natural U0 2, the uranyl nitrate 
hexahydrate is denitrated followed by a hydrogen 
reduction. For the enriching plants, this process 
has been used for conversion to UF 4• It is also applied 
where natural U0 2 is used as reactor fuel. For en
riched U0 2, the ammonium diuranate process is 
normally used. About 10% of the fuel fabrication 
cost is associated with the conversion of the enriched 
UF6 to U0 2• Here, the hexafluoride is hydrolyzed 
with water, precipitated with ammonia to form the 
ammonium diuranate, and then thermally decom
posed and reduced in wet hydrogen to yield uo2. 

* Zr-2: 1.2-1.7% Sn, 0.07-0.20% Fe, 0.05-0.15% Cr, 003-
0.08% Ni. Zr-4: 1.2-1.7% Sn, 0.18-0.24% Fe, 0.05-0 15% "cr 
<0.007% Ni. . ' 

. •• Incoloy 800: 32% Ni, 21% Cr, 1.0% Mn, 0.1% C, re
mamder Fe. 

••• Inconel: 76% Ni, 15% Cr, 7% Fe. 



P/233 United States of America 

Oxide fuel fabrication and performance 

By S. Naymark and C. N. Spalaris* 

During the past five years, in the United States 
there has been a systematic approach to design 
formulation, fabrication development, and perform
ance testing of uranium oxide type fuels. Sufficient 
data are available to allow a quantitative evaluation 
of oxide fuels for use in economic central-station 
power applications. The extensive scope of this 
program includes: 

(a) Over 130 000 Zircaloy and stainless steel clad 
uo2 fuel rods have been irradiated in operating 
water and steam cooled (260-316 oq power reactors. 
Maximum exposure attained is about 28 000 
MWd/t U; maximum heat fluxes are about 350 000 
Btu/h ft2 for Zircaloy clad fuel and 450 000 for 
stainless clad fuel. Four major fabrication processes 
have been used. 

(b) Over 4 000 developmental fuel rods representing 
37 different fabrication processes have been irra
diated in water and steam cooled test reactors and 
loops. Maximum exposure attained was 16 000 
MWd/t U and 1 435 000 Btu/h ft2 peak heat flux. 
Plate U0 2 fuel has been irradiated in test loops to 
127 000 MWdft U exposure. 

(c) More recently, oxide fuel elements have been 
irradiated to 3 600 MWd/t U maximum at 445 000 
Btu/h ft2 heat flux in superheat steam (510 °C) test 
reactor loops. 

Studies were directed towards improving thermal 
output, increasing life span, minimizing parasitic 
neutron absorption, and reducing fabricating costs. 

This paper surveys the design concepts considered 
and the fuel fabrication techniques developed to 
produce these concepts, evaluates performance limits 

*General Electric Company, San Jose, California. 

and effect on fuel cycle economics of the data ob
tained from reactor testing, and delineates areas of 
future improvement. 

DESIGN CONSIDERATIONS 

All central-power-station water-cooled reactors in 
the United States are oxide fuelled. The range of 
coolant environmental conditions in which fuel has 
been performance-tested in these reactors is listed in 
Table I. 

For water-cooled reactor fuels, design life is a 
compromise between excess reactivity that can . be 
controlled and minimum fuel cycle costs. Htgh 
fabrication and reprocessing costs favor longer 
reactor residence time; high enrichment and interest 
charges favor shorter fuel life. For slightly enriched 
fuel rods, present trends indicate an optimum of 
about 15 000 to 20 000 MWd/t U average for first 
cores and 20 000 to 25 000 MWd/t U for equilibrium 
cores [1]. With a maximum-to-average burn-up ratio 
of about 1.5 to 2.0 for most water-cooled reactors, 
burn-up of up to 50 000 MWd/t U maximum must 
be verified in test programs. Where highly enriched 
seed and natural uranium blanket concepts are 
used, maximum burn-up is designed in the range 
of 60 000 MWd/t U [2]. 

Fuel cycle economics favor a maximum thermal 
performance compatible with the heat removal 
limitation of the coolant. Many prototype fuel 
elements with heat fluxes of about 500 000 Btu/h ft2 

have been tested in pressurized water, boiling water, 
and superheat steam environments. (Higher heat 
fluxes up to about I 500 000 Btu/h ft2 have been 
demonstrated in special tests.) 

Table 1. Coolant environmental conditions 

System pressure (psi) ......................... . 
Max. coolant temperature (DC) ................ . 
Max. cladding surface temperature (DC) ......... . 

Coolant chemistry: 

pH ........................................ . 
0 2 (ppm) ................................... . 

H2 (ppm) ................................... . 
Cl (ppm) ................................... . 

425 

Boiling 
water 

"'1 ()()() 
288 

316-330 

5.4-8.1 
0.3 in water 
"'20 in steam 

0.01-0.05 

Reactor coolant 

Pressurized 
water 

l 200-2000 
285 

316-360 

7.0-10.5 
<0.05 

140-330 
<0.05 

Superheat 
steam 

600-1 ()()() 
370-570 

675 

20-30 

2-3 
<0.02 
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lfTO H CTepmHH H3 CMeCH OKHCH 6epHJIJJHH J1 

;J.BYOKJJCH ypaHa. 
06JiylfeHHe CTepmHeif, CO)J.epma~HX TOIIJJHBO, 

npo~oJJmaeTcH. 06cym)J.aiOTCH peayJJhTaThi o6JJy
lfeHHH Kap6u;~,a KpeMHHH, ue cop:epma~ero Torr
JJIIBa. 

A/152 Reino Unido 

Elaboraci6n de combustibles dispersados en Ia 
UKAEA: trabajos preliminares 

por F. S. Martin et a/. 

La memoria examina las razones para Ia elabora
cion en el Reino Unido de combustibles no metalicos 
dispersados en materiales cenimicos, y el estado de 
los trabajos sobre el particular. Se han seleccionado 
dos sistemas para estudios detalla:dos: una dispersion 
de dioxido de uranio denso en oxido de berilio, y una 
dispersion de carburo de uranio revestido en carburo 
de silicio. 

Los estudios de sinterizacion realizados con polvos 
de BeO de tipo comercial muestran que es imposible 
obtener de manera uniforme un producto de alta 
densidad, elevada resistencia y grano fino. Por ello, 
se ha ideado un procedimiento que permita producir 
polvos adecuados para esta finalidad. Comprende 
la precipitacion de sulfato de berilio en forma de 
cristalitas de tamaiio reducido y su calcinacion en 
condiciones bien determinadas. Se han caracterizado 
por metodos fisicos este y otros polvos; los estudios 
de permeabilidad han permitido aclarar el meca
nismo de sinterizacion en piezas compactas de BeO. 

Se construyen probetas de combustible U02/Be0 
extruyendo una barra de la mezcla simultaneamente 
con un revestimiento de BeO puro. Despues de la 
sinterizacion, los extremos expuestos se cierran pren-

F. S. MARTIN et a/. 

sando en caliente sobre ellos un disco de BeO denso. 
Las irradiaciones preliminares se efectuaron con estas 
pro betas. 

Se ha estudiado la irradiacion neutronica de BeO 
puro denso. La dilatacion anisotropica de Ia red del 
BeO origina la acumulacion de energia de deforma
cion en una materia policristalina debido a Ia coercion 
en los hordes de los granos. De conformidad con el 
analisis teorico, el comienzo del cracking ha de 
depender del tamaiio del grano. Esta prediccion 
queda confirmada por los experimentos. 

Las esferas de carburo de uranio para dispersion 
se fabrican por granulacion y esferificacion de una 
mezcla de polvos de uo2 y de carbono, seguidas de 
sinterizacion por reaccion a velocidades reguladas 
basta I 600 °C. Se fabrican esferas de UC, de unas 
500 fl. de diametro y contenido de oxigeno inferior al 
0,2%, a razon de unos 10 kg. Las particulas se revisten 
con carbono pirolitico o carburo de silicio en lechos 
fluidificados utilizando metano o metiltriclorosilano 
e hidrogeno. Se examinan los efectos de Ia variacion 
de las condiciones de reaccion en la calidad de los 
revestimientos. 

Se fabrican barras autoaglomeradas de carburo de 
silicio extruyendo una mezcla de carburo de silicio, 
carbono y agente aglomerante, que se impregna 
con silicio. Se producen barras densas (92-95% de 
SiC; 8-5% de Si) y se indican algunas de sus pro
piedades fisicas. 

Las barras de combustible en forma de carburo 
se fabrican analogamente mezclandose inicialmente 
las esferas de combustible con los demas ingredientes 
antes de proceder a la extrusion. Como en el caso 
de las barras de Be0/U02, pueden obtenerse una 
capa exenta de combustible y casquetes terminales. 

Se esta efectuando Ia irradiacion de barras com
bustibles; se examinan los resultados de la irradiacion 
del carburo de silicio sin combustible. 
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procede permettant de produire des poudres con
venant a cette utilisation. II comporte Ia precipitation 
de sulfate de beryllium en petits cristallites et sa 
calcination dans des conditions bien definies. Cette 
poudre, ainsi que d'autres, a ete caracterisee par des 
methodes physiques; des etudes de permeabilite ont 
permis d'eclaircir quelque peu le mecanisme du frit
tage des agglomeres de BeO. 

Des specimens de combustibles U02/Be0 ont ete 
fabriques en filant un barreau du melange simultane
ment avec un gainage de BeO pur. Apres frittage, les 
extremites exposees sont scellees par pressage a chaud 
d'un disque de BeO dense. Des irradiations prelimi
naires ont ete effectuees sur de tels specimens. 

On a etudie !'irradiation neutronique de BeO pur 
dense. La dilatation anisotrope du reseau de BeO 
conduit a l'emmagasinage d'energie de deformation 
dans une matiere polycristalline, en raison de Ia con
trainte aux joints de grains. L'analyse theorique in
clique que }'apparition de fissures depend etroitement 
de Ia taille des grains. Cette prevision est bien con
firmee par !'experience. 

Les spheres de carbure d'uranium pour dispersion 
sont fabriquees par granulation et spheroi'disation 
d'un melange de poudres de carbone et d'U02, 

suivies d'un frittage par reaction a des taux regles 
jusqu'a I 600 °C. Des spheres de UC de 500 fl. de 
diametre et de teneur en oxygene inferieure a 0,2% 
ont ete fabriquees a l'echelle de 10 kg. Les particules 
sont revetues de carbone pyrolytique ou de carbure 
de silicium dans des lits fluidises a !'aide de methane 
ou de methyl-trichlorosilane et d'hydrogene. On 
examine les effets des variations des conditions de 
reaction sur Ia qualite des revetements. 

Des barreaux de carbure de silicium lie sont fabri
ques en filant un melange de carbure de silicium, de 
carbone et d'un liant, melange qui est impregne de 
silicium. On produit aussi des barreaux denses 
(92-95% SiC; 8-5% Si) et le memo ire donne certaines 
de leurs proprietes chimiques. 

Les barreaux de carbure a combustible sont pro
duits d'une maniere similaire, les spheres de com
bustible,;; etant initialement melangees aux autres 
ingredients avant le filage. Une couche sans com
bustible et des bouchons d'extremites peuvent etre 
fabriques comme dans le cas des barreaux de 
Be0JU02• 

L'irradiation des barreaux combustibles est en 
cours, et les resultats de !'irradiation de carbure de 
silicium sans combustible font I' objet d'une discussion. 

A/152 CoeAHHeHHOe Koponeacrao 

npeABapHTellbHafl paspa60TKa AHC
nepCHOHH~X TOnllHB 

CO. C. MapTHH et al. 

B HacTon:~eM p;oRnap;e pacc~taTpimaiOTCH npu
'IIIHhi paapa60TRH HeMeTaJIJmqeCRHX li;HCIIepCHOH
HhlX RepaMuqecRux TOnJIHB B Coep;uHeHHOM l\opo-
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JieBCTBe li COCTOHHHe pa60T. ]l.JIH p;eTaJibHOH pa3-
pa6oTRH 6hiJIH Bbi6paHbl p;Be CHCTeMbl: li;HCIIepCHH 
IIJIOTHOH ABYORHCH ypaHa B ORliCH 6epHJIJIH11 li 
;!,liCIIepCHH TOIIJIHBa H3 Rap6up;a ypaHa, IIORphiTO
fO o6oJIOqRoif, B Rap6up;e RpeMHHH. 

Mccnep;osaHHH no cneRaHHIO HMeiO~uxcn: B 
npop;ame IIOpOIIIROB ORliCH 6epHJIJIH11 IIORa3aJIH, 
'ITO noJiyqHTh npop;yRT BblCOROH IIJIOTHOCTH, o6-
Jiap;aiO~HH BblCOROH npO'IHOCTbiO li HMeiO~Hil 
aepHa Manoro paaMepa, oRaaanocb HeBoaMomno. 
IIonoMy 6hm paapa6oTaH cnoco6 nonyqeHun: no
pomiWB ocamp;eHueM MeJIRoRpHcTaJIJIHqecRoro 
cyJib~aTa 6epuJIJIHH u ero npoRaJIHBaHueM npu 
onpep;eJieHHbiX ycnosun:x. XapaRTepucTHRH ::noro 
1l p;pyrHX nopOIIIROB .onpep;eJIHJIHCh ~H3HqecRHMI1. 
MeTop;aMH. Mccnep;osanun: npoHIHiaeMOCTH noaso
JIHJIH HaiiTH MexaHnaM cneRaHun: B cnpeccosan
Hhix o6pa31IaX ORliCH 6epHJIJIHH. 

06pa31lbl H3 JIBYORHCH ypaHa C ORHCbiO fie
pHJIJIHH IIOJiyqaJIHCb nyTeM BbllJ;aBJIHBaHHH CTep
iKHH, cop;epma~ero CMeCb 3THX ORHCJIOB, BMeCTe C 
oooJio'liWii ua qucToii ORliCH 6epuJIJIHH. Ilocne 
ClleRaHJIH ROHIIhi CTepiKHH aarrpeCCOBbiBaJIHCb p;HC
nOM ua IIJIOTHOH ORliCH 6epHJIJIHH. TaRue o6pa31Ihi 
IIO):IBepraJIHCb rrpep;BapHTeJihHOMY o6JiyqeHHIO. 

l1 CCJiep;oBaJIOCh HeifTpOHHOe o6Jiy'leHHe IIJIOT
HOii qucToif ORliCH 6epHJIJIHH. AHuaoTpormoe 
pacmupeHue RpucTaJIJiuqecRoii: pemeTRH ORliCH 
6epHJIJIH11 rrpHBOlJ;HT R HaROIIJieHHIO 3HeprHH p;e
!J!OpMaiiHH B IIOJIHRpHCTaJIJIHqeCROM MaTepuaJie 
scnep;CTBHe rpauuqHoro cmaTun: aepen. TeopeTII
qecRIIH ananua rroRaahmaeT, qTo o6paaosaHue 
Tpe~HH B 3Ha'lHTeJibHOH CTeiieHH aaBHCHT OT pa3-
Mepa aepeH. 8To rrpep;nonomeHue p;ocTaTO'lHO xo
pomo corJiacyeTcn: c 3RcrrepuMeHTOM. 

IllapnRH ua Rap6up;a ypaaa p;nn: rrpurOTOBJie
nun: p;ucrrepcuu rronyqaJOTCH rryTeM rpaHynuposa
HHH CMeCH nopOIIIROB ABYORHCH ypaHa II yrnepo;~,a 
II npup;aHHH rpaHynaM c~epuqecRoif • ~opMbi c 
IIOCJiep;yiO~HM CIIeRaHHeM IIpH ROHTpOJIHpyeMbiX 
HOpMax rrop;aqu cMecu rrpu TeMnepaTypax BIIJIOTb 
p;o 1600° C. IllapuRH na Rap6up;a ypana p;uaMe
TpOM OROJIO 500 MK, cop;epma~ue MeHee 0,2% 
RHCJIOpop;a, IIO.'Iy'laJIH napTIIHMH flO 10 KZ. 8Tn 
'laCTHIIbl IIORpbiBaJIH IIHpOJIHTH'leCRHM yrJiepop;OM 
HJIH Rap6up;OM RpeMHHH B IICeBp;ORHIIH~eM CJIOe, 
qepea ROTOpbiH rrporrycRaJIH MeTaH HJIH MeTHJI
TpHXJIOpCHJiaH u sop;opo;:I. PaccMaTpusaeTcn: BJIHH
HHe paaJIH'lHblX ycnosuii: nposep;eHHH peaRIIHH Ha 
Ra'leCTBO IIORpbiTHH. 

CTepmHn ua caMocsn:aaHHoro Rap6u;:Ia RpeMHHH 
IIOJiy'laiOT Bbl):laBJIHBaHHeM CMeCH Rap6H):la RpeM
HIIH, yrnepop;a II CBH3YIO~ero C IIOCJie;:IyiO~HM 

HMIIperHHpOBaHHeM RpeMHHH. IloJiy'laiOTCH IIJIOT
'Hble cTepiKHH (92-95% SiC; 8-5% Si). IIpn
BOiiHTCH HeROTOpbie ~H3H'leCRHe CBOHCTBa aTIIX 
cTepmneif. 

CTepmnu ua Rap6np;a, cop;epma~ne TOIIJIIIBO, 
nony•IaiOT nop;o6HbiM cnoco6oM. TorrJIHBHhie ma
puRn CHa'laJia CMeiiiHBaiOT C p;pyrHMII ROMIIOHeH
'1 aMn, aaTeM rro;:IBepraiOT Bbip;aBJIHBanniO. Cnoii 
CTepiHHH, He Cop;epma~HH TOIIJIHBa, li 1\0HIIeBbie 
1\0JITia'lRll, MOiKHO Jf3fOTOBJI11Tb TeM me CIIOC060M, 
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By passing an electric current through a rod cooled 
by C02 or air, thermal stresses of 20 000 lb/in2 

(l 400 kgfcm2, 640 W fern) have been applied at sur
face temperatures of 1 000 °C without fracture, a 
result anticipated from the high modulus of rupture. 
Some preliminary observations of fast (> 1 MeV) 
neutron damage to self-bonded silicon carbide have 
been made to doses of 5 x 1020 n/cm2 at temperatures 
up to 700 °C. The dimensional expansion appears to 
saturate at about 5 x l 020 nfcm2 and is linearly depen
dent on temperature. A linear expansion of 0.88% at 
250 °C reduces to 0.35% at 790 °C and would be 
expected to be completely annealed out at 1 000 °C. 
Thermal conductivity changes also saturate quickly 
and are temperature dependent. Neither Young's mo
dulus nor the coefficient of thermal expansion appear 
to be very sensitive to neutron damage. The effect of 
irradiation on the modulus of rupture has only been 
determined after a dose of 1018 n/cm2 at 300 °C; no 
significant change was observed. 

Preparation and properties of fuelled silicon 
carbide rods 

These are prepared analogously to the unfuelled 
rods with the difference that the green mix contains 
coated carbide spheres. Rods up to 0.5 in (1.3 em) 
diameter have been made containing up to 50 vol% 
of coated carbide spheres (Fig. 15). 

The bend strength and thermal stress resistance of 
fuelled rods is less than of unfuelled rods, possibly 
because of the increased concentration of surface 
defects arising from the presence of coated spheres at 
the surface. However, the good mechanical properties 
of the unfuelled material can be regained by sheathing 
the fuelled rods with a thin unfuelled layer of SiC. A 
typical fuel rod with a fuelled core, unfuelled layer 
and end caps is shown in the radiograph (Fig. 16). 

Some fuelled rods are currently being irradiated to 
assess fission product retentivity and thermal stress 
effects. Detailed results are not yet available; prelim
inary tests at a burn-up of 15 000 MWd/tU and maxi
mum rating about 460 W /g U showed no damage to 
the kernel, coat or matrix. 
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ABSTRACT -RESU M E-AH HOT A W111 R-RESU MEN 

A/152 Royaume-Uni 

Mise au point preliminaire par I'UKAEA de 
combustibles disperses 
par F. S. Martin et a/. 

Le memoire expose les raisons de l'etude au 
Royaume-Uni de combustibles ceramiques non
metalliques disperses et l'etat de ces travaux. Deux 

systemes ont ete choisis pour une mise an point 
poussee: une dispersion de dioxyde d'uranium dense 
dans de l'oxyde de beryllium, et une dispersion de 
carbure d'uranium enrobe dans du carbure de silicium. 

Des etudes de frittage sur les poudres de BeO 
commerciales montrent qu'il n'est pas possible d'ob
tenir d'une far.;on constante un produit de haute 
densite ayant une resistance elevee et une faible 
dimension de grain. On a done mis au point un 
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Figure 6. Green U02/C spheres Figure 7. Sintered UC sphere Figure 8. SiC coat on UC Figure 9. Columnar structure 
x 100 spheres x 400 of SiC coat x 400 

Figure 10. Fine grain pyrolytic Figure 11. Coarse grain pyro- Figure 12. Duplex CfSiC coat Figure 13. Triplex SiCfC/SiC 
carbon coat lytic carbon coat coat 

Figure 14. Microstructure Figure 15. Fuelled SiC 
of self-bonded SiC matrix 

The integrity of coated spheres is important both 
in subsequent fabrication and for fission product 
retention. Our coated spheres have a failure rate of 
less than I in I 04 on acid leaching after heating at 
I 700 °C, a result confirmed by neutron activation. 
However, although a coated sphere withstands ther
mal cycling it does not follow that it will withstand 
the mechanical forces to which it is subjected in the 
subsequent dispersion processes. 

Preparation and properties of self-bonded silicon 
carbide 

The preparation of dense self-bonded SiC is based 
on a reaction sintering process [17] adaptable to the 
fabrication of cylindrical fuelled bodies. A mix of 
SiC, C and a liquid binder is compacted to a calcu
lated' green density and the compact is impregnated 
with molten silicon. In siliconising, no change in 
gross volume occurs since the original porosity is 

Figure 16. Fuelled SiC matrix with unfuelled outer layer 

almost completely eliminated by the formation of 
(j-SiC from the in situ reaction of the carbon with 
silicon. A typical microstructure shows the original 
silicon carbide grains well bonded in a virtually 
featureless structure of (j-SiC (Fig. 14). Some proper
ties of rods fabricated in this way are given in Table 3. 

Table 3. Physical properties of silicon carbide 

Young's modulus (at 20 °C} ..... . 

Modulus of rupture at 20 °C .. . 
900°C .. . 

1 200°C .. . 
1400 oc .. . 

Coefficient of thermal expansion 
(mean value 20 °C to 800 °C) .. . 

Thermal conductivity at 20 °C ... . 

lb/in• kg/em' 

60 X 106 

53 500 
75 400 
73 700 
25 800 

4.2 X 106 

38000 
53 000 
51 000 
18 000 

4.3 X 10-6 oc-t 
0.294 cats/em °C s 
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where y = a boundary surface energy in the absence 
of misfit strain, E = Young's modulus and 2/ = aver
age grain diameter. 

This relationship suggests that the cracking should 
be strongly dependent upon the grain size of the 
beryllium oxtde. It predicts the onset of cracking at 
about 3 x 1019 n/cm2 (> I MeV) at IOO f.l. grain size 
and about 3 x 1020 njcm2 > I MeV at 1 f.l. grain size. 
The onset of cracking is actually rather difficult to 
determine, especially in the larger grain size material 
due to spontaneous cracking in the unirradiated state; 
this occurs because of the misfit strain arising from 
thermal contraction. However, the predictions of the 
model are fairly well borne out by experiment and it 
appears that cracking develops into powdering for an 
integrated neutron flux about ten times greater than 
that corresponding to the onset of cracking. The 
second prediction is that the modulus of rupture 
should decrease steadily for doses above that at which 
cracking occurs. Fig. 5 shows how this is expected to 

1·0 

0·5 

'c' AXIS STAAJN 
10" 1 

I0 1t 1010 S• 1020 

SIC 10 1J 1020 

Figure 5. Calculated fractional change in fracture stress (a0) due 
to irradiation of BeO for grain sizes 1J<, 101' and 1001' 

vary with grain size, irradiation dose and irradiation 
temperature. 

Hence, with currently available high grade material, 
beryllium oxide should be usable to a dose about 
3 x 1021 nfcm2 (> I MeV) at an irradiation temper
ature of 600 °C. Thus, while beryllium oxide looks 
very promising as a fuel matrix it looks unpromising 
at present as a fixed moderator. 

STUDIES OF THE URANIUM CARBIDE/SILICON 
CARBIDE SYSTEM 

Of the possible carbide matrices SiC appears to have 
the best combination of strength, compatibility with 
C02, thermal conductivity, resistance to irradiation 
damage and a method of fabrication allowing the dis
persion of coated particles without radically changing 
its properties. The coating on. the fuel spheres (pyro
lytic C or SiC) is necessary for fabrication reasons 
and also provides a primary barrier to fission prod
ucts; SiC has better retentivity than pyro-carbon to 
metallic fission products and fuel atoms especially at 
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temperatures over I 000 °C. The fabrication route for 
this fuel has four stages: 
(a) Preparation of green spheres of U02/C mixture; 
(b) Reaction and sintering of the U02/C spheres to 

form UC; 
(c) Coating of the carbide spheres with pyrolytic car

bon or silicon carbide; 
(d) Dispersion andincorporation ofthecoatedspheres 

into a dense silicon carbiqe matrix. 

Preparation of U02/C spheres [16] 

uo2 and carbon powders are ball milled together 
in the requisite ratio to give UC. A small quantity 
of binder is added and the mix is gyrated in a bowl 
where small spheres form and grow by the agglomera
tion of fine material. Further uniform growth of 
these spheres is obtained by the continuous addition 
of more powder during gyration and in this way 
spheres of up to 2 mm diameter have been produced 
(Fig. 6). 

Preparation of uranium carbide spheres 

Batches of U02/C spheres in molybdenum boats 
are reacted in a furnace. The carbon monoxide pro
duced is removed continuously and the reaction is 
followed by observing the change in gas pressure. 
The temperature is raised at a controlled rate to the 
reaction temperature and held until the pressure fall 
indicates that the reaction is ·almost complete. The 
resultant UCx is densified at higher temperatures, 
depending upon composition, e. g., values as high as 
12.5 gfcm3 have been obtained for near stoichiometric 
material. These spheres have highly dense outer shells 
with the porosity graded towards the centre (Fig. 7) 
and have low oxygen contents. 

Pyrolytic coating of carbide spheres 

Carbon coatings are deposited by the pyrolysis of 
a hydrocarbon, preferably methane, using argon to 
fluidise the particles in I~ in (3.8 em) and 5 in (12.5 
em) diameter fluid bed units: silicon carbide is depo
sited by the pyrolysis of methyl trichlorosilane with 
hydrogen as the fluidising gas. The graphite fluid bed 
reactor is heated to 1 200 to I 800 °C; a water cooled 
injection tube prevents premature pyrolysis of the 
reactant and blocking of the inlet. The bed is retained 
at low gas velocities by a tungsten carbide ball. The 
effects of temperature, fluidising gas rate, reactant 
partial pressure and batch size on the coating rate, 
coating structure and utilisation of reactants have 
been investigated. Silicon carbide coatings (Fig. 8) 
consist of columnar grains up to 50 microns in size 
(Fig. 9). Closed porosity in coatings produced at high 
temperatures has been noted. Pyrolytic carbon coat
ings consist of cone-like grains, whose size is a func
tion of coating rate and temperature which are in 
turn correlated (Figs. 10 and 11). When coating UC 
with pyrolytic carbon, the initial carbon deposit reacts 
with the monocarbide to form a higher carbide. 
Duplex coats such as C/SiC (Fig. 12) and triplex 
coats, SiC/C/SiC (Fig. 13) have been deposited. 
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different rates in different areas within the pellet; or 
the rate of growth could be affected by different con
centrations of impurities. These differences lead to a 
variation in grain size within the pellet and therefore 
to variations in the average bulk density at which 
grain growth occurs. At densities over about 96%, 
grain growth has occurred throughout the sample and 
all the porosity is closed. 

Table 2. Effect of prefiring U02 on shrinkage offuelled 
BeO extrusions 

UO, granule 
prefiring 

treatment in C02 
(<>C) 

Nil ............ . 
800 ............ . 
900 ............ . 
1 ()()() ........... . 
1 200 ........... . 
1 650 (in H 2) ••••• 

Linear 
shrinkage 

of 
extrusion 

(%) 

17.3 
16.7 
15.1 
14.2 
12.0 
10.5 

Sintered density 
of fuelled 
extrusion 

(% theoretical 
density) 

97 
95 
95 
96 
95 
93 

Sintering studies of BeOfU02 mixtures 

Table 2 shows the results of sintering studies carried 
out on dispersions of 30 vol% U02 in milled UOX 
BeO which had been extruded at 2.5 ton/in 2 (394 kg/ 
cm2). Sintering was carried out in hydrogen for 4 h at 
1 650 °C; there is a gradual increase in linear shrink
age and density with decrease in uo2 prefiring tem
perature. In all cases, contact between fuel and matrix 
was good; the lower density compacts (associated 
with fully sintered U02) had a porous BeO matrix 
containing large closed pores which were not neces
sarily topographically connected with the fuel-matrix 
interface. 

Fabrication studies by cold pressing and extrusion 
of BeO and fuelled BeO to high densities 

For both compaction and extrusion routes, organic 
binders were used to provide a strong body in the 
green state and in the case of extrusion to impart the 
r~quired plasticity. These took t~e form of 4% addi
tion of polybutyl methacrylate m acetone for cold 
pressing and aqueous cellulose/glycerol (2% of each) 
for extrusion. In the fabrication of fuelled BeO by 
either technique uo2 granules were added during the 
penultimate stages of mixing to prevent their abrasion 
or breakage. 

Compacts up to 0.7 in (1.77 em) diameter have 
been produced in automatic presses at rates up to 
20 per min. Pieces 9 in (23 em) long x 0.4 in (I em) 
diam have been extruded satisfactorily through hard
ened steel nozzles with a 90 ° lead angle. Binder 
removal before sintering from pure BeO can be 
achieved by heating in air to 800 °C but, in the pre
sence of U02, a prolonged soak in hydrogen at 
I 000 °C during the heating stage of the sintering 
cycle is most convenient; this reduces carbon contents 
to approximately 50 ppm. By co-extruding a duplex 
charge consisting of fuelled and unfuelled BeO of 
equal extrudability and shrinkage characteristics, 
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Be0/U02 specimens (0.2 in [0.5 em] diam) clad in 
pure BeO (0.050 in [0.13 em] thick) have been pro
duced. Fig. 3 shows a section through such a sintered 

Figure 3. Section through extruded and sintered U02fBeO rod 
with fuel-free outer layer 

specimen; the bonding between sheath and core (after 
air drying and hydrogen sintering) is good and the 
fuel distribution in the core is acceptable. 

End sealing of co-extruded specimens was effected 
by hot pressing sintered BeO caps at I 450 °C using 
either an interlayer of BeO powder followed by exter
nal glazing or one containing a siliceous flux (Fig. 4). 

Figure 4. Miniature U02/Be0 fuel rod with fuel free coat and 
end caps 

The integrity of encapsulations was assessed by heat
ing in air at 800 °C for periods of up to 4 days when 
faultly specimens failed through oxidation of the uo2. 
Such specimens are currently being irradiated to test 
fission gas release and resistance to thermal stresses 
at temperatures up to 1 000 °C. 

Strength tests on BeO and BeOfU02 

Some 3 point bend tests have been carried out at 
room temperature on extruded specimens of fuelled 
and unfuelled BeO. From these, moduli of rupture 
for pure BeO of about 30 000 lb/in2 (2 100 kg/cm2) 

were obtained, with values around half this figure for 
30 vol% U02 dispersions. Further 4 point tests are 
in hand at room temperature and at 800 °C. 

Irradiation of BeO 

The basic problem in using beryllium oxide lies in 
well substantiated reports [9-13] that fast neutron irra
diation may cause it to break up or crumble; to some 
extent this problem can now be overcome. Cracking 
or crumbling occurs primarily because irradiation 
causes adjacent grains in differing orientations to ex
pand to differing amounts. The resultant misfit causes 
strain to build up around grain boundaries and the 
energy associated with it can help cracks to grow. 

A theoretical analysis of the irradiation induced 
strain is given elsewhere [14, 15]. It predicts that for 
irradiation at 100 °C spontaneous cracking between 
grains should first occur at a misfit strain of 

E = ( 24y )~ 
\ El I 
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pressing pressure relationships for several powders 
are shown in Fig. 1. This shows that a given increase 
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Figure 1. Effect of pressing pressure on green and sintered 
density of BeO 

in pressing pressure produced approximately the 
same increase in green density for all the powders, but 
the green densities obtained at any given pressing 
pressure varied considerably from powder to powder. 

The pellets were sintered in cylinder hydrogen for 
2 h at I 650 °C, using a heating rate of 300 °C/h. 
Sintered densities were calculated from the measured 
dimensions and weight (Fig. 1). These values tend to 
be slightly lower (about I%) than the true bulk den
sity. Considerably higher sintered densities are ob
tained at higher pressing pressures with all the pow
ders; some of the powders show an increase of 15% 
in sintered density for an increase in pressing pressure 
from 6 to 48 ton/in2 (945 to 7 560 kgfcm2). It is infer
red from this that many of the powders contain large 
particles which are progressively broken down as the 
pressing pressure is increased. This results in a reduc
tion in the average pore size in the pressed pellet and 
consequently very much smaller areas to be filled 
during sintering. The breakdown of these larger 
particles could also be achieved, e. g., by milling or 
sieving the original powder; the powder would then 
require a lower pressing pressure to achieve the same 
sintered density. 

Beryllia powders derived from small crystals of 
beryllium sulphate have particles which are easily 
broken down (e. g. powder 4, Fig. 1) and thus give 
high sintered densities (2.64 gfcm3) at a pressing pres
sure of only 6 ton/in2 (945 kg/cm2), increasing to 
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2.87 g/cm3 at a pressing pressure of 48 ton/in2 (7 560 
kgfcm2). The particles can be broken down by sieving 
prior to granulation after which the sintered density 
at the low pressing pressure is increased to 2.80 gfcm3 

(powder 5). Beryllia powders derived from larger crys
tals of beryllium sulphate (greater than 50 mesh 
[ = 300 !LD do not break down as readily on pressing, 
and sieving has little effect, e. g., powder 6 gave a 
sintered density of 2.40 g/cm3 at 6 ton/in2 (945 kg/ 
cm2) increasing to 2.74 gfcm3 at 48 ton/in2 (7 650 kg/ 
cm2). Sieving the beryllia powder through 170 mesh 
( = 88 !L) did not cause any significant increase in these 
figures. 

Samples of sintered beryllia pellets have been exam
ined by optical and electron-microscopy. Specimens 
for electron-microscopy were mechanically fractured 
and a Bex film replica of the fractured surface was 
shadowed with Au/Pd and carbon coated. All the 
pellets of lower than 90% theoretical density which 
have been sintered for 2 h at I 650 °C in hydrogen 
have a grain size of about 2 IL· A typical structure of 
such a pellet is shown in Fig. 2. This seems to be the 

Figure 2. Electromicrograph of sintered BeO 

crystallite size of these sulphate-derived beryllia pow· 
ders heated under these conditions. No wide variations 
in crystallite size with sintered density were observed 
for densities in the range 75-90%. This suggests that 
differences in sintered density under these conditions 
were probably not due to differences in crystallite 
growth rates. Although fracture is predominantly 
intergranular in these low density samples, a few 
grains showed the characteristics of trans-granular 
fracture. In these grains no closed pores were visible. 
This observation is consistent with the porosity meas
urements which show that nearly all of it is open and 
must therefore lie along grain boundaries in order to 
be accessible to the surface of the pellet. 

At somewhat higher bulk densities the pores are 
small enough to allow grain growth to occur, the 
pores nqw being trapped within the growing grains. 
Due to density variations this process may occur at 
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some coated uranium dioxide has been produced 
though the coats were non-uniform. Preliminary 
results indicate that soft coats are deposited at 700 °C 
and at I 000 °C coats are denser. Development work 
is being directed towards providing more uniform 
denser coats and combinations of dense and porous 
coats. 

The fabrication of BeO to impermeable forms [3-8] 

To fabricate dense beryllia bodies containing uran
ium oxide fuel granules a baryllia powder is required 
which will sinter to high densities under conditions 
similar to those required to sinter the fuel phase. The 
product must be impermeable and have fine grain 
size, for irradiation damage resistance. To achieve 
these requirements the characteristics of the powder 
used are very important. The success of sintering and 
the achievement of impermeability depends on elimi
nating the pores between and within the particles 
forming the compact to be sintered. Pore structure 
has an important bearing on fission gas behaviour; 
consequently permeability measurements are used 
extensively in our work. It is found, at the start of 
the fabrication cycle, that the permeability of green 
compacts varies according to powder characteristics. 
This is illustrated in Table 1 for different BeO powders 

Table 1. Surface areas and permeability coefficients for 
unsintered BeO compacts prepared from different 

powders 

Surface area 
(m'/g) 

0.78 
1.35 

11.2 
15.4 

Total permeability coefficient, (K) 
at mean pressure = to• dynesfcm1 

(cm1 /s) 

1.33 
0.57 
0.081 
0.031 

Viscous flow 
permeability 

coefficient 
(Bo) 

(em• x 1010) 

1.97 
0.31 
0.025 
0.011 

pressed to a density of 1.7 gjcm3• The variations 
(Table 1) imply that powders of high surface area 
(i.e., small crystallite size) give very much lower 
permeability than low surface area powders at the 
start of the fabrication cycle. Such powders, therefore, 
provide a better chance of achieving a certain degree 
of impermeability because the initial pore size in the 
compact is smaller than in compacts of low surface 
area powder. High surface area powders are also 
necessary to achieve high density in relatively short 
sintering times so that the small pore size achieved 
by using high surface area powders is important from 
both the sintering and permeability aspects. In general, 
powders with surface areas <t 10 m2/g are found to 
be necessary. 

Studies on various powders have shown that con
trol of surface area (or crystallite size) alone is not 
sufficient [6, 8], but that the aggregation of the crys
tallites and the purity of the powder play important 
roles. It has been shown, contrary to what might have 
been expected, that certain types of impure beryllia 
have poor sintering characteristics. It is suggested 
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that this is due to the operation of alternative mecha
nism of material transport which cause changes in 
pore structure and eliminate the possibility of reaching 
high density. For these reasons emphasis has been 
placed on the study of relatively pure powders in 
which these effects were not significant. With batches 
of such pure powder having suitable crystallite and 
particle sizes, it has been shown [5] that satisfactory 
sintering conditions can be achieved. 

Very high densities(> 96%) were noted at tempera
tures of 1 500 °C and upwards, up to a maximum 
of > 99% theoretical density. Open porosity was 
found to fall to undetectable values at "" 2.90 gfcm3, 

("" 96% theoretical density) and the use of high com
pacting pressures was found to promote the achieve
ment of high density and the retention of fine grain 
size, both of which features are ascribed to the im
provement in pore structure induced by the higher 
pressure. 

It is known, however, that the characteristics of 
powders are determined in large part by the character
istics of the compounds from which they are prepared 
and, for full control of the ultimate product, control 
must be exercised at the earliest stage. For this reason 
a route has been developed for the preparation of a 
suitable grade of beryllia by the ignition of a pure 
beryllium sulphate prepared under controlled condi
tions. 

The sulphate may be purified by recrystallisation 
but we prefer solvent extraction by acetyl acetone [3]. 
The important steps are first to control the size of the 
purified beryllium sulphate crystals and secondly to 
control the conditions of ignition of the crystals. The 
thermal decomposition of sulphate crystals has been 
observed on a hot-stage microscope; during decompo
sition there is little change in the overall shape of 
crystals, i.e., large sulphate crystals produce· large 
beryllium oxide aggregates and small crystals produce 
small aggregates. In turn these lead to sintered oxide 
compacts of low and high density respectively for 
given pressing pressures. 

The sintering characteristics of the beryllia produced 
by the sulphate route are illustrated in the following. 
It confirms some of the general features referred to 
above and illustrates the importance of the control 
which must be exercised in the preparation of the 
sulphate itself. 

Samples of beryllium sulphate were decomposed by 
heating in air at 950-1 000 °C for 4 h. Some were given 
a prior drying treatment at 100 °C for 4 h. The sur
face area of the beryllia powder produced by decom
position at 1 000 °C varied from sulphate to sulphate 
but all the results lay in the range 9-16m2/g. The 
powders were granulated using polybutylmethacrylate 
binder diluted with trichlorethylene which was re
moved by heating to about 100 °C before pressing at 
pressures of 6 to 48 tonfin2 (945 to 7 560 kgfcm2

). 

The volume of binder present in the pressed pellet was 
insufficient to fill completely all the pores within the 
pellet; a minimum of 15% of gas space was present 
in the highest green density pellets. Green density and 



P/152 United Kingdom 

Preliminary development of dispersed fuels in the UKAEA 

By F. S. Martin,* F. J. P. Clarke,** R. W. M. D'Eye* and D. T. Livey** 

Scientific and development work on two types of 
non-metallic dispersed nuclear fuels is in progress. 
These are a dispersion of uranium dioxide in beryllia 
and a dispersion of uranium carbide in silicon.carbide. 
The work is aimed at long term AGR development, 
but to some extent is complementary to the work on 
dispersed fuels in graphite being done by the OECD 
DRAGON Project, situated in the United Kingdom. 

The decision to examine such systems is logical 
when related to the longer term development of ad
vanced gas (C02) cooled reactor systems. A limit to 
the further development of stainless steel clad uo2 
elements is set by the high temperature mechanical 
properties and corrosion of the sheaths. The develop
ment of the all-ceramic fuel element is aimed at signif
icantly raising this temperature limit (e. g. to 1 200 °C) 
and we have chosen materials compatible with C02• 

A benefit in neutron economy is gained also by the 
removal of the stainless steel can. However, in order 
not to offset these gains it is important that the element 
be so retentive of fission products that no expensive 
coolant clean-up circuit is required. The most impor
tant ultimate criterion in assessing a new fuel is how 
it affects the performance of a power station particu
larly with respect to the cost of electricity. The eco
nomic gains accruing from the adoption of dispersed 
fuels in an advanced gas cooled reactor were recently 
discussed by Kronberger [1]. 

The properties of a dispersed fuel are predominantly 
determined by the matrix. The introduction of even 
small quantities of disperse phase of inferior proper
ties detracts from the good qualities of the matrix; 
detractions become marked as the dispersed phase 
increases beyond 30%. The fuel compositions we have 
considered have a minimum matrix volume of approx
imately 70%. The disperse phase can consist of pure 
fuel (e. g. dense U02) or an association of fuel and 
protective coat (e. g. silicon carbide coated uranium 
carbide spheres). 

Ratings may be calculated to correlate fuel element 
dimensions with tolerable thermal stresses for a partic
ular material. This correlation is then used in a para
metric survey to select an optimum range of ceramic 
fuel element diameters. A safety factor of four on the 
room temperature strength of normal quality beryllia 
and self-bonded silicon carbide is allowed in design 

• UKAEA, Reactor Group, Reactor Fuel Element Labor
atories, Springfields, Lancashire. 

** UKAEA, AERE, Harwell, Didcot, Berkshire. 

calculations. It seems possible to improve manufac
ture so that strengths could be raised to values where 
design stresses having safety factors of less than four 
would be permissible. The economies then resulting 
from increased rod diameters in the case of beryllia 
would be appreciable. 'The required fuel burn-up 
associated with the realization of the economies of 
ceramic fuel elements is up to 40 000 MWd/t but 
100 000 MWd/t may be feasible. In order to expose 
the matrix to the minimum fission fragment bom
bardment damage, a minimum particle size for the 
disperse phase is generally 150 fl.; it appears that the 
limitation on life of ceramic elements will be by fast 
neutron bombardment damage. The required life for 
AGR type fuel elements appears to be well within the 
potential range of the materials considered in this 
paper. 

STUDIES OF THE U02/Be0 SYSTEM 

Dense oxide fuel granules 

Milled U02 powder is pre-pressed, granulated and 
the granules are vibrated in an abrasive annular 
track [2]. The yield of granules of the required size 
(150 to 250 fl.) is about 70% and they are well rounded 
and have a sintered density of 10.5 to 10.6 g/cm3 ; 

they usually have a central void, frequently of crescent 
shape. This route uses powders prepared by ammo
nium diuranate precipitation. It is more sensitive to 
the quality of the powder than are pressing and sinter
ing routes for pellets. Consequently, any change in the 
scale of preparation of the powder must be matched 
by adjustments to the conditions of the granule pre
paration. 

Coated oxide fuel granules 

Studies have been made of the deposition. of alumin
ium and beryllium oxides by vapour phase hydrolysis 
of the metal chlorides in a fluidised bed of dense 
uranium dioxide particles. Alumina coats have been 
deposited in a silica apparatus (100 g uo2 scale) at a 

· maximum coating temperature of 1 000 °C. The depo
sition efficiency of alumina for coats from 5-40 fl. in 
thickness was about 30%. A similar apparatus has 
been used for berylliafuranium dioxide on the 100 g 
scale. A larger apparatus (400 g scale) has been under 
development utilising constructional materials capable 
of withstanding coating conditions at 1 450 °C. 

Considerable development has been required to 
solve the beryllium chloride containment problem; 
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COI\OH TeMnepaType. 110'lTH llOJIHaH 3aAepmRa Ha

OJIIOAaeTCH AJI.H nJioTHoii ABY<>RHCH ypaHa Home 

npHMepHo 1000° C AJIH o6JiyqeHHH snJIOTh ;~o 
10 000 MBr · cyn•u/r ypaHa. 

i) Ha6JIIOAaeMhie MoMeHThl peaRoro Bhi;:(eJJe

HHH raaoo6pa3HhiX npOAYRTOB )J.CJJeHHH, UO-BI1;:(11-

MOMY, CBH3aHhl C llOBepXHOCTHbiM aaxBaTOM, 

CTeXHOMeTpH'leCRHM paBHOBeCHeM, HCnapeHUCM 

BAOJib TpeROB OCI\OJIHOB. p:eJieH11H H B MeHhllleii 

cTeneHn c n:pyruMu HBJJeHHHMn, nanpuMep n;~pa

MH OT/'W'lH. 

A/19 Canada 

Comportamiento de los gases de fisi6n en el 
combustible de uo2 
por W. B. Lewis et ol. 

Se sabe que con irradiaciones intensas aparecen y 
crecen en el combustible de uo2 burbujas relativa
mente grandes. Quienes disefian el combustible para 
grados de quemado muy por encima de 20 000 MWd/ 
tonelada de U (5 x 1020 fisionesjcm3) tienen que saber 
como se distribuini el gas de fision entreestas burbujas, 
los espacios vacios del proyecto y la masa de oxido. 
Se discuten experimentos hechos con el fin de poder 
comprender estos fenomenos. 

Estos experimentos, confirmados por irradiacion 
de combustible prototipo, indican que con nuestro 
disefio actual de reactor de potencia, la liberacion 
de gases de fision no es problema. Para algunos 
otros disefios parece necesario tener en cuenta muchos 
de los fenomenos de migracion de gases de fision 
observados. Ciertos experimentos han puesto de 
manifiesto que parte de los gases de fision emigranin 
a trampas internas en el uo2 en vez de escapar a los 
huecos del elemento combustible. Otros experimentos 
han demostrado que se reabsorbe bastante xenon 
del gas en el oxido. El comportamiento general 
depende mucho de Ia temperatura y de los gradientes 
termicos asi como de Ia historia anterior, estequio
metria del oxido, porosidad, coercion mecanica y 
de Ia irradiacion total. 

Se presentan las siguientes observaciones obtenidas 
de experimentos recientes: 

a) La constante de difusion aparente, obtenida 
al templar U02 sinterizado, tras Ia irradiacion, 
decrece con el tiempo de una forma que sugiere 
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no solo que el gas se atrapa en poros cerrados sino 
tambien cierta reabsorcion a partir de los poros. 

b) Despues que el U02 irradiado se hubo templado 
a I 700 °C durante 3 horas a fin de permitir Ia difu
sion del xenon de fision, 55% del xenon de fision 
total se libero al pulverizar. 

c) La fraccion del xenon de fision capaz de difun
dirse al templar tras la irradiacion decrece al aumentar 
Ia dosis de irradiacion previa. 

d) La emigracion de huecos lentiformes en contra 
de un gradiente termico, en la zona de I 700 a 2 200 °C 
puede ser muy rapida y se cree que arrastra los gases 
de fision hacia el centro del combustible. El resque
brajamiento del combustible mientras se apaga el 
reactor liberaria el gas de cualesquiera huecos 
expuestos. 

e) Con temperaturas de hasta por lo menos 250 °C 
muy poca irradiacion produce Ia adherencia de 
xenon a las superficies de uo2 expuestas al gas. 
Gran parte de este se Iibera al calentar a 400 °C. 
Por encima de 800 °C queda muy poco gas adherido. 

f) Si se alarga la irradiacion tambien se produce 
una adherencia mucho mayor de xenon que no se 
Iibera apreciablemente por debajo de I 200 °C. La 
cantidad embebida es aproximadamente propor
cional a la irradiacion, presion del gas y a la super
fide expuesta. Se han observado muestras que con
tenian hasta 3,6 veces la cantidad total producida 
por fision a 2 500 MWd/tonelada de U. 

g) En una serie de experimentos se observo consi
derable desproporcion isotopica en el xenon absor
bido. Esto parece poderse atribuir a diversos procesos 
de emigracion a traves de canales estrechos y sobre 
superficies. 

h) Varias barras de U02 estudiadas tras la irra
diacion exhibieron la esperada distribucion sigmoidea, 
de superficie a centro, del xenon producido por fision. 
Sin embargo, en otra barra, Ia menor concentracion 
de xenon no correspondia a Ia maxima temperatura. 
En U02 denso, por'debajo de unos I 000 °C y para 
irradiaciones de hasta 10 000 MWdjtonelada de U 
se produce una retencion casi completa. 

i) Las liberaciones subitas de pequefias cantidades 
de gas de fision observadas parece que puedan 
atribuirse, asociadas a atrapamiento superficial, a 
equilibramiento estequiometrico, evaporacion a lo 
largo de trazas de fragmentos de fision y, en menor 
grado, a otros fenomenos tales como el retroceso 
nuclear. 
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degage en dessous de I 200 °C. La quantite empri
sonnee est, en gros, proportionnelle a !'irradiation, 
a Ia pression du gaz et a Ia surface exposee. Des 
echantillons ont renferme des quantites de gaz allant 
jusqu'a 3,6 fois le total produit par fission a 2 500 
MWj/t U. 

g) On a observe, dans une serie d'experiences, une 
disproportion isotopique considerable du xenon 
absorbe. Ceci semble dfi a plusieurs mecanismes de 
migration a travers des canaux etroits et le long des 
surfaces. 

h) Des etudes apres irradiation sur plusieurs barres 
de U02 ont montre que Ia distribution du xenon de 
fission, de Ia surface au centre, avait Ia forme sigmoi:
dale attendue. Cependant, dans une autre barre, Ia 
plus faible concentration de xenon ne correspondait 
pas a Ia temperature Ia plus elevee. Une retention 
quasi totale a lieu dans le uo2 dense, au-dessous 
d'environ I 000 °C, lors des irradiations allant jusqu'a 
10 000 MWj/t U. 

i) Les emanations soudaines de gaz de fission qu'on 
a observees semblent attribuables, en plus de l'empri
sonnement du gaz en surface, au retour a l'equilibre 
stoechiometrique, a !'evaporation le long des trajec
toires des fragments de fission et, d'une far;on moindre, 
a d'autres phenomenes tels que l'effet de recul du 
noyau. 

A/19 KaHaAa 

noeeAeHHe raaoo6paaH~x npoAyKroe 
AeneHHH e ronnHee H3 ABYOKHCH ypaHa 
Y. 5. JlbiOHC et al. 

ManecTHO, 'ITO npH o6.Tiy'leHHH TOIIJIIIBa ua 

;r,nyo:Hucu ypaua B HeM o6paayiOTCH ;wnoJihno 

GoJihiiiHe · nyahrphHH, 1\0Tophle yneJIH'lHBaiOTCH n 

o6'heMe. RoHCTpyHTOphi TeTIJIOBhi)l;eJIHIOIIWX :)Jie

MeHTon, CTpeMHII\HeCH )l;OCTH'lh BhiropaHUH 3HR'IU

TeJILHO Bhillle 20 000 Mer· cyr-,..u/r ypaHa (5 · f020 

al\TOB )l;eJieHHH B f C.M3), f);OJiiRHhl 3H3Th, K31\ pac

npep;eJIHIOTCH raaoo6paaHhie npop;yHThi )l;eJieHHH 

MeiRAY 3THMH TIY3hlph:H3MH, a T3KiRe cne~H3JihHO 

npep;yCMOTpCHHhiMH B 1\0HCTpyKD,HH nyCThlMH 

IIpOCTpaHCTB3MH H M3CCOH 01\UCH. 06cyiR)l;3IOTCH 

;mcnepHMeHThi DO uayqeHHIO 3T0f0 HBJICHHH. 

8TH 3KCTiepuMeHThi, IIOATBepm)l;eHHhiC )l;3HHhlMH 

IIO 06Jiy'leHHIO B IIpOTOTHTiaX, IIOK3ii3JIH, lJTO Bbi

;J;eJieHHe . raaoo6pa3HhiX npOJl:YKTOB ;J:eJICHHH HO 

11BJI11eTC11 npo6JieMOH )l;JIH COBpeMeHHhiX 1\0HCTpyH

~HH 1\aHa;J:Cl\HX aHepreTH'leCHHX peaHTOpOB. ,[I,JIH 

HeHOTOphiX )l;pyrux 1\0HCTpyHIJ,HH npeACTaBJI11CTC11 

He06XO)l;HMhiM H3Y'lHTh MHOrHe Ha6JIIO)l;aeMble 11B

JieHH11, CB113aHHhie c Murpaqueu raaoo6pa3HhiX 

npOAYHTOB ACJICHHH. 8HcnepnMeHThi noKaaanH, 

'ITO HeHoTophle raaoo6pa3Hhle npOAYKThi )l;eJieHHH 

C:Hopee 6y)l;yT YXO)l;HTh BO BHyTpeHHHe «JIOBYIII

!\U~ B ABYOKHCU ypaHa, 'IeM nona)l;yT B nycThle 

npOCTpaHCTBa, npe)l;yCMOTpeHHhie B TellJIOBhi~e

JIHIOII\CM aJieMeHTe. B ApyrHx aKcnepuMeHTax 

W. B. LEWIS et al. 

UhiJIO npo)l;eMOHCTpuponaHo, 'ITO aHatJuTeJihHoe Ko

JIH'IeCTBO o6paayiOII\CfOC11 1\CeHOHa BHOBh TIOrJI0-

11\aeTCH B OKHCH. B IJ,CJIOM TIOBC)l;CHUe CUJihHO aa

BUCUT OT TeMnepaTyphi H TeMnepaTypHhiX rpa)l;H

eHTOB, a TaKme OT peiRHMOB npe~IOtqcii 
o6pa6oTKU, CTCXUOMeTpU'IHOCTH OKHCU, TIOpHCTO

CTH, MeXaHU'IeCKHX CHJI CB113H H IIOJIHOrO OUJiy

'ICHHH. 

PaccMaTpnnaiOTCH cJie)l;yiOII\Ue Ha6JIIO)l;eHun, 

C)l;CJiaHHhle B XO)l;C TIOCJie)l;HHX 3KCTICpHMeHTOB. 

a) lloCTOHHHaH 1\aiRyll\eHCH Jl:HtPtPY3HH, TIOJiy-

11CHHa11 nyTeM OTiRHra CTie'IeHHOH Jl:BYOKHCH ypa

na TIOCJie o6Jiy'IeHUH, yMeHhiiiaeTCH CO BpeMeHeM 

TaKUM o6pa30M, 'ITO MOiR'HO npe)l;DOJIOiRUTh He 

TOJlhKO yJiaBJIHBaHHe raaa B 3aKphiThiX rropax, HO 

11 He60JihiiiOe Bhi)l;CJieHue H3 IIOp. 

b) llocJie OTiRUra o6Jiy'IeHHOH Jl:BYOKUCH ypa

na npu TeMnepaType 1700° C B Te'IeHne 3 '1, 

'fTOUhi MOr IIpOJl:H4>ti>YHJl:UpOBaTh KCeHOH, o6paao

BaBIIIHHC11 npH )l;eJieHHH, H3 rrpeBpall\eHHOH B IIO

pOIIIOK AByoKucn ypaHa Bhi)l;eJIHJIOCh 55% ncero 

KCCHOHa. 

c) ,[l,oJIH o6paaonanrnerocn npH )l;eJieHuu Kce

HoHa, KOTOpaH MOrJia ~HtPtPYHAIIPOBUTb upu OT

mure nocne o6Jiy'IeHHJI, yMeHhrnaiach npu yneJiu

IJeHHH npeMeHH nepnona'IaJihHoro o6Jiy'IeHHJI. 

d) Murpaqnn JIHHaoo6paaHhiX nycTOT np11 

TeMnepaTypHOM rpa)l;HeHTe B o6nacTH oT 1700 AO 

2200° C MomeT UhiTh o'leHh 6hiCTpoii, noaToMy no

JiaraiOT, 'ITO B peayJihTaTe aToro raaoo6paaHhre 

npOJl:YKThi )l;eJieHHJI nepeHOCJITCJI K ~erupy TOllJilf

Ba. llpu paCTpeCKHBaHUU TOTIJIHBa BO BpeMH OC

TaHOBKH peaKTopa raahr UYAYT BhiACJIRThCH 11:1 

JII06hrx o6Jiy'IeHHhiX nycToT. 

e) 0'leHh He6oJihrnoe o6Jiy'leHue npu TeMHe

paTypax no Kpaiinew Mepe Jl:O 2500 C BhiahrnaeT 

npnJiunanue Kcenona H nonepxnocnt ABYOKHcu 

ypana, Haxo,rvrll\eiicn B raae. DOJihrnan 'IaCTh aTo

ro raaa Bhi)l;eJIJieTCJI npu narpenanmt ;r,o 400° C. 
0'lCHh He60Jihiii3JI )l;OJIJI COXpaHJieTCH 113 IIOBCpX

HOCTll npu TeMnepaType 6onee 800° C. 
f) BoJiee p;JiuTeJihHOe o6Jiy'leHue cKaahmaeTCH 

B 3Ha'IUTCJihHO 6oJiee npO'IHOM CBJI3hiBaHUU 1\CC

HOHa, 1\0TOphiH Bhi)l;CJIHeTCJI B He3H3'lUTCJlhHOM 

1\0JIU'IeCTBe DpU TeMnepaTypax HlliRC 1200° C. 3a
HpCIIJIBIIICCCH 1\0JIU'ICCTBO rpy6o nponop~UOHUJih
HO DpO)l;OJliRJITf'JihHOCTH o6Jiy'IeHHH, )l;3BJICHJIIO ra

aa H TIJIOII\3AH nonepxHoCTif. 06paa~hi co)l;epmann 

HOJIHtJeCTBa B 3,6 paaa 6oJJhiiie, 'ICM o6paaoBhiBa

JIOCh B pC3YJihT3TC )l;eJICHHJI npH BhlropaHIIII 

2500 Mer· cyr~£u/r ypana. 

g) B O)l;Hoii cepiiu aKcnepuMeHTOB Ha6JIIO)l;a

.TJOCh 3H3'IHTeJihHOe lf30TOllHOe P,IICTipODOpQUOHII

poBaHHe B ll'OfJIOII\CHHOM KCeHOHe. llo-Bll)l;IIMOMy, 

aTO CB.R3aHO C HeKOTOphiMII npoqeccaMH Mllrpa~Ifll 

'lepea yaHIIe KaHa.'lhi u qepea nonepxHOCTh. 

h) HccJiep,onaHIIe HeCKOJJhKHX cTepmHeii Jl:BY

oK"HCH ypaHa ITOCJie o6Jiy'leHHJI ll01\333JIO OiRIIAUC

MOC S-o6paaHoe pacnpep,eJieHIIe npoAYKTa )l;eJie

HifJI- 1\CeHOHa OT TIOBepXHOCTif 1\ IJ,eHTpy. 0)]:1131\0 

n )l;pyroM cTepmne caMaH HH3KaJI HoHqeriTpa

QifJI 1\CCHOHa He COOTBCTCTBOBaJJa CaMOH Bhl-
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ABSTRACT-RESUME-AHHOTAU.It1.q-RESUMEN 

Comportement du gaz de fission 
dans le combustible uo2 
par W. B. Lewis et a/. 

A/19 Canada 

On sait que, sous irradiation intense, des bulles 
relativement grandes se forment et grossissent dans 
le combustible U02• Pour concevoir des cartouches 
destinees a un taux de combustion tres superieur 
a 20 000 MWj/t U (5 x 1020 fissions/cm3), il est neces
saire de connaitre Ia fa<;on dont le gaz de fission se 
repartit entre ces bulles, dans les espaces libres prevus 
et a l'interieur meme de l'oxyde. L'etude traite des 
experiences effectuees pour mieux comprendre ce 
phenomene. 

Ces experiences, confirmees par !'irradiation de 
cartouches prototypes, montrent que Ia formation du 
gaz de fission n'est pas un probleme pour nos modeles 
actuels de centrales nucleaires. Pour d'autres modeles, 
il faudra etudier nombre de phenomenes observes dans 
la migration du gaz de fission. Des experiences ont 
montre qu'une partie du gaz de fission emigre vers 
des pieges internes dans l'U02 plut6t que vers les 
espaces libres de la cartouche. D'autres experiences 
ont montre qu'une partie considerable de xenon est 
reabsorbee par l'oxyde. Le comportement global 
depend beaucoup de Ia temperature, des gradients 
thermiques, des etats precedents, de Ia stoechiometrie 

de l'oxyde, de Ia porosite, de la contrainte mecanique 
et de l'irradiation totale. · 

Les remarques suivantes concernent des expe
riences recentes: 

a) La constante de diffusion apparente, obtenue 
par recuit du uo2 fritte apres irradiation, diminue 
dans le temps d'une facon qui suggere non seulement 
l'emprisonnement du gaz dans des pores fermees, 
mais aussi une certaine reabsorption a partir de ces 
pores. 

b) Apres avoir recuit durant 3 heures a I 700 °C du 
uo2 irradie pour laisser diffuser le xenon de fission, 
55% du xenon total a ete libere par pulverisation. 

c) La fraction du xenon de fission qui se degage 
librement pendant le recuit suivant !'irradiation 
diminue si !'on augmente Ia duree de !'irradiation 
prealable. 

d) La migration des cavites lentiformes dans le sens 
contraire du gradient thermique entre 1 700 et 2 200 °C 
peut etre tres rapide et peut pousser, pense-t-on, les 
gaz de fission vers le centre de la cartouche. La 
fissuration du combustible, durant !'arret du reacteur, 
libererait le gaz des cavites a decouvert. 

e) Une tres faible irradiation a des temperatures 
allant jusqu'a 250 °C au moins provoque la fixation 
du xenon aux surfaces du U02 exposees au gaz. Une 
grande partie de ce gaz se degage par chauffage a 
400 °C. 11 en reste tres peu au-dessus de 800 °C. 

f) Une irradiation prolongee aboutit aussi a une 
fixation plus prononcee du xenon, qui n'est guere 
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Figure 8. Distribution of fission and neutron-capture products 
in irradiated U02 

One interesting exception to the general behaviour 
was observed in a series of samples from Pellet Rod 
Mk. III: the tagged points in Fig. 8 [10]. The xenon 
concentration at . 1 000 °C is significantly less than 
the concentration at l 550 °C. One would tend to 
relegate a single result such as this to error if it was 
not confirmed by plutonium depletion in the same 
sample and in a second sample from the same rod. 
A few other appa ently anomalous results have been 
observed on samples from other test specimens [27]. 
These are not detailed here because the sample loca
tions were not conclusively established by photo
graphy. 

FISSION-GAS PRESSURE DURING IRRADIATION 

Many attempts to measure the pressure due to 
released fission gases during operation have failed. 
Only one successful measurement has been re
ported [29]. One recent experiment (Pellet Rod 
Mk. IX) [30] at Chalk River still under analysis 
was partially successful. With fuel free from occluded 
gas and water, the gas pressure initially falls under 
irradiation. Even with highly rated fuel (jAd6 
~ 60 W /em) several weeks elapse before sufficient 
fission gas is released to give a measurable pressure. 
Pellet Rod Mk. IX operated into the range of centre 
melting JAd6 = 85 Wjcm to a burn-up of 3 000 
MW djt U; the gas pressure climbed rather irregularly 
with burn-up to 34 atm at full power and less than 
5 atm with the reactor shut down. Most pressure 
increases followed immediately after a return to 
full power after shut-down. In steady operation at 
full power the pressure decreased slowly. The coolant 
was not in a recirculated loop, so a small escape 
of fission gas could have passed unnoticed. The rise 
of pressure with reactor power, although generally 
following the model of displacement of the gas from 
a central void to cooler regions as the oxide expanded, 
requires extra assumptions to secure a detailed fit. 
A suspected temporary (6 hours) leak caused termina
tion of the experiment and may vitiate some of the 
analyses. 

W. B. LEWIS et a/. 
--------------·---·---

CONCLUSION 

Like the mineral thorianite, dense sintered U0 2 

will retain effectively all the fission gas produced 
at least up to 100 000 MWd/t if kept below perhaps 
800 °C. More definitely it can be stated that retention 
is effectively complete to 15 000 MWd/t up to I 200 °C. 

Fission-gas retention above I 600 °C is, on the other 
hand, quite low, and in irradiations of several months, 
more than 95% of the fission gas may escape if suffi
cient volume is available. The fraction released 
above 1 600 °C is effectively independent of the 
initial density of the sinter. Thermal expansion of 
the oxide with the cracking of cooler parts, if it 
results in distending its cladding, may provide 
sufficient volume for gas escape. If, however, the 
oxide is firmly restrained, the gas pressure may build 
up to the point at which irradiation-induced re-entry 
of the gas matches the rate of release. 

If the density of the sintered oxide is less than 
10.3 gjcm3, the rate of re-entry at 200 atm in the 
cooler parts of the fuel at ratings up to JAd6 = 50 
W /em will exceed the rate of release at least up to 
15 000 MWd/t U. With fuel of this density or less, 
it is unlikely to be necessary to leave any extra 
space for the escaped gas for burn-ups at least up 
to 15 000 MWd/t U. 

For fuel of higher density at high ratings, it is 
necessary to provide space to allow the thermal 
expansion of the oxide, and for high burn-up a 
comparable or larger space also may be n~eded to 
limit the pressure of the released fission gas. Any 
advantage from the initial higher density of the fuel 
is reduced and a density not greater than about 
10.3 gjcm3 may be preferred to achieve more re
trapping of the escaped fission gas. Further ex
periments are planned to test these conclusions. 
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Figure 6. Sorption of natural xenon in U02 by irradiation 

ISOTOPIC DISPROPORTIONATION 
OF SORBED XENON 

A surprising anomaly was found in a detailed 
mass-analysis of the natural xenon sorbed in the 
pellets of assemblies RY and RZ ofTable I. A marked 
isotopic disproportionation of the natural xenon 
isotopes was found in the sorbed gas. The results 
for the lighter isotopes are shown in Fig. 7. The 
trend was continued through the heavier isotopes, but 
the overlap with fission xenon reduced the precision 
attainable. It will be noticed that a range of more 
than 12% for mass 124 relative to masses 129 + 130 
has to be explained. The range for mass 136 was 35% 
for RY and, as expected,, in the opposite direction. 
The phenomenon has been discussed further [10], 
and while not explained in detail, appears to be 
due to effects similar to those in the. Clusius-Dickel 
thermal-diffusion column for isotope separation. 
[tis attributed to the existence of several mechanisms 
of gas transfer, namely, (a) molecular interaction 
within the gas, Poiseuille flow, (b) interaction with 
the walls Knudsen flow, and (c) migration in surface 
layers subject to compounded driving forces. For 
example, a radial thermal gradient could be com
pounded with an axial electric field operating on the 
ionized gas or an axial thermal gradient may be 
superposed on a transverse or radial thermal gradient 
under conditions where the flow is impeded or 
restrained by a microporous medium. It is supposed 
that the isopotic separation observed took place 
in the gas before trapping. The trapping is envisaged 
as a very local process. At the low temperatures 
<I 000 °C involved, we know that the fission gas 
does not migrate far. The same is likely to be true 
for the sorbed gas. 

DISTRIBUTION OF RETAINED FISSION PRODUCTS 

Experiments have shown virtually complete reten
tion of fission gas in dense sintered uo2 below 
I 200 °C up to 15 000 MWd/t U [27]. Some localized 
depletions have been observed at temperatures 
calculated to be below this, but these are exceptions 
rather than the rule. 

Fission-product xenon concentrations were meas
ured on small samples of uo2 taken from irradiated 
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Figure 7. Isotope ratios of trapped gas in pellet samples 
and of residual free xenon 

fuel test specimens. The locations of the samples 
were recorded photographically, and the mean 
temperature of each is calculated from the .fAdO 
versus temperature curve of Robertson et a/. [28]. 
The most consistent results were obtained from 
ultrasonically drilled cores. The temperatures during 
irradiation of these cores are considered to be accurate 
to ± 8%. The data from all samples having reasonably 
well established temperatures are given in Fig. 8. 

The amounts of the retained fission and neutron
capture products are expressed as a fraction of the 
total production based on the observed depletion 
of 235U for each sample, taking account of plutonium 
fission and other secondary reactions. Caesium, 
cerium, plutonium, strontium and zirconium distri
butions are included for comparison. It will be noted 
that the distribution is consistent with the volatility 
of the stable oxides. 



410 SESSION 2.2 Pf19 W. B. LEWIS et at. 

Table 2. Xenon sorbed in capsule experiments 

Capsule Time Density Uranium Flux Irradyn Nat Xe Irrad'n x 
enrichments pressure pressure 

No. d g/cm' wt% '"U IO"n/cm' s MWd/t U atm atm MWd/t U 

68 0.021 9.75 
69 0.032 9.75 
48 O.t25 9.75 
49 O.t28 9.75 
37 0.5 9.75 
38 0.5 9.75 

t4 3.0 9.75 
42 3.0 9.75 
43 3.0 9.75 
35 3.4 9.75 
t5 6.0 9.75 

2 t8.6 9.75 
3 18.6 9.75 
6 t8.6 9.75 
4 t8.6 9.75 

7 29.4 9.75 
8 29.4 9.75 
9 29.4 9.75 

10 29.4 9.75 
t2A 29.4 9.75 
t2B 29.4 9.75 
11 29.4 9.75 

7.95 
7.95 
7.95 
7.95 
7.95 
7.95 

7.95 
7.95 
7.95 
7.95 
7.95 

7.95 
7.95 
7.95 
7.95 

7.95 
7.95 
7.95 
7.95 
7.95 
7.95 
7.95 

Natural uranium at different pressures 

t8 46.5 9.68 0.7t 
17 46.5 9.68 0.7t 
t9 46.5 9.68 0.7t 

Irradiation by y-rays only 

40 3 9.75 
4t 3 9.75 
46 t4 9.75 
53 34 9.75 
52 34 8.84 

Various densities ofU02 

22 20.1 10.45 
23 20.t 10.45 
3t 26.3 9.23 
32 26.3 9.23 
29 26.3 8.4 

26.3 5.24 

7.95 
7.95 
7.95 
7.95 

3.97 
3.97 
3.97 
3.97 
3.97 
3.97 

0.20 
0.47 

3.5 t.6 5.4 
3.5 1.6 9.9 
3.5 6.3 24 
3.5 6.3 25 

3.4 37 25 
1.2 t4 11 

tl.l t20 t4 
6.0 75 43 
3.6 80 26 

3.0 205 t 
2.9 200 10 
3.2 220 27 
4.t 275 33 

3.5 380 3.2 
3.8 410 t6.3 
4.t 440 44 
3.3 355 60 
2.5 265 tot 
2.7 290 tOt 
3.0 325 116 

4.5 
4.0 
4.9 

69 
61 
74 

11 
24 
45 

y only 0.26 11 
y only 0.26 76 
y only t.24 46 
y only 3.0 56 
y only 3.0 50 

2.8 102 26 
4.2 t54 30 
3.0 t43 24 
2.7 t32 24 
4.0 t94 33 
4.1 151 25 

0.05 
O.t9 
8.6 

t6.t 
u x to• 
1.6 x to• 

9.t x to• 
u x to• 
1.7 X 103 

3.4 x to• 
2.0 x w• 

2.0 X to• 
2.0 x to• 
6.0 x to• 
9.2 X to3 

t ~ x to• 
6 1 x to• 
t ~ X t04 

2.t X 104 

2.7 X t04 

2.9 X 104 

3.8 X to4 

7.6 x to• 
1.5 X 103 

3.3 x to• 

2.9 
20 
57 

t70 
t50 

2.6 X 103 

4.7 x to• 
3.4 x to• 
3.2 X tO" 
6.4 x to• 
3.3 x to• 

Natura!Xe 
sorbed 

cm'(STP)/ 
IO'g UOz 

0.22 
0.80 

tl.l 
6.5 

t9 
19 

40 
20 
41 

137 
131 

2.7 
14.3 
66 
85 

6.3 
22.5 
61 
79 

24t 
165 
274 

37 
53 
73 

2.0 
4.4 

20 
tOO 
60 

t4 
9 

974 
I 084 
2 05t 
2 916 

MISCELLANEOUS XENON SORPTION STUDIES 
Attachment of xenon to U02 was studied by 

R. 0. Kelly [26] under a wide range of conditions. 
Because of the special interest in sintered U02, a 
standard material was chosen of 7.9% 235U to give 
results in short irradiations and of 9.75 g/cm3 to 
provide a fairly high surface. It was established 
that amounts attached depended on the surface 
area available. Unfortunately, the material was not 
uniform, and it is necessary to allow variations 
by a factor of 2 either way. Subject to this limitation, 
the strange result was found that, although irradia
tion caused the attachment, increase of irradiation 
by a factor of 400 did not change the amount. The 
amount was approximately proportional to the gas 
pressure. Two special results were noted, but may 
have to be explained by side effects. A sample first 
irradiated in vacuum and then in xenon absorbed 

only half the normal amount. A sample irradiated 
first in xenon and then in krypton did not appear 
to lose xenon. No single-step process can explain 
these results. Within the allowable deviations it 
seems reasonable to account for the results by sup
posing that the light (2 eV activation) attachment 
reaches equilibrium rapidly under irradiation. Firmer 
trapping (4 eV activation) takes place relatively 
slowly and requires about 500 times the irradiation 
to trap an equal amount. The results are presented 
to illustrate this hypothesis in Fig. 6. Details are 
given in Table 2. 

One interesting series is noteworthy in which 
y-radiation alone was used. The y-radiation usually 
measured in rads (100 erg/g) is here evaluated in 
MWd/t U (1010 rad). The amount of xenon sorbed 
appears less than from the equivalent fission energy, 
and within the range explored there was no saturation. 
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Table 1. Natural xenon sorbed in U02 by irradiation 

Outer samples (<I 000 OC) Inner samples (> I 200 OC) 

Assembly Pellet Dens. Natural Xe JAd6 Irrad'n lrrad'nx Core NatXe Fiss Xe NatXe Core NatXe Fiss Xe NatXe 
p pressure" pressure sorbed Fiss Xe sorbed Fiss Xe gfcm' atm W/cm MWd/tU 10' atm mm'/g mm1/gU mm1/g U mm'/g U 

MWd/tU u 

RY l 9.7 62 3.1 670 4.2 52 2.33 
2 3 9.7 62 15 2 540 16 221 3.55 
4 5 10.1 62 16 2 540 16 225 3.55 
6 10.1 62 16 2 540 16 136 2.03 

RZ l 9.7 32.5 3.1 735 2.4 49 2.12 
2 3 9.7 32.5 15 2 600 8.5 143 2.33 
4 5 10.1 32.5 16 2600 8.5 93 1.50 
6 10.1 32.5 16 2 600 8.5 127 1.78 

SA l 9.7 13 3.1 762 1.0 26 1.43 
2 3 9.7 13 15 2660 3.5 78 1.29 
6 10.1 13 16 2660 3.5 66 1.05 

ESB 4 10.15 30 48.6 4 550 13.6 Fl 0.95 
FIB 0.84 
F2B 81.7 111.0 0.74 

5 10.21 30 48.5 4 540 13.6 6 59.6 106 0.56 3 9.7 26.1 0.37 
7 12.4 11.5 1.07 

ESE 2 10.71 30 47.9 4400 13.2 4 0.044 1 2.6 6.9 0.39 
6 3.3 84.3 0.039 3 (2.0)b (4.7) 0.42 

3 10.30 30 47.7 4380 13.1 5 24.0 88.6 0.27 1 5.3 9.6 0.55 
4 0.30 3 2.4 12.1 0.21 

5 10.10 30 47.5 4360 13.1 5 93.5 82.5 1.13 2 (2.3) (3.9) 0.60 
6 0.91 3 3.8 6.3 0.60 

ESL 2 10.50 30 46.6 4275 12.8 5 4.1 90.2 0.046 l (1.4) (5.8) 0.24 
4 0.044 2 3.11 24.6 0.126 

3 10.30 30 46.4 4255 12.8 5 0.29 2 3.9 9.8 0.40 
4 24.9 86.4 0.29 l (2.07) (5.57) 0.37 

5 10.10 30 46.2 4240 12.7 4 0.75 2 5.9 8.5 0.70 
5 57.3 80.8 0.71 3 (3.23) (4.94) 0.65 

"Strictly this is effective initial density being (volume of xenon at STP) I (free volume occupied). The Van der Waals' correction for xenon 
at room temperature is large but has been purposely omitted here. 

b Ratios of (natural xenon/fission xenon) are reliable but the measured concentrations are liable to be low due to experimental difficulties. 
Figures in brackets are suspect. 

to 700 °C were about the same from each. Moreover, 
both released much more xenon up to 400 °C than 
in the range 400-700 °C. At 700 °C RR had released 
more than 90% ofthe total sorbed xenon. It is inferred 
from this and similar experiments that the xenon 
attached without irradiation is proportional to the 
pressure and surface area. Its relatively easy detach
ment suggests it is effectively at a surface layer. A 
second conclusion concerns the amount. The con
centration achieved in RR is estimated as 0.02 to 
0.04 atoms Xefatoms U if in a single surface layer. 
This concentration is close to that of gas atoms 
temporarily at the surface with a dwell time estimated 
at 10-11 s which is necessary to account for heat 
transfer between the gas and the surface as discussed 
in (24] and (10]. At 250 °C with a gas density of 
70 atm at room temperature the concentration is 
about 0.07 atom Xe/atom U but with a large un
certainty. 

These results suggest as a model for the sorption 
process that sites in layers close to the surface are 
accessible with activation energies of 0.2 eV, 2 eV 

and 4 eV, each probably being a range rather than 
a precise energy. Occupation of the 0.2-eV sites 
with a dwell time of 10-11 s at 25(j oc is maintained 
by the gas pressure at N1 atoms/cm2

• Exchange 
takes place between these sites and neighbouring 
sites with an occupation of N 2 atoms/cm2 over a 
barrier Q ,., 2 eV. The transition rates from 1 to 2 
and from 2 to 1 may be written 

g12v0 exp[-(Q-AJ/kT] and g21v0 exp [-(Q-A 2)/kT] 

where A1-A2 represents the free energy change and 
g12 and g21 combine the geometric and entropy 
factors. From the limited information given above, 
these rates appear approximately equal since at 
equilibrium N1 ,., N 2• Transitions to deeper sites 
involving higher activation energies will come more 
slowly into equilibrium. The role of radiation is 
to make available higher excitation energies at a 
rate that does not vary steeply with energy as does 
thermal excitation[5]. This model, although general 
rather than specific, is in accord with the observations 
reported by Carter and Leek [22] and R. 0. Kelly [25]. 
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the temperature range l ()()()to l 700 °C for uo2.00 and 
U0 2+x (Fig. 4). The U0 2+" released slightly more 
xenon below l 100 °C, considerably more xenon 
between l 100 and l 400 °C and then behaved 
similarly to the U0 2. 00 above l 400 °C. Subsequent 
analysis of uo2.03 specimens showed that no change 
in composition occurred below l I 00 °C, but I, 5, 
40 and I 00% of the excess oxygen was lost during 
successive anneals at I l 00, I 200, l 300 and l 400 °C. 
The results demonstrate a remarkable enhancement 
of xenon migration during the period of simultaneous 
evolution of xenon and oxygen. The mechanism 
may involve increased mobility of oxygen-xenon 
complexes or a strong coupling between an oxygen 
concentration gradient and the migration of xenon 
atoms or clusters [21]. 

SORPTION OF XENON BY U02 IN LONG 
IRRADIATIONS 

It is well known that in· electrical discharges gases 
clean up and disappear, becoming embedded in the 
walls and electrodes. Moreover, the noble gases are 
not immune from this process [22]. It was natural to 
suggest that similar absorption or trapping might 
occur to return escaped fission gases to uo2, and 
many experiments over the last six years have shown 
that these processes are important and complex. 

A number of assemblies as shown in Fig. 5 have 
been irradiated in a hot loop in N RX [23]. The 
density and enrichment of individual pellets were 
preselected as well as the initial density of the natural 
xenon for each assembly. After irradiation the residual 
gas was pumped off, measured and mass-analysed [10]. 
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Figure 5. Assembly for xenon sorption studies 
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Fragments and drilled cores (of l 0 to 250 mg) from 
selected positions in the pellets were dissolved to 
extract the embedded gas for measurement and 
mass-analysis. The results are summarized in Table I 
and show: (a) For oxide of 10.1 g/cm3 below 1 000 oc 
at xenon densities corresponding to 14 or 30 atm 
at room temperature, the natural xenon embedded 
is approximately equal to the fission xenon; the ratios 
found being 1.05, 1.13, 0.91, 0.75 and 0.71. At lower 
oxide densities, presumably due to the increased sur
face, the ratios were higher, 1.43 and 1.29 at 14 atm 
and 2.18 and 2.16 at 35 atm. At higher densities of 
10.5 and 10.71 gfcm3 the ratio drops to 0.04 at 30 atm. 
(b) For oxide at temperatures > l 500 °C neither the 
amount of natural xenon embedded nor the fraction 
of fission xenon retained was markedly dependent 
on the initial oxide density. Ratios of natural to 
fission xenon ranged from 0.13 to 1.1 without obvious 
correlation except that for less than l 0% fission 
xenon retained the ratios lay in the narrower range 
0.24 to 0. 70. 

Subsidiary measurements showed the amount of 
fission xenon released was 3.3 cm3 (STP) for ESB, 
2.2 for ESE, and 2.7 for ESL, during irradiation to 
a burn-up of 4 200-4 600 MWd/t U at .fAd6 = 46 
to 49 W /em and a surface temperature estimated 
at 750 °C. These amount to fractional releases of 
35, 24 and 31% based on the preliminary calorimetric 
burn-up values. The natural xenon sorbed amounted 
to 2.4, 5.0 and 1.9 cm3 (STP). The initial free volumes 
were 0.62, 0.66 and 0.49 cm3• Under operating con
ditions the free volume is reduced by the thermal 
expansion of the uo2 partly offset by reduction 
of the closed porosity and by the expansion of the 
Zircaloy. The density of the free xenon is likely to 
have been increased by 100 to 250%. 

The embedded natural xenon is very firmly retained. 
An assembly RX, very similar to SA in Table 1 
and similarly irradiated, was heated stepwise by 
100 degCjday under vacuum, and the released gas was 
measured. Up to 1 400 °C and for 12 hours at this 
temperature only l% of the sorbed xenon was re
leased. When, however, at higher temperatures the 
sorbed xenon was released by diffusion, the amount 
of natural xenon released was a factor of three 
greater than the amount of fission xenon at first. 
It follows from the greater release that near the 
exposed surface the concentration of natural xenon 
was correspondingly greater than that of fission 
xenon. 

Highly significant conclusions can also be derived 
from the I% release up to l 400 °C. The release was 
accompanied by smaller amounts of argon and nitro
gen of uncertain origin. The release of these gases 
also increased above l 400 °C but not in the same 
proportion. An unirradiated assembly RR similar 
to R Y in Table l was held for a thermal soak at 
250 °C for two months. When subsequently heated, 
it also released xenon, argon and nitrogen. The irra
diated assembly RX had sorbed about 100 times as 
much xenon as RR but the amounts released up 
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Figure 3. Migration of lenticular pores up a thermal gradient 
leaving columnar grains in their wake 

Substitution of the result from Fig. 2 for an exposure 
of 1017 fissionsfcm3 ( ~ 4 MWd/t U) indicates an 
immobilization of 90% of the fission xenon on irra
diation-induced traps. Pulverizing experiments have 
provided evidence that the xenon traps had smaller 
dimensions than the original pores of 15 nm radius 
in the unirradiated U0 2 [12]. Some evidence was 
obtained that the amount of trapping could be less 
at higher irradiation temperatures. The behaviour 
strongly suggests that, even at these short irradiation 
exposures, the nuclei have already formed for the 
fission-gas-filled bubbles that result in or accompany 
fuel swelling at high irradiation exposures. 

There are two extreme models concerning the 
final equilibrium or quasi-equilibrium: one sets the 
gas pressure to balance an assigned surface tension 
so that the equilibrium pressure would be inversely 
proportional to the radius [ 15]; the other is the 
volatile solute model. In this model the pores pre
exist and take a shape of minimum potential energy 
but are not quickly filled because of the slow rate 
of supply of atoms. A gas or vapour equilibrating 
between the solid and the pores will have a density 
in the pore that is less the smaller the radius, as in 
the well-known lowering of vapour pressure over a 
concave meniscus. For both models the final pressure 
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is proportional to that over the external surface. 
Since each model has an adjustable parameter, 
namely, the surface tension, and the interatomic 
forces that determine the distribution and sizes of 
voids, any crucial experiment must await a more 
detailed hypothesis. 

LENTICULAR PORES 

Various escape mechanisms exist that can account 
for the high depletion of fission gas in the hotter 
regions of a fuel element. One process is the migration 
of lenticular pores up a thermal gradient leaving 
in their wake columnar grains in the temperature 
range I 700-2 200 °C [16] (Fig. 3). The passage of 
these pores eliminates residual porosity at the time, 
as well as sweeping fission gases to the central void. 
These pores have been observed in low-density fuels, 
10.2 gfcm3, even after fuel burn-up of9 000 MWd/t U, 
but are not generally found in restrained fuels af 
initial density greater than 10.5 g/cm3• The latter 
have either a single large grain at, or a few large 
t-~ie-shaped grains surrounding, the thermal centre [17]. 

Transit of the pores can be very rapid. In one 
sample irradiate : for only three minutes, it was 
possible to identify a spot that must have been 
traversed by a void three times in that period. 

STOICHIOMETRY EFFECTS 

Another high-temperature release process is related 
to the Hahn emanation technique [18] where evolution 
of a radioactive gas accompanies a phase change in 
a solid. Rothwell [19] has observed brief periods of 
rapid krypton evolution on cooling uranium dioxide 
specimens after a 2 000 °C anneal. His explanation 
is that gas evolution occurs when hypostoichiometric 
uranium dioxide, U0 2.x, formed during the anneal, 
disproportionates to uo2 plus u metal on cooling 
[19, 20]. The following experiment shows that simul
taneous migration of oxygen and xenon can cause 
accelerated xenon release without a phase change 
occurring. Xenon release was followed during 
I 00-minute isochronal anneals at I 00 °C intervals over 
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Figure 4. The effect of initial ·stoichiometry on the release of xenon from sintered U02 during 
isochronal annealing under reducing conditions 
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Figure 1. Observed xenon release fitted by solutions to the 
diffusion equation for a sparingly soluble gas escaping from 

a sphere containing porosity 

lattice in unit time from a trap and D is the diffusion 
constant for gas atoms in the lattice. For a specimen 
where the release from the surface is small, a quasi
equilibrium will be reached when the ratio of xenon 
in the lattice to xenon in the pores is r/~2• 

The results of the following experiment [12] were 
fitted to the parameters of this model. The evolution 
at 1 400 °C of fission xenon (2.3 x 1014 atoms/cm3) 

was followed for four days from a specimen con
sisting of - 140/+ 170 mesh particles (a= 30.7 fl.) 
of fused U0 2 containing "' 2 X 1013 cm·3 spherical 
pores of radius 15 nm. Gas release initially followed 
the normal curve for a sphere, but then decreased 
in accordance with ~ = 40, r = 100 (Fig. 1). A ~ 
value of 40 is equivalent to L = 0.24 fl., to be com
pared wit 1 0.1 fl. calculated from the measured pore
size distribution using Eq. (1) ford= 0.5 nm. While 
the numerical agreement is not exact, this experiment 
and its interpretation provide good evidence for 
trapping of fission gas in internal pores. According 
to this simple model, over 97% of the fission xenon 
would be in the closed pores at the end of the four-day 
anneal. Subsidiary experiments, where these annealed 
specimens were crushed under vacuum and the 
released gases determined, confirmed that the gas was 
located in pockets approximating the size of the 
pre-existing pores [12]. 

Although the results shown in Fig. I are well 
fitted by r = 100 for the re-entry, the interpretation 
is not conclusive and the upward slope at the end 
could be attributed to specimen heterogeneity. 
Assuming re-entry and setting D/a2 = 9 x 10·10 s·l, 
it would follow that b = 9 x 10·7 s·1 corresponding 
to a mean life of 13 days in the traps. Although 
the concentration of only 11 atoms per trap is too 
low for the gas laws to apply, an upper limit may 
be set to the solubility of xenon in the U02 lattice 
at 1 400 °C of 3 x 10·9 atm·1 

{ (xenon atoms/ 
uranium atom)/xenon . pressure } since it is given 
by 3.1 x 10·7 (273/PK) y/~2• Noting that y/~2 = 
L 2bf D, and that D is a very steep function of temper
ature, this solubility will also be a steep function of 
temperature unless b has a comparable activation 
energy. 
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Figure 2. Variation of the apparent diffusion constant, D,., with 
prior irradiation exposure at low temperature 

Four days is a long period in a laboratory test, 
but short compared with the residence time of a 
fuel element in a reactor. Increasing the temperature 
accelerates the diffusion. A small piece of a lightly 
irradiated uo2 sinter, density 9.93 g/cm3, was an
nealed for 3 h at 1 700 °C. About 37% of the original 
fission gas escaped from open pores. On Hurst's [11] 
model most of the remaining gas should have diffused 
into the closed pores. Pulverizing to a small enough 
size to expose most of the pores released another 55% 
of the gas, thus accounting for 92% of the fission 
xenon [10], most of the remainder probably being 
in smaller J!nexposed gas agglomerates rather than 
in the lattice. Similar experiments with U0 2 of 
density 10.45 gfcm3 released 40% of the fission gas 
on pulverizing. 

These experiments demonstrate that large fractions 
of the fission xenon can be trapped in closed. pores. 
Calculations based on quantitative measures of the 
pore-size distributions in some uo2 'iinters of density 
10.5 gfcm3 indicate that over 90/~ of the xenon 
would be held up in the pores for times depending 
on the rate of re-entry. 

Several years ago it was reported that the fraC'tion, 
J, of xenon released under standard annealing 
conditions decreased with increased irradiation 
exposure [13]. Analysis of these results with the 
approximate solution to the diffusion equation, 
f = v'(4 Dnt/7t)S/V [12] indicated a decrease in the 
apparent diffusion constant, Dn, with increased 
irradiation exposure. This work was extended to 
obtain the results shown in Fig. 2 [12]; similar results 
have recently been obtained by Frigerio and Gere
vini [14]. The interpretation offered for these results 
was that the increased fuel burn-up did not affect 
the diffusion constant, rather it increased the propor
tion of the fission xenon immobilized in small vacancy 
clusters. Since these clusters grow with increasing 
concentration of xenon atoms and vacancies, the 
diffusion constant, D, for single xenon atoms in 
UQ 2 must be the upper limiting Yalue obtained 
on decreasing the irradiation dose (Fig. 2). Thus 
for any given annealing time, the fraction, F, of 
xenon immobilized in the traps can be calculated 
from (1- F)2 = DnfD. 
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Fission-gas behaviour in U02 fuel 

By W. B. Lewis, J. R. MacEwan, W. H. Stevens and R. G. Hart* 

Extensive irradiations of high-density sintered U02 

fuel have been carried out in high-pressure loops 
in the NRX reactor [1]. Even at 100 000 MWd/t U 
(25 x 1020 fissionsfcm3) the oxide swelled by no 
more than 8% of the volume when at temperatures 
below about 700 °C and restrained by 80 to 170 atm. 
The structure showed only a broadening of the 
grain boundaries. The good retention of fission 
gases at low temperatures accords with the long 
known occurrence of helium in thorianite to more 
than 10 cm3/g [2] corresponding to an age >500 x 106 

years, and equal to the concentration of fission 
gases at 300 000 MWd/t U. 

At higher temperatures and with equal or less 
restraint, the uo2 structure took the froth-like pore
filled form illustrated so dramatically at the 1958 
Geneva Conference by Barney [3]. 

When designing fuel for good neutron economy, 
it is advantageous to use the fuel in such bulk that 
parts of it are at even higher temperatures (>2 000 °C). 
In such fuel, fission-gas migration is affected by a 
wide range of phenomena characteristic of the oper
ating temperature, thermal gradients and the oxide 
density, including cracking of the oxide from thermal 
stress, plastic deformation to accommodate thermal 
expansion, grain growth, the growth of columnar 
grains up the thermal gradient, densification some
times leaving a central void at the point of highest 
temperature and melting with further expansion 
and plastic squeezing [4]. Within U02 the oxygen in 
general migrates more rapidly than the fission pro
ducts especially when the oxygen-uranium ratio is 
not at the equilibrium for the environment [5]. 

There are still unanswered questions concerning the 
distribution of the fission gas between the body of the 
oxide. the internal bubbles and the spaces left by 
design around or within the fuel. Such questions 
have importance when designing fuel to operate at 
conditions of bulk, shape, temperature and irradia
tion not yet covered by experiment. A wide range of 
studies continues throughout the world,· but the basic 
understanding so far derived suggests that there are 
particular cases where the result depends both on 
initial conditions and the irradiation history. 

The general conclusion from these studies is that the 
mean free path for an isolated xenon atom before 

• Chalk River Nuclear Laboratories, Atomic Energy of 
Canada Limited, Chalk River, Ontario. 
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it encounters a vacancy or an irregularity that serves 
as a delaying trap is quite short. The migration 
of these traps as a whole, however, does not neces
sarily require such a high activation energy as the 
escape of the xenon from the trap. These gas-filled 
vacancy traps agglomerate and grow into the ob
servable bubbles, which also move under thermal 
gradients or other stresses. For a bubble to move 
it is only necessary for matrix atoms to move into, 
along and from a surface layer, processes that require 
less activation energy than diffusion within the solid. 
The speed of movement may have little relation to 
the nature or pressure of any contained gas. The pas
sage of the gas from a bubble or free space back 
into the oxide takes place in several steps and at rates 
that are important during irradiation. A number of 
specific studies are reported below. 

EFFECTS OF INTERNAL PORES 

Despite the early recognition that hold-up of gas 
in internal pores would occur (6], the problem has 
been ignored in most investigations, delaying a 
proper appreciation of the phenomenon. 

Early experiments were concerned with evaluating 
diffusion constants as a function of temperature 
for xenon and krypton migration in U02• Since 
most sintered pellets have exposed surface areas 
larger by orders of magnitude than their geometric 
surfaces, the material was represented for calculation 
by a hypothetical assemblage of uniform spheres of 
radius, a, having the same specific surface area. 
Rosenthal [7], Lustman (8] and Lewis [9, 10] have 
published computations showing that by neglecting 
internal porosity the equivalent sphere model should 
overestimate gas release unless the temperature is 
high enough for the pores themselves to migrate. 
Hurst [11] has provided a solution to the problem 
of sparingly soluble gas escaping from a spherical 
matrix of radius, a, containing a concentration, P;, 
of fixed pores of radius, r;. Gas trapping is related 
to a parameter ~ = a/rtL, where L is the mean free 
path of an atom (migrating in unit jumps, d, before 
encountering a pore. L can be evaluated from the 
pore-size distribution by 

L2 = dfJ'i:.(rtr?P;) (1) 
; 

The tendency of an atom to re-enter the lattice is 
represented by the parameter y = [a2/rt2 D]b, where b 
is the probability of any given atom re-entering the 
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En Ia Conferencia de Ginebra de 1958 se recomend6 
el valor de 40 W/cm para Ia integral de conductividad 

Jcentro 

..\dO (..\ es la conductividad termica del combus-
perifera 

tible a la temperatura 0), para uo2 sinterizado en 
reactores de potencia refrigerados por agua. Segui
damente se demostr6, en ensayos efectuados a 

j. A. L. ROBERTSON et a/. 

lO 000 MWd/t de U, que resultan aceptables los 
revestimientos finos de Zircaloy que pueden adaptarse 
al combustible. Los ensayos en el curso de los cuales 
se alcanzaron para la integral de conductividad 
f..\dO valores de basta 85 Wfcm han puesto de 
manifiesto Ia posibilidad de que el combustible de 
los reactores de potencia se explote basta los 50 W /em. 



SESSION 2.2 P/17 

AuaJIH3 raaoo6paaHhlX rrpop;yKTOB p;eJieHHH rro
cJie o6JiyqeHHH H auaJIH3 pap;HaJILHoro pacrrpep;e
JieiiHH OCTaBIDHXCJI ra30B IIOl);TBepp;HJIH, qTO rrpo
n;ecc Bhll);eJieHHJI ra30B YCKOpHeTCJI BCJiel);CTBHe 
uarpeuaHHH. Cpauueuue o6J1yqeHHhlX a.iJ:eMeHTOB 
p;pyr C p;pyroM IIOKa3aJIO, qTO C yBeJIHqeHHeM IIJIO
THOCTH C 10,4 l);O 10,75 e/c.M3 OTMeqaeTCJI rrporpeC
CHpyrorn;ee yMeHLmeuue Bbil];eJieHHH raaoo6paa
HhiX rrpop;yKTOB p;eJieHHJI. lfaMepeHHH, IIpOBep;eH
Hhie BO BpeMH 06JiyqeHHH, IIOKa3aJIII, qTo 
p;aBJieHHe raaa MomeT aaMeTHO yMeHLmaTbCH p;a
me rrpu ueauaquTeJibHoii p;eiflopMaD;HH o6oJ1oqKH 
BCJiel);CTBHe pacmupeHHJI TOIIJIHBa. 

Ha6Jirop;eHHHMH, rrpouep;eHHhlMH· rrocJie o6Jiy
qeHHH Hap; aJieMeHTaMH C KOHD;eBhlMH IIp06KaMH, 
orrpep;eJieHhl' ycJioBHH, rrpH KOTOphlx D;HJIHHp;pn
qecKHe Ta6JieTKH U02 yp;epii\HBaiOTCJI OT paCIDH
peHHJI IIOl); p;eHCTBHeM TepMHqecKHX HaiipHil\eHHH. 
lfaMepeHHH, rrpoBep;eHHbie BO BpeMH 06JiyqeHHH, 
IIOKa3aJIH, KaKHM o6pa30M IIpOHCXOl);HT IIJiaCTJI
'IeCKaH p;eiflopMaD;HJI U02 IIpH TeMrrepaTypax 
uecKOJibKO Bbime 750° C. Ha Mop;eJIH c aMHTHpo
naHHhiM TOIIJIHBOM B aKTHBHOH 30He MOii\HO 06'h
JICHHTb p;naMeTpaJihHoe pacmnpeune U02, KOTO
poe B OCHOBHOM COCTaBJIHeT 2,2% l);HaMeTpa B 
u,euTpaJihHOH aoue nJianJieHHH. CorJiacuo aToMy 
onpep;eJieHHIO, yneJIHqeHHe CKOpOCTH nnaMeTpaJib
HOrO pacmnpeHHJI B 3aBHCHMOCTH OT aHeprOBhine
.'leHHJI 06'hHCHHeTCJI H3MeHeHHeM o6'heMa rrpn 
IIJiaBJieHHH. 

Ha BTopoii Memp,yuapop,uoii Kouiflepeuu,nn no 
MIIpHOMY HCIIOJlb30BUHHIO aTOMHOH :meprHH B 
1958 rony AJIH cneqeHHOM ABYOKHCII ypaua, HC
IIOJih3YeMOH B aHepreTnqecKHX peaKTOpax C BOn
HbiM TeiiJIOHOCUTeJieM, 6hiJia peKOMeHnonaHa 
BeJIIIqlfHa .f/.d8, paBHUJI 40 8T/Cltt ( /,- Koaifl
l{mu,IIeHT TeiiJIOIIpOBOAHOCTH TOIIJIHBU IIpH TeMIIe
paType e ) . BnocJietJ,CTBllll OIIblTHbiM nyTeM npu 
BhiropaHHHX no 10 000 M8r · cyrnu/r ypaua 6hiJio 
ycTaHOBJieHO, qT() )l;JIJI 3TIIX C.Jiyqaen OKU3hlBaeTCJI 
)l;OCTaToqHOH TOHKaH 060JIO'IKa lf3 D;HpKaJIOJI. 
aKCIIepliMeHTbl C BI.'JIJiqlfHUMH Jl-d8 BIIJIOTb no 
85 8T/CM TIOKa3aJIH npaKTHqecKyiO B03MOii\HOCTb 
pa6oThi TonJinna :mepreTnqecKoro peaKTopa rrpn 
neJiwmue Koaifltflnu,neHTa TepMnqecKoro pacmupe
HnH 50 8T/Cltt. 
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Comportamiento del U02 - lmportancia de 
Ia distribuci6n de temperaturas 

por j. A. L. Robertson et a/. 

El comportamiento de los elementos combustibles 
de U02 esta determinado en gran medida por Ia 
distribucion de temperaturas en el combustible. De 
este factor depende el estado del combustible en el 
elemento, sus caracteristicas de dilatacion y Ia presion 
debida a los gases producidos durante Ia fision. 

La pastillas de U02 irradiadas suelen presentar 
grietas provocadas por tensiones termicas. Irradiando 
pastillas con grietas formadas deliberadamente, se 
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observa que estas se consolidan en un radio ligera
mente superior al que corresponde a los limites de Ia 
region en que el crecimiento del grano del uo2 
puede percibirse atm. Dentro de esta region se cerraron 
grandes cavidades durante Ia irradiacion, pero otras 
permanecieron inalteradas en el anillo periferico. Se 
ba confirmado, por medio de testigos de tungsteno, 
que pueden formarse granos columnares por debajo 
del punto de fusion. Esos granos se forman por solidi
ficacion y pueden identificarse por Ia estructura 
caracteristica de los hordes y poros subgranulares. 

Entre 400 y I 600 °C, el valor medio de la conduc
tividad termica del uo2 sinterizado durante la irradia
cion es de 0,03 Wfcm °C, valor deducido de las 
indicaciones de pares termoelectricos y por observa
cion del crecimiento de los granos. A temperaturas 
mas elevadas, el valor medio obtenido bas{mdose 
en la interpretacion de Ia fusion del combustible fue 
de 0,035 Wfcm °C, valor escasa o nulamente afectado 
por el crecimiento de los granos. Despues de una 
irradiacion que puso de manifiesto Ia conductividad 
termiCa reJativamente baja de} U02P Se reaJizarOn 
en el laboratorio sencillos ensayos comparativos de 
los que se dedujo que el uo2-X posee conductividad 
mas elevada. Ulteriormente se observo durante una 
irradiacion que las temperaturas en el centro de 
muestras de uo1.98 fueron basta 100 °C inferiores 
a las de testigos de U02.007 a 1 200 °C. Los poten
ciales medidos entre el centro y la superficie del 
combustible mostraron que el oxido de uranio bipoes
tequiometrico es un semiconductor de tipo n (el 
oxido de uranio biperestequiometrico es de tipo p). 

La recuperacion de los gases producidos durante Ia 
fision, asi como las determinaciones de Ia distribucion 
radial de "los gases remanentes, confirmo que el 
proceso global de desprendimiento es activado por 
el calor. La comparacion de elementos irradiados en 
forma yuxtapuesta indica que el desprendimiento de 
gases disminuye progresivamente a! aumentar el peso 
especifico en el intervalo de 10,4 a 10,75 gfcm3

• Las 
mediciones realizadas durante la irradiacion indicaron 
que Ia presion de los gases puede disminuir sensible
mente para una ligera deformacion del revestimiento 
debido a la dilatacion del combustible. 

Las observaciones realizadas despues de Ia irra
diacion en elementos que contenian calibradores 
internos permitieron definir las condiciones en las 
que resulta impedida Ia dilatacion termica de un 
apilamiento de pastillas cilindricas de uo2 bacia el 
espacio libre de los extremos. Las mediciones efec
tuadas durante Ia irradiacion mostraron como ese 
impedimenta puede causar la deformacion plastica 
del U02, a temperaturas superiores a unos 750 °C. 
En lo que respecta al combustible, un modelo de 
nucleo phistico puede explicar tambien Ia dilatacion 
diametral del uo2, cuyo valor tipico es de 2,2% del 
diametro al iniciarse Ia fusion central. A partir de 
este instante, el incremento del indice de dilatacion 
diametral en funcion de Ia produccion de calor es 
atribuible a la alteracion del volumen consecutiva 
ala fusion. 
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dessous du point de fusion. On peut reconnaitre la 
structure basaltique formee lors de la solidification 
par son aspect caracteristique dil aux joints de sous
grains et aux pores. 

La valeur moyenne (entre 400 et I 600 °C} de la 
conductibilite thermique de uo2 fritte au cours d'une 
irradiation est de 0,03 w fern °C; cette valeur a ete 
obtenue au moyen de thermocouples disposes dans le 
combustible, et au moyen d'observations sur la 
croissance des grains. Des observations sur la fusion 
du combustible ont permis de determiner, aux plus 
hautes temperatures, une valeur moyenne de 0,035 
W fern °C, la croissance de grain influant peu, ou 
point, sur cette valeur. Apres une irradiation ayant 
mis en evidence la conductibilite thermique relative
ment faible de uo2+X> de simples essais comparatifs 
de laboratoire ont permis de supposer que uo2-• 
avait une conductibilite superieure. On a observe par 
apres, au cours d'une irradiation, que les temperatures 
au centre d'echantillons de UOus etaient inferieures 
d'au moins IOO degC a celles qui regnaient au centre 
d'echantillons de reference de U02•002 a I 200 °C. 
Des mesures de potentiel, entre le centre d'un echan
tillon et sa peripherie, ont montre que l'oxyde hypo
stcechiometrique d'uranium est un semi-conducteur 
de type n (l'oxyde hyperstcechiometrique est de 
type p). 

La recuperation des gaz produits durant la fission, 
ainsi que les determinations de la repartition radiale 
des gaz restes emprisonnes dans le combustible, ont 
confirme que le processus global de liberation des gaz 
est susceptible d'activation thermique. La comparaison 
de ditferentes cartouches, irradiees l'une pres de 
l'autre, a permis de montrer que la liberation des gaz 
decroit progressivement lorsque le poids specifique va 
en croissant de 10,14 a 10,75 gjcm3• Des mesures faites 
durant !'irradiation ont montre qu'une Iegere defor
mation de gaine causee par la dilatation du combus
tible peut provoquer une diminution appreciable de 
la pression des gaz. 

Des observations etfectuees, apres irradiation, sur 
des cartouches munies d'appareils de mesure, ont 
permis de definir les conditions dans lesquelles un 
empilement de pastilles cylindriques de uo2 n'est pas 
libre de se dilater thermiquement selon le jeu prevu 
par la construction de l'extremite. Des mesures faites 
durant ]'irradiation ont montre comment cette con
trainte peut causer la deformation plastique de uo2 
a des temperatures superieures a environ 750 °C. Un 
modele de combustible a noyau plastique permet aussi 
d'expliquer la dilatation diametrale de uo2 qui, au 
debut de la fusion du cceur, est egale habituellement 
a 2,2% du diametre. Par la suite, !'expansion volu
metrique due ala fusion du cceur serait responsable de 
l'accroissement du taux de dilatation diametrale en 
fonction de la production de chaleur. 

A la Conference de Geneve de I958, la valeur de 

J
centre 

40 W/cm de l'integrale de conductivite: ,\dB a ete 
peripherie 

recommandee pour uo2 fritte dans des reacteurs de 
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puissance a refroidissement par eau (,\ represente la 
conductibilite thermique du combustible a la tem
perature B). Des essais a 10 000 MWj/t, U ont etabli 
que des gaines minces en Zircaloy, pouvant se retracter 
sur le combustible, sont acceptables. Des essais 
etfectues, au cours desquels des valeurs de l'integrale 
de conductivite f,\dB aussi eleves que 85 W/cm ont 
ete atteintes, ont montre qu'il est possible de tabler 
sur des valeurs 50 W fern de cette integrale dans les 
combustibles des centrales nucleaires. 

A/17 KaHaAa 

Pa6o'-1He xapaKrepHCTHKH uo2. 3Ha'-le
HHe pacnpeAeneHHH reMneparyp~ 
,ll.>K. A. Jl. Po6eprcoH et al. 

Pa6o•me xapaRTepncTHRH TeiiJIOBhi)J;eJHnom;nx 
:lJieMeHTOB H3 )J;BYORHCH ypaHa B OCHOBHOM OIIpe
.[leJI.HIOTCH pacrrpe.n;eJieHHeM TeMIIepaTyphi B TO
IIJIHBe. OT aToro aaanc.RT pacrroJiomeune TOIIJIHBa, 
oco6eHHOCTH ero paciiinpeHHH n .n;aaJieune, o6pa
ayrom;eecH B peayJILTaTe Bhi)J;eJieunn raaoo6paaHLIX 
npo.n;yRTOB )J;eJieHHH. 

B o6Jiy'IeHHhrx Ta6JieTRax .n;ayoRncn ypaua qa
cTo o6HapyiRHBaiOTCH Tpem;HHhi, Bhl3hiBaeMhie 
TepMH'IecRHMH uarrpHmeHH.HMH. B o6Jiy'IeHHLIX 
Ta6JieTRax c yme o6paaoBaBIIIIIMHC.H Tpem;nuaMn 
<<aaJie'Inaaune» rrpncxo.n;nT no pa.n;nycy, uecROJih
Ko 6oJILIIIeMy, qeM e.n;aa paaJIH'IHMLiii: poeT aepi:'H 
B uo2. B npe.n;eJiax 3TOii: o6JiaCTH BO BpeMH o6Jiy
lfeHHH RpynHhie Tpeili,HHhi 3aRphiBaiOTC.H, HO OHif 
ocTaiOTC.H 6ea naMeueunn BHe aToro pa,!lnyca. 
BoJILij>paMoBLie MapRepLr IIOATBep,!lnmr, 'ITO aep
na CTOJI6'IaToii: CTPYRTYPLI MoryT o6paaoBLIBaTLCH 
HMiRe TO'lRM nJiaBJieHii:H. 3TH cToJI6'IaTLie aepua, 
o6paayrom;necn npn BhiMopamnaaunn, pacnoaua
IOTC.H no xapaRTepncTn'leCRHM CTPYKTypaM uo;.(
aepuoBLIX CB.H30K H nop. 

OT 400 AO 1600° C cpe.[luee auaqeuwe Roalj>tfm
u,neHTa TenJIOllpOBO.[lHOCTH cneqeHHOii: ,lJ;BYOKHCH 
ypaHa BO BpeMH o6Jiy'IeHH.H COCTaBJIHeT 
0,03 BT/C.M • ° C - 3Ta BeJIU'IHHa IIOJIY'IeHa no IIO
Ka3aHH.HM TepMonap H TIO Ha6JIIO.[leHIIHM pOCTa 
aepeu. flpH 6oJiee BhiCOKHX TeMnepaTypax Roa<fJ
tfmu,neHT TenJIOIIpOBO.[lHOCTlf B cpe.[lHeM COCTaBJI.H
CT 0,035 8T/C.M • ° C C ue60JihlUJIMU :U3MeHeHHHMH, 
Bhi3hJBaeMLIMH poCTOM aepeu. OnLIThi no o6Jiyqe
HlfiO IIOI\a3aJIH cpaBHlfTeJihHO Hli3RYIO TeJIJIOIIpO
BO,'].HOCTh uo2+x· B Jia6opaTOpHbiX ycJIOBHHX 

TeiiJIOIIpOBO,'].HOCTh UQ2--X lfMeWr 60JILIIIYIO Be

Jilf'IlfHy. fl pH IIOCJIC)J;YIOlli,CM 06JIY'ICHHH TeMnepa
Typhl B U,CHTpaJihHOH 'IaCTH o6pa3IJ,OB UQI,98 6LI
JIH Ha 100° C HHiRe ITO cpaBHeHHIO C KOHTpOJibHbi
MH o6paau,aMH uo2,07 npn TeMnepaType 1200° C. 
MaMepeune noTeuu,naJioa B u,euTpe TOIIJinaa n Ha 
JIOBepXHOCTH noRa3aJIO, 'ITO rHilOCTCXHOMeTpH'Ie
CKaH OKHCh ypaHa .HBJI.HeTCH IIpOBO.[lHHI\OM THna n 
( rnuepCTCXHOMeTpH'ICCKaH 01\HCh. ypaHa .HBJIHeTCH 
11pOBO,'].HJIKOM Tuna p). 
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ABSTRACT -RESUME-AHHOTAL.tlt1R-RESUMEN 

A/17 Canada 

Comportement de U02 - Importance de Ia 
repartition des temperatures 

par j. A. L. Robertson et a/. 

La repartition des temperatures dans le combustible 
determine en grande partie le comportement des 
cartouches de combustible U02• De cette repartition 
dependent l'etat du combustible dans Ia cartouche, 
ses caracteristiques de dilatation, et Ia pression due 
aux gaz produits durant Ia fission. 

On observe souvent des fissures dues aux contraintes 
thermiques dans des pastilles de uo2 qui ont ete 
irradiees. II a ete demontre, par irradiation de pastilles 
contenant des fissures creees intentionnellement, qu'il 
y a consolidation de ces fissures sur un rayon Iegere
ment superieur a celui correspondant a Ia fin de la 
region oil Ia croissance du grain de U02 peut encore 
etre decelee. Dans cette region, de grosses cavites se 
sont refermees durant !'irradiation, mais elles sont 
demeurees inchangees dans l'anneau peripberique. 
Des temoins de tungstene ont confirme qu'il y a pos
sibilite de formation de structure basaltique au-
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Figure 3. Diametral expansion of U02 pellets as a function of estimated central temperature for 
different void volumes and temperatures of plasticity 

Observed values are compared with predictions of a simple model sketched in inset 

7TRp2L{Ja(80-8p) + ( ;; y a~m _ a;} = 

7TRp2L{ at + 2 ~:P } 
( aLj L is the fractional elongation of the U02 

estimated in preceding sections, Rm the radius of 
melting and 80 the central temperature.) Therefore, 

aRtotaJ = {RpaOp + i(Rs- Rp)a(8s + 8p)} + 
1 R {a (8 8 ( Rm )

2 a V m a V aL } 2 P 2a o - p) + -- --- - -- - --
RP v v L 

where the second term must be included only when 
positive. 

The last equation is plotted in Fig. 3 for various 
values of the parameters. There is good agreement with 
the experimental results if it is supposed that about 
half of the free volume due to uo2 porosity plus pellet 
dishing can accommodate expansion of the plastic 
material. The agreement confirms our interpretation 
of melting and hence the values of thermal conduc
tivity used in calculating the fuel temperatures. The 
calculated expansions suggest that decreasing the 
free volume below the present level could appreciably 
increase the fuel_ expansion. Also, too rapid start-up 
could prevent plastic deformation of the uoll. 
Experimental testing of these predictions is now 
desirable. 

PRACTICAL APPLICATION 

At the 1958 Geneva Conference we recommended 
the use of sintered uo2 as fuel for water-cooled 

I 
centre 

power reactors at values of Ad8 up to 40 Wjcm. 
surface 

Since then many of our experiments have been 
concerned with establishing the conditions under 
which thin collapsible sheathing is acceptable, so 
that a high burn-up can be obtained from natural 
uranium oxide. In two tests [3, 8] elements in collap
sible Zircaloy sheaths exposed to 10 000 MWdjtonne 
U at maximum values of fA dB over 40 W fr,m have 
proved the feasibility. One of the elements was ex
posed at an fAdO value of 30 W fern for most of its 
irradiation then at 45 W/cm for the last period [44]. 
The highly irradiated sheath was thereby strained 
0.5% of its diameter without any harm resulting. 
The culmination of these experiments was the success
ful irradiation of complete fuel bundles, as described 
in another paper [45]. 

Investigations reported here with complementary 
studies of Zircaloy-2 and zirconium-niobium alloys 
[46, 47] show that fuel elements containing sintered 

I 
centre 

U02 may be operated at values of Ad8 up to 
surface 

50 W /em, and proof-testing is proceeding. 
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THERMAL EXPANSION 
Longitudinal expansion 

Pf17 

Elongation of U0 2 fuel elements was expected 
because the fuel operates at much higher temperatures 
than the sheath. Experiments using maximum dis
placement markers [33, 34] or a continuously reading 
transducer [35] showed that the fuel could expand 
into a longitudinal clearance at the end of the pellet 
stack only when the diametral clearance was large 
and the sheath free-standing. Under these conditions 
a clearance of 3 mm was fully occupied by expansion 
of a pellet stack 300 mm long. Otherwise, there 
was little relative movement, <I mm on a 300 mm 
fuel length. 

Frictional forces between the fuel and the sheath 
are thought to restrict relative movement. If the 
longitudinal restraint on a length L of pellets at 
the free end, 27tRsLfLPi, exceeds the sheath strength, 
27tRscrt, sheath extension will occur in preference 
to pellet slipping. ( Rs is the radius of the fuel surface, 
P1 the fuel/sheath interfacial pressure, fL the co
efficient of friction and cr the yield strength of the 
sheath.) Thus, only at the end of a pellet stack can 
slipping occur and crt/[LPI is an upper limit for the 
length of fuel that can utilize any end clearance. 
Substituting measured values gave 25 mm for L in 
the above series of experiments so the movement of 
< 1 mm is understandable. 

Plastic behaviour 

Longitudinal expansion of U0 2 fuel elements has 
been measured in laboratory tests [36] and irradia
tions [37]. In the reactor an element 300 mm long 
containing flat-ended pellets elongated about I% 
when first brought to power, then slowly contracted 
a little (about 0.2%) at constant power [37]. The 
magnitude of the changes suggests that under the 
load exerted by the sheath and coolant uo2 is plastic 
above 750 °C, and sheath elongation is governed 
by the expansion of the innermost non-plastic annulus 
of U0 2 • Since laboratory determinations by Arm
strong et a/. do not predict appreciable plasticity 
below I 200 °C [38], irradiation-induced creep at 
lower temperatures is suspected. Plastic flow of the 
uo2 into pre-formed holes and pellet ends [3] is 
easily discernible above 1 500 °C. 

External variables can affect the temperature, OP, 
where plasticity becomes significant. For thin
sheathed elements cooled by pressurized water at 
275 °C and 100 atm, length changes indicated ()P in 
the range 750 to 1 000 °C [33, 37], when the fuel is 
brought to temperature slowly, Where specimens are 
propelled into an operating reactor, so the fuel 
temperatures reach virtual thermal equilibrium in one 
minute, ()P is 1 600 to 2 000 °C [39]. The increase is 
attributable to the shorter time available for plastic 
flow. Increasing the stress by using stronger sheaths 
reduces the elongation, indicating a decrease in 
9-P [39]. In practice longitudinal expansion is reduced 
by dishing the pellet ends [3, 36, 37]. In a direct 
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comparison of elements 450 mm long, one containing 
flat-ended pellets had a residual elongation of 0.5% 
while another with dished pellets contracted O.I% [40]. 
If the dish is sufficiently large, expansion of the 
plastic core is absorbed and the elongation is con
trolled by the cylindrical shell immediately enclosing 
the dish. 

Effect on sheath strain 

In either the longitudinal or diametral direction 
the fuel expansion during irradiation can be deduced 
from the residual sheath deformations using the 
relation: 
Fuel expansion = Residual sheath strain + Sheath 
elastic strain + Sheath thermal expansion + Part of 
clearance used. 
Errors can arise from inaccuracies in measuring 
residual strain and in assessing elastic strain, which 
varies with the amount of .stress relaxation that 
occurred in fuel and sheath. In addition to concen
trated clearances at the end, gaps between pellets 
can act as distributed longitudinal clearance [33]. 
Even gaps due to end faces not being perpendicular 
to the axis can contribute by fragmentation or 
re-alignment. 

Diametral expansion 

Irradiation of specimens in which only the diametral 
clearance was varied demonstrated that increasing 
the clearance decreased the sheaths' residual diametral 
expansion by an equal amount [2]. The diametral 
expansion of a uo2 pellet depends on two main 
factors: (a) the coefficient of linear thermal expansion 
under isothermal conditions, ex, [42, 43] and the 
volume increase on melting, 6..Vm/V, [4I, 42], and 
(b) elastic and plastic deformations due to external 
stresses on the fuel and thermal stresses within it. 
Figure 3 illustrates the U0 2 expansion (calculated 
from the relation in the previous section) as a function 
of estimated central temperature for a variety of 
specimens. 

Plastic core model 

These expansions can be calculated from the pre
viously introduced model for the U0 2 pellets. Where 
the porosity and voids in the plastic region (radius 
,;;:: RP, temperature > OP) are sufficient to accom
modate volume changes within it, the pellet's radial 
expansion, 6..R, is simply that of the outer cracked 
annulus. The latter equals the radial expansion of 
the elemental shell at RP where the fragments are 
in contact, plus the radial expansion of an individual 
fragment (see diagram inset in Fig. 3). Thus, 

6..R = RpaOP + !(Rs-Rp)a,(Os + Op) 

where the second term is an adequate approximation 
for RP>!Rs. If there is insufficient free volume, 
6.. V/ V, in the plastic core the fragments will be 

pushed outwards by an additional amount 6.Rp 
obtained from the identity: 
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In a reactor experiment, specimens of 001.98 
were irradiated alongside controls of 002•007 at three 
different power levels; all contained central thermo
couples [10]. Initially, there was no appreciable 
difference between the readings due to composition, 
but by an exposure of about 1019 fissionsfcm3, 

the central temperature of the 001.98 was l 050 °C 
when that of the 00 2• 007 was I 200 °C. Electrical 
measurements showed that 00 2•007 behaves as a 
p-type conductor at all temperatures while the 001.98 
is p-type below 600 °C and n-type above. 

RELEASE OF FISSION-PRODUCT GAS 

In the early work on fission-gas migration it was 
convenient to interpret the results in terms of diffusion 
from a hypothetical assemblage of uniform spheres 
having the same specific surface area as the sinter. 
Subsequent investigations have, however, demon
strated that such a model grossly oversimplifies a 
complex situation [26, 27]. Where the fuel temper
atures are insufficient to cause microstructural 
changes the gas release is unimportant, being no 
more than a few per cent of that generated, for expo
sures up to 2.5 x 1020 fissions/cm3• At higher temper
atures the structure of the fuel is altered so much 
during irradiation that the model should be aban
doned. Here, we therefore relate the observed total 
releases with measurable quantities to permit empirical 
prediction. 

Factors affecting release 

Much of the evidence has been obtained by post
irradiation puncture of fuel-element sheaths, fol
lowed by collection and analysis of the free gas 
within. In a given test, where all the elements are 
prepared from the same batch of 002 and all are 
submitted to closely similar conditions, there is 
usually a very strong, positive correlation between 

{

centre 

the release and the value of ,\dB (or the estimated 
• surface 

central temperature) [28]. Typically, an increase of 
8 W fern (250 °C increase in the fuel central temper
ature) doubles the release from l 0 to 20%. The 
temperature dependence of release was confirmed 
by Morgan et a/. [29] and Lewis et a!. [26] who ana
lysed the concentration of xenon retained in irra
diated fuel as a function of radial position. 

In an early irradiation 002.15 released relatively 
large percentages of fission-product gas [30], so most 
subsequent investigations have been confined to near
stoichiometric compositions (002•00 to 002.01). In 
one experiment two sets of four specimens showed 
a progressive decrease in release with increasing 
fuel density in the range 10.44 to 10.74 gfcm3 ; from 

J
centre 

17 to 12% for a value of ,\dB of 40 Wfcm and 
surface 

from 19 to 15% for 42 Wfcm [31]. These dependences 
might be due to changes in the properties of U02, 
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or merely reflect higher temperatures in the fuel. 
In a few instances, where irradiation time was the 
variable, the fractional release showed a small 
increase with increasing time [32]. Despite a strong 
correlation between the release and the extent of 
structural changes there is no conclusive evidence 
that equi-axed grain growth, per se, accelerates 
release. Possible mechanisms for release and the 
re-entry of gas already released are discussed else
where [26]. 

Modified method of predicting release 

Experimental releases can be expressed by a 
single thermal function. For particular tests the 
release as a function of temperature can be fitted 
to give good agreement with the predictions of the 
simple diffusion model, but only by arbitrary selection 
of a parameter characterizing the fuel [28]. If the 
model's predictions are based on the properties 
of the virtually unirradiated fuel, as originally pro
posed, the agreement with observed releases is 
poor [32]. 

A modified method recognizes that the hot fuer 
releasing most of the gas has been profoundly altered 
from its condition before irradiation [32]. Since the 
experiments show that the release is thermally 
activated and time-dependent, the mathematical 
formalism of the original model has been retained. 
However, at this stage the same value of the charac
teristic parameter is assigned to all stoichiometric 
sintered uo2 in the density range 10.10 to 10.75 
gfcm3• The effect of fuel density is also accommodated 
empirically. 

The gas release has been measured for 69 specimens 

f
centre 

irradiated at values of ,\dB from 30 to 90 W fern 
• surface 

for exposures up to 2.5 x 1020 fissionsfcm3
• For 

54 specimens the release is adequately represented by 
this procedure; although 15 remain anomalous this 
constitutes better agreement than has been obtained 
from other methods. Small variations in the fuel's 
stoichiometry, the presence of minor impurities, 
variations in the elements' thermal history or errors 
in estimating the temperatures may account for the 
remaining disagreement. 

Gas pressure 

The pressure of gas over the fuel depends on the 
amount of free gas, its temperature and the volume 
in which it is confined. In elements assembled with 
small clearances and high-density U02, the free 
volume during operation is the initial free volume 
less the difference in expansion of fuel and sheath and 
is typically about I% of the fuel volume. The next 
section shows that there must be considerable un
certainty in the estimate. In-reactor measurements 
of the pressure are therefore essential, particularly 
since sheath strain, due to thermal expansion of 
the 00 2, reduces the gas pressure. 
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These were presumably formed by outward move
ment of the boundaries of the original equi-axed 
grains at the centre [14]. 

Equi-axed grains 

The isothermal grain growth of U02 has been 
studied in laboratory experiments. The effects of 
annealing time and temperature have been established 
quantitatively, but impurities, stoichiometry and 
external restraint all affect the kinetics of the pro
cess [14, 15]. Also, the amount of growth obtained 
in an anneal is reduced by prior irradiation exposure 
at low temperature; the effect is attributed to the 
presence of fission-product gas [14]. In principle, a 
temperature can be assigned to any point where the 
grain size reaches a given value in a measured time 
but in different batches of oxide the uncertainties 
of the corrections limit the accuracy of a temperature 
prediction to ± 150 °C. For a single batch of U02, 

however, the limit of discernible grain growth provides 
a more precise isotherm for estimating the temperature 
distribution. 

TEMPERATURE DISTRIBUTION 
Thermal conductivity of U02 

In determining the thermal conductivity of U02 

during irradiation, the measured power output 
provides a value for p, dO integrated between two 
temperature limits. When the lower is the fuel surface 
temperature, it is calculated from the sheath tempera
ture and an estimate of the heat-transfer coefficient 
between the fuel and sheath. In the few experiments 
that have incorporated thermocouples the upper 
temperature limit is measured directly. Varying the 
power output then permits the conductivity to be 
calculated as a function of temperature and any 
changes in conductivity with exposure can be fol
lowed. In many more specimens without thermo
couples the upper limit is assigned from the observed 
structural changes in the U02• Even now, thermo
couples are unreliable over 2 000 °C so that values 
for the conductivity of U02 up to the melting point 
rely on a measurement of the extent of melting. 

From 400 to 1 600 °C the thermal conductivity 
of high-density sintered material during irradiation 
was 0.03 W /em °C [7]. In "the low temperature range, 
approximately 50 to 700 °C, the conductivity decreased 
with increasing exposures• up to 2 x 1019 fissions/ 
cm3, with 0.03 W/cm oc as a lower limit [7, 16, 17]. 
Above I 600 °C a value of 0.03 Wfcm °C was 
deduced from our interpretation of melting. If the 
extent of melting were underestimated, the value 
would be lower. However, a lower limit of 0.03 
W fcm °C in this range can be inferred from observed 
fuel expansions (see below). 

Fuelfsheath heat transfer 

Most of the conclusions regarding the thermal 
conductivity of uo2 during irradiation depend in 

• 101' fissions/em' is equivalent to a burn-up of about 
400 MWd/tonne U. 

part on values of the fuel/sheath heat-transfer co
efficient estimated from laboratory determinations. 
Ross and Stoute, ·using U02/Zircaloy pairs, found 
the coefficient increased considerably as the inter
facial pressure was increased [18]. The value also 
increased as the roughness of the solid surfaces 
was decreased and as the thermal conductivity of 
the filling gas was increased. For conditions typical 
of thin-sheathed elements, argon-filled and in pres
surized water, the coefficient is about 1.3 Wfcm2 °C. 
Two specimens, irradiated at Saclay by Bogaievski 
et a/., contained sufficient thermocouples for the 
coefficient to be calculated [19]. The results, about 
I W fcm2 °C for evacuated elements in which there 
was strong pressure across the fuel/sheath interface, 
lay in the range of 0.5 to 1.5 W fcm2 °C observed 
in the laboratory measurements. 

In specimens assembled with such large diametral 
clearances that the fuel is still loose in the sheath at 
operating temperatures the coefficient is decreased. 
However the extent of grain growth in these specimens, 
shows that the coefficient is considerably higher 
than that calculated by assuming the fuel expands 
as an ideal elastic solid [20]. Presumably pellet 
cracking and subsequent relocation of the fragments 
reduces the clearance below that calculated, thereby 
improving heat transfer. Markedly eccentric and 
irregular patterns of grain growth and melting in 
high-clearance specimens indicates that the heat
transfer coefficient is highly variable under these 
conditions [I 0]. 

Effect of grain growth on conductivity 

1800 •C 

In one laboratory experiment a value for .\dO 
200 •C 

of 34 W/cm was measured for a single crystal of U02, 

compared with 26 W/cm for polycrystalline mate
rial [21]. A two-stage irradiation was performed [22] 
to determine whether large grains of uo2 possess, 
under irradiation, similar high thermal conductivity. 
A specimen of sintered U02 was first irradiated at 
a power sufficient to cause growth of large grains 
in the central region, and was then re-irradiated 
at a substantially higher power. From the extent 
of melting observed in subsequent examination we 
concluded that the conductivity under irradiation 
was not significantly enhanced by the prior grain 
growth. 

Departures from stoichiometry 

May et al. compared the relative conductivities 
of pairs of specimens in a very simple laboratory 
apparatus [23]. They found that the composition 
had a measurable effect, not only for single crystals 
but also for polycrystalline sinters. At elevated 
temperatures, hypostoichiometric specimens (U02-x 
where x is about 0.01) had higher conductivities 
than those of UOu1• Earlier laboratory measure
ments [24] and irradiation experiments [17, 25] had 
shown excess oxygen to depress the conductivity 
ofU02. 
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Figure 1. Polished cross sections of sintered U02 after irradiation 

J.\dll (W/cm) 
U02 dia (mm) 

a b c 
30 59 76.5 
19 18 19 

In b, tungsten wires (white) had been placed in preformed 
holes similar to those still present in the outer region; missing 

wires fell out during post-irradiation handling 

j. A. L. ROBERTSON et at. 

Figure 2. Cross section of sintered U02 after irradiation at a 

J
centre 

value of .\dll of 39 Wfcm, showing the development of large 
surface 
grains at the centre. U02 diameter 16 mm 

Melting 

To study the structures resulting from melting, 
elements have been irradiated for periods from one 

J
~centre 

minute to several weeks at high power ,\dO 
surface 

70 to 100 W/cm) [2, 8]. When the fuel was rapidly 
cooled, a zone containing relatively large pores 
usually appeared at the centre (Fig. lc). The amount 
and shape of the porosity, the flow patterns on 
the smooth interior of any axial void, the sharp 
demarcation between the central zone and the sur
rounding annulus of large pore-free grains, plus the 
sub-grain structure of the uo2 all argue that the 
central zone had been molten [2, 7-9]. The full 
extent of melting during power transients may not 
be recorded in the structure since the extent of the 
central zone was less in some specimens that cooled 
slowly [10]. 

Columnar grains 

Supporting evidence for our interpretation of 
melting is obtained from the results on fuel expansion 
(see below). More direct confirmation was given 
by irradiations at Hanford [II] and Chalk River [6] 
in which inert tungsten markers had been located 
in the U0 2 (Fig. lb). Those in columnar grains 
outside the molten zone did not move. Simulation 
experiments in the laboratory have shown that 
columnar grains can form by the movement of 
lenticular voids up the temperature gradient [12], 
and similar voids have been seen associated with 
columnar grains in irradiated uo2 of low density 
(10.2 gfcm3) [13]. In fuel of higher density (10.6 g/cm3) 

columnar grains occurred but no lenticular voids 
were observed [6], suggesting that at least one other 
mechanism for the formation of columnar grains 
may be possible [14]. In pellets of still higher density 
(10.75 gjcm3), irradiated in the same element as the 
previous ones, instead of columnar grains there were 
large single grains (such as illustrated in Fig. 2). 
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uo2 performance 
distribution 

The importance of temperature 

J. A. L. Robertson, A. S. Bain, J. R. MacEwan and M. J. F. Notley* 

The good performance of U02 fuel elements was 
reported at the I 958 Geneva Conference. Investiga
tions since then have increased our confidence in 
.this fuel material by providing a better understanding 
of what occurs during irradiation. Although other 
fuels and fabrication routes have been studied, the 
present paper is confined to sintered uo2. 

Measurable damage can be produced when U02 

is irradiated below 500 °C, but this is not important 
in most practical applications. Phenomena deter
mining the fuel elements' performance depend 
primarily on the temperature distribution in the fuel. 
The function JA.dB,** which provides a relative 
measure of the fuel temperature from a determination 
of the power output, is still very useful in correlating 
observations from different elements operating under 
various conditions. 

Accurate determinations of the power output of 
the fuel have proved difficult but now, under favour
able conditions, several methods give agreement 
within a few per cent [1]. Not only the time-average 
output, but also the thermal history is required. 
A fluctuation of ± 10% in the power output has a 
large effect on a thermally activated process, yet 
few experimental reactors can maintain better stability 
over prolonged. periods. Fortunately, techniques are 
now available for continuous measurement of many 
of the variables important to fuel behaviour: power 
output, thermal-neutron flux, temperatures in the 
coolant, sheath and fuel up to 2 000 °C, thermo
electric potentials within the fuel with an accuracy 
of I m V, length changes in the range 0.1 to 6 mm and 
gas pressures within an operating fuel element up 
to a few hundred atmospheres. Improved reliability 
is desirable but these techniques have already yielded 
a better knowledge of the processes concerned. 

Structural changes in the fuel depend on the 
temperature distribution but, since they also provide 
evidence for the temperature distribution, they are 
considered first. After a discussion of other factors 
relating to the temperature distribution, the release 
of fission-product gases and the thermal expansion 
of the fuel are considered. 

* Chalk River Nuclear Laboratories, Atomic Energy of 
Canada Limited, Chalk River, Ontario. 

** A is the thermal conductivity of the fuel at temperature 0, 
and the integration is radial in cylindrical geometry. 
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STRUCTURAL CHANGES 

Formation of cracks 

Sintered U02 pellets show a complex cracking 
behaviour after irradiations of both short and long 
duration [2, 3]. The appearance ranges from appar
ently uncracked pellets to ones having both radial 
and circumferential cracks (Fig. 1). Calculations [4] 
and laboratory tests [5) show that the pellets crack 
at a temperature differential of 80 °C when the 
surface temperature is 20 °C, or at 150 °C when the 
surface temperature is 800 °C. Thus U02 pellets 
would normally crack under the thermal stresses 
appropriate to power reactors. Pellets that are 
apparently uncracked are anomalous: either cracks 
are undetected or there is an irradiation effect, 
possibly an increase in the modulus of rupture. 

Healing of cracks and cavities 

Pellets irradiated with pre-formed radial and circum
ferential cracks [6) confirmed that cracks heal within 
a radius slightly greater than that for just-discernible 
grain growth [7], leaving a cracked outer annulus. 
The outer fragments are interlocked and held to
gether by the sheath so that the pellet acts as a unit. 
Patterns on the inside surfaces of sheaths also de
monstrated that the outer annulus does not crack 
any more when the pellet is re-irradiated, even at 
significantly higher power. Most outer cracks there
fore form during the initial start-up, but those seen 
in the grain-growth region occur during the last 
shutdown. The presence of a preformed circum
ferential crack had no measurable effect on the 
extent of grain growth. Considering possible errors 
in measurements and heat ratings, the heat-transfer 
coefficient between the two uo2 surfaces must 
have been > 1.5 W fcm2 0C. Similar arguments yield 
a value >0.85 W/cm2 °C for naturally occurring 
circumferential cracks [7]. Within the region of 
columnar grains large cavities (pre-formed drilled 
holes) closed during irradiation (Fig. I b); those in 
the region of equi-axed grain growth had partially 
closed, while those in the cooler region were un
changed. Movement of the U02 into the cavities 
suggests that compressive and nearly isostatic forces 
due to sheath restraint produce plastic flow. 
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Por tanto, las propiedades de sinterizaci6n de los 
polvos de di6xido de uranio y de torio dependen 
de las caracteristicas del polvo y de su origen (incluso 
la presencia de pequefias proporciones de impurezas). 
Para preparar briquetas sinterizadas de densidad 
proxima a la te6rica, sea cual fuere el polvo original, 
es preciso elegir las condiciones de sinterizaci6n 

V. K. MOORTHY et at. 

con miras a evitar la formaci6n de una porosidad 
cerrada. Se podria mantener la temperatura de 
sinterizaci6n suficientemente baja sin que el tamafio 
del grano crezca apreciablemente, incluso alcanzando 
una densidad de mas de 95% de la te6rica. Cuando 
convenga, el crecimiento de los granos puede lograrse 
mediante un tratamiento termico ulterior. 
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CllCl\aHHH Ha TIJIOTHOCTb H MHRpOCTpyRTypy onpPc

COBaHHbiX o6pa3IJ;OB 01\HCCH ypaHa H TOpHH. llo

porrii\H 01\HCCH 6biJIH ·npHrOTOBJICHhl nyTeM TCpMH

'IeCl\Oro pa3JIOmeHHH COe~HHeHHH ypaHHJia H 

TOpHH, a HMeHHO TaHHaTa, 6eH30aTa, OReaJiaTa H 

~p. MnRpoeTpyRTypa .enpeeeoBaHnhlx o6paan;oB, 

llO~BeprHyTbiX enel\aHHIO, Ol\a3biBaeT BJIHHHHC Ha 

Hel\OTOpbie H3 ero lflH3H'IeCl\HX CBOHeTB, TaKHX, 

KaK TCUJIOllpOBO~HOCTb H enoco6HOCTb y~epmHBaTb 
raaoo6pa3Hble UpO~Yl\Tbl ~eJICHHH. 0Ha HBJIHCTeH 

BamHbiM lflaKTOpOM, BJIHHIOIIl;HM Ha pa3HHIJ;Y B 

xapaKTepHeTHl\aX Ta6JieTOl\ O~HOH H TOH me llJIOT

HOeTH BO BpeMH paOOThl B peaKTOpe. 

llopOilll\H OKHCeii, UpHrOTOBJICHHLie 113 pa3JIJI'I

HbiX coe~HHeHHH, o6napymHJIH 3H3'1HTeJibHYIO 

pa3HHIJ;Y B paaMepe HX KpHCT3JIJIOB; nopomKH 01\JI

eeii, llOJIY'ICHHble H3 O~HOrO H TOrO me COC~HHe
HllH, npoKaJieHHOI'O npH 6oJiee BLICOKOH TCMUepa

Type, HMeJIH RpncTaJIJibl ooJihmero paaMepa. llo

BepxHOCTb TaRHX nopomRoB 6hlJia MCHhme. B aToM 

nceJie~OBaHHH CUeKaHHe ~BYOKHeH ypana UpOBO

~llJIOeb B cpe~e uo~opo~a, a cneRaHne oKncu To

puR - Ha uoa~yxe. B o6oux cJiy'laHx nopomKn c 

HplfeTaJIJiaMH MeHbillero paaMepa Ha'IHH3JIH yn

JIOTHHTbCH UpH 6oJiee HH31\0H TCMUepaType H npn

o6peTaJIH BbiCOI\YIO llJIOTHOCTb UpH ~OBOJibHO HH3-

.KHX TeMnepaTypax ( 1200-1300° C), ~pyrue 
ycJIOBifH cnel\aHHH 6hlJIH o~nHaROBbiMH. 3To 6hiJia 

onTnMaJibHaH TeMnepaTypa ~JIH 1\am~oro ua 

IIOpOilll\OB, 'IT06bl UOJIY'IliTb Mal\eHMaJibHOe YllJIO

THCHHC UOpOilll\OB. 

I1ccJie~oBaHHe MHHpOCTPYRTyp ll03BOJIHJIO yc

TaHOBHTb, 'ITO H3MCHCHHH B UJIOTHOCTH UpOHCXO

~HJIH BCJie~CTBHe o6pa30BaHHH CKpblTOH UOpHC

TOCTH BO BpCMJI HarpeBaHHJI MaTepuaJia J1 YBCJIJI

'ICHHH o6paaoBaHHH rrop BO upeMJI cneHaHnH. PoCT 
3epen, 3aBHeeJI B 60JibiiiCH eTCIICHH OT TCMrrepaTy

pbi, 'ICM OT YBCJIH'ICHHH llJI'OTHOeTH BO BpeMH eneKa

HHH. He6oJihiiiHe npHMeeu, aTMoelflepa erreHanun 

H T. ~· TaKIKC Ol\a3biBaJIJI BJIHHHHC Ha YllJIOTHCHlll' 

II poeT aepeH. Tal\, HallpHMep, CJIC~bl OKHeH THTa

na B OKHeH ypaHa CllOC06CTBYIOT YllJIOTHeHHIO Jr 

pocTy aepeH npu 6oJiee HH3Roii TeMnepaType 

( OKOJIO 1100° C) . 
TaKHM o6paaoM, xapaKTepHCTHKH eneKaHHH no

pomKoB OKHeeii ypaHa H 33BHCHT OT npouexom

~CHHJI H xapaKTCpHCTHK nopomKa (Bl\JIIO'Ia.H npn

cyTeTBHC He60JibillOrO 1\0JIH'ICCTBa UpHMeCeii). 

,l];JIH noJiy'leHHH ua JII06oro ~aHHoro nopomKa 

eneqeHHbiX, npe~sapuTeJibHO cnpeecoBaHHbiX o6-

paan;oB, HMCIOIIl;HX llJIOTHOCTb, 6JIH3KYIO I\ Teope

TH'ICeKOH llJIOTHOCTH, HC06XO~HMO Bbl6HpaTb Tal\He 

ycJIOBifH cneRaHnH, KOTOpbie noaBOJIHJIH 6bl ua6e

raTb o6paaoBaHnH cKpbiTofr nopu·cTOCTH. TeMnepa

TYPY eneKaHnH MomHo 6hlJIO 6hl no~~epmusaTb 
AOeTaTO'IHO HH3KOU 6ea 33MCTHOrO pOCTa aepeH 

nopOIIIKa Aame B TCX eJiy'laHX, KOr~a AOCTHraeTCH 

UJIOTHOCTb Bhlme 95% oT TeopeTn'leeKoii. PoeT 

aepeH, CCJIH JTO meJiaTCJibHO, MomeT 6biTb llO.Jiy

qen nyTeM noeJICAYIOIIl;Cit TCpMH'ICCKOU o6pa-

6oTKH. 
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lnfluencia del or~gm, las caracterfsticas del 
polvo y Ia sinterizaci6n sobre Ia densidad y 
microestructura de las briquetas de di6xido 
de uranio y de torio 

por V. K. Moorthy et al. 

Los autores han estudiado Ia influencia del origen, 
de las caracteristicas del polvo y de los tratamientos 
de sinterizacion sabre Ia densidad y Ia microestructura 
de las briquetas de dioxido de urania y de torio. 
Prepararon los oxidos en polvo por descomposicion 
termica de compuestos de uranilo y torio tales como 
el tanato, benzoato, oxalato, etc. Algunas de las 
propiedades fisicas de Ia briqueta sinterizada, entre 
elias su conductividad termica y su capacidad de 
retener gases de fision, dependen de su microestructura 
que, por tanto, constituye un factor importante al 
que cabe atribuir las diferencias de comportamiento 
entre pastillas de igual densidad durante su utiliza
cion en un reactor. 

En los polvos de oxidos preparados a partir de 
diversos compuestos se observaron diferencias signi
ficativas en el tamafi.o de las cristalitas en los obteni
dos de un mismo compuesto; pero, calcinados a 
temperaturas mas elevadas, las cristalitas eran de 
un mayor tamafi.o y de menor superficie. En este 
estudio, Ia sinterizacion de U02 se llevo a cabo en 
atmosfera de hidrogeno y Ia del Th02 en aire y en 
ambos casas Ia densificacion de polvos con las 
cristalitas de menor tamafi.o se inicio a temperaturas 
mas bajas y tambien fueron apreciablemente infe
riores las temperaturas necesarias para alcanzar 
densidades elevadas (I 200 a 1 300 °C) a igualdad 
de las demas condiciones de sinterizacion. Para 
cada uno de los polvos existe una temperatura 
optima que permite obtener Ia maxima densificacion. 

Se estudio Ia influencia que ejerce sabre Ia densi
ficacion de las briquetas el tiempo durante el cual se las 
mantiene a Ia temperatura de sinterizacion. Para deter
minados intervalos de tiempo, caracteristicos del 
polvo y de Ia temperatura de sinterizacion, se observo 
una significativa disminucion de densificacion, deter
minandose Ia relacion de esta disminucion y del 
momenta en que se manifiesta, para cada tempe
ratura de sinterizacion, con el origen y las caracteristi
cas del polvo utilizado. 

El estudio de las microestructuras revelo que las 
variaciones en Ia densificacion se debian a Ia forma
cion de una porosidad cerrada durante el periodo 
de calentamiento, que se acentuaba Iuego durante Ia 
sinterizacion. El desarrollo del grana depende mas 
de Ia temperatura que de Ia densidad de sinterizacion 
alcanzada. Pequefi.as impurezas, Ia atmosfera de 
sinterizacion, etc., tambien ejercen influencia sabre 
Ia densificacion y el tamafi.o del grana; por ejemplo, 
Ia presencia de vestigios de dioxido de titanio en el 
dioxido de' urania favorece Ia densificacioh y el 
crecimiento del grana a temperaturas mas bajas 
(l 100 °C aproximadamente). 
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A/750 lnde 

Etude de !'influence de l'origine, des caracte
ristiques de poudre et du traitement de 
frittage sur Ia densification et les micro
structures de briquettes d'oxyde d'uranium 
et d'oxyde de thorium 
par V. K. Moorthy et a/. 

Nous avons etudie !'influence de l'origine, des 
caracteristiques de poudre et du traitement de frittage 
sur la densification et Ia microstructure de briquettes 
d'oxyde d'uranium et de thorium. La preparation des 
poudres d'oxyde a ete faite par decomposition ther
mique de composes d'uranyle et de thorium, a savoir: 
tannate, benzoate, oxalate, etc. La microstructure 
d'une briquette frittee exerce une influence sur quel
ques-unes de ses proprietes physiques, telles que la 
conductivite thermique et Ia retention des gaz de 
fission; elle est par consequent un facteur important 
dans le comportement des diverses pastilles de meme 
densite pendant le service dans le reacteur. 

Les poudres d'oxyde qui sont preparees a partir de 
differents composes presentent des differences impor
tantes dans la grandeur de leurs cristallites; les poudres 
d'oxyde du meme compose, calcinees a des tempera
tures plus elevees presentent une augmentation de 
grandeur des cristallites et une reduction des aires 
superficielles. Au cours de cette etude, les frittages de 
U02 ont ete faits dans l'hydrogene, et ceux de Th02 

dans !'air. Dans les deux cas, les poudres dont les 
dimensions des cristallites etaient moins elevees ont 
commence la densification a une temperature plus 
basse et ont atteint de grandes densites a des tempe
ratures tres basses (l 200-l 300 °C), les autres con
ditions du traitement de frittage restant les memes. 
On a observe une temperature optimale pour chacune 
des poudres correspondant au maximum de densifi
cation. 

On a etudie !'influence du temps de trempe a la 
temperature de frittage sur la densification de ces 
briquettes de poudre. A certains interva!les de temps 
une diminution considerable de la densification a ete 
remarquee pour une poudre et une temperature de 
frittage donnees. L'importance de Ia reduction de Ia 

densite et !'instant de son apparition a chacune des 
temperatures de frittage sont lies a l'origine et aux 
caracteristiques de la poudre utilisee. 

L'etude des microstructures a revele que les change
ments de densification etaient dus a la formation de 
porosite fermee pendant le temps de chauffe et son 
augmentation ulterieure pendant le traitement de 
frittage. Le developpement des grains depend plus de 
la temperature que de la densite de frittage obtenue. 
De petites impuretes, les atmospheres de frittage, etc., 
ont aussi une influence sur Ia densification et la crois
sance des grains; par exemple, des traces d'oxyde de 
titane dans l'oxyde d'uranium favorisent la densifi
cation ainsi que Ia croissance de grains a une tempe
rature plus basse ("" I 100 °C). 

Les caracteristiques de frittage des poudres d'oxydes 
d'uranium et de thorium dependent done de l'origine 
et des caracteristiques des poudres (y compris la pre
sence de petites impuretes). Pour preparer des bri
quettes frittees proches de la densite theorique a partir 
d'une des poudres donnees, il faut choisir les con
ditions de frittage de fa~on a eviter la formation de 
porosite fermee. La temperature de frittage peut etre 
maintenue assez basse sans qu'aucune croissance de 
grain ait lieu, meme si l'on atteint une densite de plus 
de 95% de Ia densite theorique. La croissance des 
grains, si necessaire, peut etre obtenue plus tard par 
un traitement par chauffage. 

A/7M HHAHR 

B11HRHHe npoHCXO>KAeHHR xapaKrepHc
THK nopowKa H oco6eHHOCTe~ npo-
4ecca cneKaHHfl Ha nJlOTHOCTb H MH
KpOCTpyKrypy cnpeccosaHHbiX o6paa-
40B H3 OKHCe~ ypaHa H TOpHR 

B. K. MypTH et al. 

lfCCJieP,OBaJIOCb BJIHJIHHe IIpOHCXO)R)J;eHHH, Xa

paKTepHCTHK noponiKa H oco6eHHOCTeil: npou.ecca 
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At the beginning ofthis stage, bonds have developed 
between the particles without significant densification. 
As the necks grow at the points of contact, the 
material fills in the interparticulate gaps, eliminating 
the air (or gas) within, resulting in a densification 
of the compact. 

At the next stage gross material movement occurs 
by slippage of material or by viscous flow or by 
volume diffusion or a combination of the three 
mechanisms. As long as the movement rate is not fast 
enough to close up outlets for the air in the inter
particulate space, densification occurs by a decrease 
in open porosity. However, should the material 
movement be too fast, the capillary passages for 
the escape of the air are blocked and closed porosity 
results. Entrapped pores cannot be eliminated easily. 
If, at the sintering temperature, grain growth occurs, 
the material and the pores within the material move 
in a direction opposite to that of the boundary. 
Large pores in the mass result in an arrest of the 
grain growth at the pore surface. Very small pores 
are carried over with the mass and are left behind 
in the grains. Pores of an intermediate size remain 
at the grain boundary. The data in the present paper 
can be explained by the influence of the powder 
characteristics on the various stages of the above 
mechanism. 

When the particle size is small and surface area 
great, the number of contacts between the particles 
is bound to be large. If the crystallite size is small, 
surface imperfections will be more; in other words, 
surface activity will be greater. Both these factors 
are conducive to coalescence of the particles at low 
temperatures. Also, the possibility of material move
ment (i.e., flow akin to plastic flow) will be greate1. 
If the r::ttes of movement are not high enough at the 
temperature employed to entrap the porosity, there 
will be a general enhancement in densification. At 
the sintering temperature, the gases in the closed 
pores formed at lower temperatures expand and make 
the pores grow larger (Fig. 5e). The same happens 
with entrapped pores held slightly above the temper
ature of their formation over prolonged periods of 

(a) After compaction (b) Neck formation (c) Coalescence 

[Pores not shown. Crystal defects indicated by dotsl 

poresvO-
.. 0 
.... 
.. II 
0 ... .,. @} ·. . . . 

(d) Nucleatie>•1 (e) Gro:~in deve(oprnom~t (f) Grain growth 

Figure 6. Stages in the sintering of particles 
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time. The tendency of the entrapped pores to grow 
larger and to attain a spherical stage indicates a plastic 
behaviour of the material. 

Minor impurities affect the material transport 
rates in the same manner in different uo2 powders 
though to different extents. In the present results, 
titania in urania reduces the temperature of sintering, 
by some mechanism. This effect is superimposed 
on the effect of the powder characteristics on the 
sintering behaviour. 

The fact that a theoretical density is rarely attained 
may be due to the inability to eliminate all the closed 
porosity. The extremely fine pores that may be present 
in the particles might be carried over in the mass 
even after grain growth (Fig. 5f). 

CONCLUSIONS 

The origin and thermal history of the oxide powders 
influence the powder characteristics. Even the method 
of preparation of the compound from which the 
oxide is prepared influences these properties. Higher 
temperature of calcination makes the powders less 
active. 

The powder characteristics influence the sintering 
behaviour. Small crystallite size and high surface 
area enhance the densification rate; appreciably high 
densities are attained even at low. sintering temper
atures. 

To attain a high densification, the sintering con
ditions should be such that densification occurs 
without formation of entrapped pores; should 
entrapped porosity be formed at some temperature 
during heating cycle, the gas inside the entrapped 
pores expands at higher temperatures and causes 
an enlargement of pores and of the over-all mass, 
thereby resulting in a lowered density. This result 
is not altered by prolonged soakings at temperatures 
slightly beyond the temperature of closed pore 
formation. Thus to attain high densification the 
sintering treatment should be specific for the charac
teristics of the powder used. 

The influence of minot impurities is superimposed 
on the influence of the powder characteristics on the 
sintering behaviour. 

The temperatures required for nucleation and grain 
growth are to a certain extent independent of the 
powder characteristics. For active powders, these 
temperatures may be above those required for the 
attainment of maximum densification. 

In attempting to get a sintered mass of a high 
density and a desired grain structure using an active 
powder, the sintering cycle should be so adjusted 
as to attain high density first; grain development if 
necessary can be obtained by a continuation of or 
by a subsequent heat treatment. The sintering con
ditions should be specific for each of the powders, 
depending on its characteristics. 
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Figure 5. Typical microstructures of sintered Th02 and U02 

a: Th02 from oxalate by calcination at 600 °C. Sintered at 1 300 °C for 24 hours. Density: 8. 7 g/cm 3 

( x 200); b: Th02 from oxalate by calcination at 600 °C. Sintered at 1 500 °C for 150 hours. 
Density: 9.22 gfcm3 

( x 200); c: Th0 2 from tannate by calcination at 800 °C. Sintered at 1 500 °C 
for 200 hours. Density: 9.08 g/cm3 ( x 200); d: U02 from tannate sintered at I 300 °C for 3 hours. 
Density: 10.24 g/cm3 

( x 500) (etched with 9 H 20 2+ I H 2S04}; e: U0 2 from tannate with 0.25% 
titania. Sintered at I 400 °C for 3 hours. Density: 8. 75 g/cm 3 ( x 500) (a density of I 0.35 was attained 
at 1 200 °C}; f: Commercial U02 with 0.2% Ti02• Sintered at I 650 °C for 3 hours. Density: 
7. 5g/cm3 (x200). 

prepared by thermal decomposition of the compounds 
may be due to differences in the strength of the bonds 
with which the metallic atom is held and the spatial 
disposition of the metallic atoms in the parent 
compound. Spatial distribution of the metallic atoms 
in the compound similar to that in the oxide lattice, 
would, on decomposition of. the parent compound, 
facilitate a rapid development of crystallinity in the 
oxide formed. Thoria particles derived from the 
oxalate by calcination at 600 °C have a well defined 
cubic structure, whereas those derived from the 
tannate have not developed the structure even after 
calcination at I 000 °C (Fig. I). Even the degree of 
crystallinity of the same parent compound may 
influence the characteristics of the oxide derived 
from it, as is indicated by the wide divergence of the 
properties of urania derived from ADU prepared by 
different methods. 

The important stages in sintering are: (a) adherance 
of the particles at the points of contact, (b) growth 

of necks, (c) gross mass movement of material, and 
(d) grain growth. The powder properties influence 
practically all these stages. However, maximum 
densification occurs in the second and third stages 
mentioned. 

The various stages in sintering of powder compacts 
are pictorially depicted in Fig. 6. The particle size 
and distribution affect the initial compaction; the 
smaller the particles the more numerous will be the 
points of contact. When a system like this is heated, 
the atoms at the particle surfaces in contact tend 
to develop bonds amongst themselves. If the crystallite 
size in the material is smaller, there will be more 
irregularities on the surface and the faster the reaction. 
With a rise in temperature, the area of contact at the 
surface tends to increase. As more of the defects 
within get eliminated, the crystallite size tends to 
increase. At the same time, surface area is reduced 
by coalescence and by the very small particles being 
assimilated by the larger ones. 
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Figure la. Bulk density vs. soaking time at 1 500 oc of compacts 
of thoria prepared from various compounds by calcination at 
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Figure lb. Idealised curve depicting variation of bulk density 
with time of soaking at sintering temperatures above and below 

optimum 

in Fig. 3b, where the sintering temperature is (a) way 
below the optimum temperature, (b) just below it, 
(c) just above it and (d) way above the optimum 
sintering temperature for the powder. 

Influence of minor additions 

The data on sintering temperature and sintered 
density of two samples of urania, without and with 
minor additions of titania [7] are given in Fig. 4. 
The general shape of the curve is the same; however, 
titania addition has lowered the optimum temper
ature for attainment of maximum density for both 
the powders; the drop in density at higher sintering 
temperatures was also more marked. 
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Figure 4. Bulk density vs. sintering temperature of compacts of 
urania with 0.05% titania addition 

Microstructures of sintered pellets 
Some typical microstructures depicting the various 

stages of the development of porosity are given in 
Fig. 5. In Fig. Sa the pores are irregular and of the 
open type. In Fig. 5b, porosity is of the closed type, 
consisting of numerous small pores. In samples 
soaked for long periods, the pores tend to get larger 
in size and spherical in shape as shown in Figs. 5c 
and 5e. 

In many powder compacts, sintering below l 500 °C 
revealed little or no grain development in normal 
soaking periods. On soaking beyond 24 hours, small 
grains (2-5 microns) were. noticed. In the more easily 
sintered powders, densification is achieved at a 
temperature, which is too low for nucleation and 
grain growth. 

Urania samples with titania additions, (Figs. 5d, e 
and f) seem to have better defined grains than the 
pure urania samples. The presence of the trace 
amounts of titania has promoted densification at 
lower temperature as well as a better grain boundary 
development. Influence of such minor impurities on 
sintering has been noticed earlier [2]. 

DISCUSSION 
Sintering behaviour of a material is markedly 

influenced by its powder characteristics, viz particle 
size and surface activity. Powders of the same material, 
but of different origin and thermal history, show 
widely varying powder characteristics. The difference 
in crystallite size and particle size of the oxide powders 



388 

M' 
E .., 

....... 

..!!! .. .. 
u 
0 
Q. 

E 
0 
u 
N 

0 
:::1 

0 .. • .. 
·;; 
i , ., 
c .. • .. 
c: 
in 

SESSION 2.2 Pf750 

11 From tannate~._.""""----... 

10 

9 

8 

7 

6L-----~----~------~----~--
1100 1200 1300 1400 1500 

Temperature ° C 
Figure lcJ. Bulk density vs. sintering temperature for urania 
prepared by calcination and reduction of different compounds 
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Figure 2c. Bulk density vs. sintering temperature of compacts 
of thoria prepared from thorium benzoate by calcination at 
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Figure 1. Electron micrographs ofthoria powders derived from different compounds 
a: Prepared by calcination of tannate at 600 °C ( x 11 300); b: Prepared by calcination of oxalate 
at 600 °C ( x 11 440); c: Prepared by calcination of tannate at I 000 °C ( x 45 760); d: Prepared 
by calcination of benzoate at 600 °C ( x45 760). Size reduction factor: 2/ 3• 

of small crystallite size and high surface area; a rise 
in the temperature of decomposition or calcination 
results in an increased crystallite size and lowered 
surface area. The properties are not, however, affected 
to the same degree. 

The divergence in the properties of urania pre
pared from the same compound viz., ammonium 
diuranate (ADU) (Table 1), highlights the influence 
of the mode of origin of the same parent compound 
on the characteristics of the oxide derived from it. 

The electron micrographs (shadowgraphs) of thoria 
powders prepared from different compounds by 
calcination at 600 °C are given in Fig. 1. The particles 
in powders derived from tannate are very small 
and appear amorphous; the ones from oxalate have 
already developed a certain degree of crystallinity. 
The tannate powder, even on calcination at 1 000 °C, 
has not shown crystallinity. 

Sintering behaviour of powders of different 
characteristics 

Some typical data of densities attained at sintering 
temperatures between 1 I 00 °C and I 650 °C, by 
powder compacts made with different powders are 
given in Figs. 2 a-d. The general trends of densi
fication are the same for both urania and thoria. 
[n Figs. 2a and 2b the densification of the oxides 
derived from various compounds at different sintering 
temperatures are given. At lower sintering tempera
tures (1 100-1 200 °C) compacts of powders with 
smaller crystallite and particle sizes and higher surface 
area generally attained higher densities. Raising sin
tering temperature in general resulted in improved 
densities in all cases, though to different extents, tilt 
at the maximum temperature studied, the densities 
tended to. be of the same order. 

In Fig. 2c, the data on thoria derived from one 
compound (thorium benzoate), but calcined at 
different temperatures, are given. The lower temper
ature calcined powders densified to a greater extent 

at lower sintering temperatures. At elevated sintering 
temperatures, the difference in densification is greatly 
reduced (Figs. 2a and 2b). 

In Fig. 2d, the relation between the sintering 
temperature and density attained for urania powders 
derived from AD U made by three different precipi
tation methods is given. The sintering behaviour 
varied with the powder characteristics, though the 
parent compound is the same. 

From Figs. 2a, b and d, it is seen that some powder 
compacts which sintered to fairly high densities at 
a certain temperature, when sintered at an elevated 
temperature had lower densities. This phenomenon 
indicates the existence of an optimum sintering 
temperature for each of the powders, to attain the 
maximum densification. 

Influence of soaking time on sintered densities 

It is generally expected that an increased soaking 
time at the sintering temperature would result in an 
enhancement of densification to a certain extent. If 
the sintering temperature is low, this beneficial 
effect is not noticeable; if it is high, a high density is 
attained quite fast and additional time does not 
show further improvement. Soaking time promotes 
densification only within a range of temperatures 
where the densification occurs at an optimum rate. 

The influence of soaking time at a temperature of 
I 500 °C, on the densification of thoria powders [6] 
made from various compounds (calcination 600 °C), 
is given in Fig. 3a. Powders which attained a high 
density in a short period showed at a certain time, 
a lowering in density, generally followed by a slow 
increase with extended soaking time. The periods 
where the reversal in density occured varied with the 
powders. This data show that to attain the maximum 
densification, both the sintering temperature and 
time have to be optimal, to suit the characteristics 
of the powder used. The shape of the idealised curves, 
depicting the influence of time on density are shown 
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Relation between the origin, powder characteristics and 
sintering treatment on the densification and microstruc
tures of compacts of urania and thoria 

By V. K. Moorthy, A. K. Kulkarni and S. V. K. Rao* 

Urania is now a widely accepted reactor fuel; 
however, in the present state of knowledge, the 
factors which limit its useful service life are still not 
clearly understood. The microstructure of the material 
influences its physical properties and hence the 
service life. So, in addition to the density, the micro
structure of the material should be specified, if a 
better definition of the fuel is required [1]. Thoria is 
mainly used as a fertile material; service requirements 
are still not very stringent. 

Dense pellets are generally made by sintering 
cold pressed powder compacts. It is seen from the 
literature that the densification obtained for the 
same sintering treatment varies with powders 
used [1, 2]. It has been shown that the origin and the 
thermal treatment influence the sintering behaviour. 

Hitherto, the aim in sintering was the attainment 
of a high density and no particular consideration 
was given to the microstructure developed. However, 
a high densification and controlled microstructure [3] 
can be obtained, by sintering of compacts of powders 
of widely different characteristics, if a sintering 
treatment suited to the powder is used. 

The present paper is aimed at understanding the 
relation between the powder characteristics, densi
fication, sintering behaviour and microstructure of 
the sintered pellets. The stages of sintering can be 
controlled so as to give a high density, the required 
pore structure and minimal grain development; 

*Atomic Energy Establishment, Trombay. 

grain development, if desirable can be achieved by 
a further heat treatment. 

EXPERIMENTAL 
Urania and thoria, of different characteristics were 

prepared from uranyl and thorium compounds 
(mainly the salts with organic acids) by thermal 
decomposition and reduction or calcination. The 
crystallite size (by X-ray line broadening technique), 
surface area (by BET method), particle density (by 
fluid displacement) of the various powders were 
determined. Experimental details have been reported 
earlier [4,5]. 

Compacts were made by pressing about 2 g of 
material (with stearic acid or camphor as binder) 
in a die of about 1 em diam, at a pressure of 20 tsi. 
The urania samples were sintered in a hydrogen 
atmosphere and those of thoria in air. 

The bulk density of the sintered pellets was deter
mined by liquid displacement; the microstructure 
was studied by the usual metallographic techniques. 

RESULTS 
The influence of origin and thermal treatment 

on powder characteristics 
The data of the physical properties of urania and 

thoria prepared by different routes and thermal 
treatments are given in Table 1 .. From the results 
it is seen that in general (at least for salts of organic 
acids), the oxides derived from compounds with a 
large number of other atoms tend to result in powders 

Table 1. Influence of origin on powder characteristics of thoria and urania 

Thoria derived from Urania derived from ADU prepared 
Calcination by precipitation with 

temp. oc Benzoate Oxalate Tannate Carbonate Ammonium Urea Ammonium 
hydroxide carbonate 

Crystallite size: A 400 272 302 220 
600 119 97 86 85 283 252 230 
800 321 280 321 324 
900 367 384 305 

I 000 539 747 598 804 
Surface area: m2/g 400 9.4 6.5 5.0 

600 14.8 21.6 18.5 24.3 7.1 3.7 
800 7.6 8.1 8.7 7.5 
900 3.1 1.0 3.2 

I 000 4.7 3.7 3.8 2.4 

386 
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peraturas elevadas de los 6xidos del sistema U02-

Th02-02 y especialmente de la cinetica y mecanismo 
de formaci6n de las soluciones s61idas. Se demuestra 
que el mecanismo en virtud del cual el U30 8 reacciona 
con el Th02 en el aire, a temperaturas iguales o 
mayores que 1 000 °C, para formar una soluci6n 
s61ida incluye una fase gaseosa. Se discute la impor
tancia de esta reacci6n en fase gaseosa en la elabora
ci6n de combustibles de alta densidad. Basandose 
en el estudio de reacciones similares con otros 6xidos 
{Al20 3, Si02, CaO, Hf02, Zr02 y Zr02 estabilizado ), 
se seiiala que la reacci6n en que interviene el U03 

gaseoso s6lo se verifica si el substrato sobre el cual se 
condensa tiene simetria cubica. Efectivamente, no 
se observa ninguna reacci6n con los 6xidos no cubicos 
[Al20 3, Si02, Zr02 (por debajo de unos 1.250 °C)) y 
las reacciones que empiezan a manifestarse en 6xidos 
con modificaciones pseudocubicas a alta tempera
tura, s6lo adquieren intensidad con los 6xidos 
cubicos. 

Para conocer la cinetica de las reacciones U30 8-

Th02, se ha estudiado el comportamiento a alta 
temperatura y la cinetica de la perdida de peso 
del U30 8 de pureza nuclear entre los 1 200 y los 
l 500 °C, comprobandose que la perdida de peso 
isotermica del U30 8 calentado en el aire varia propor
cionalmente a Ia superficie expuesta y obedece a una 
cinetica de primer orden con una energia de activa-

ci6n de 104 kcalfmol y una entropia de activaci6n 
de 30,5 unidades entr6picas. En las mezclas U30 8-

Th02 se observa una rapidisima perdida de peso 
inicial que luego se prolonga por un periodo cuya 
duraci6n aumenta al disminuir la temperatura. El 
final de dicho periodo coincide con la formaci6n 
de un 80% de soluci6n s61ida, despues de lo cual 
la perdida de peso isotermica responde a una cinetica 
de primer orden, con una energia de activaci6n de 
74 kcalfmol y una entropia de activaci6n de 16,5 
unidades entr6picas (estos valores corresponden a 
una mezcla molar de 50%). La especie que se vola
tiliza es un 6xido de uranio puro y los autores discuten 
esta volatilidad de Ia mezcla di6xido de uranio
di6xido de torio desde el punto de vista de Ia estabili
dad del material a temperaturas elevadas. 

La cinetica de la formaci6n de Ia soluci6n s61ida 
obedece a la ecuaci6n de Jander. Del diagrama de 
Arrhenius se deduce una energia y entropia de 
activaci6n de 41,5 kcal/mol y 6,3 unidades entr6picas, 
respectivamente. 

Durante el estudio del U30 8 a temperaturas 
elevadas, se observ6 que al enfriarse este 6xido muy 
lentamente (100 °/dia) desde temperaturas superiores 
a los 1 100 °C, aparece una fase diferente de 0 30 8• 

Se discute la relaci6n estructural de esta fase con Ia 
fase de Rundle y el U30 8 (en fase oc), en funci6n de 
los defectos de ordenamiento. 
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Ainsi on n'observe aucune reaction avec des ox.ydes 
non cubiques [AI20 3, Si02, Zr02 (au-dessous d'en
viron I 250 °C)] mais on observe des reactions 
perceptibles avec les modifications pseudo-cubiques 
de haute temperature, et de fortes reactions avec Ies 
oxydes cubiques. 

Pour eclaircir Ia cinetique des reactions U30 8-

Th02 on a etudie Ie comportement a haute tempera
ture et Ia cinetique de Ia perte de poids de U30 8 de 
purete nucleaire dans l'intervalle de temperature 
l 200-l 500 °C. On trouve que Ia perte de poids iso
thermique de U30 8 chauffe dans l'air varie lineaire
ment en fonction de l'aire exposee et suit une cine
tique du premier ordre avec une energie d'activation 
de 104 kcai/M et une entropie d'activation de 30,5 u.e. 
Dans le melange U30 8-Th02, il y a une perte de poids 
tn!s brusque au debut. La periode pendant laquelle 
cette perte de poids a lieu augmente avec Ia decrois
sance de Ia temperature. La fin de cette periode 
correspond a peu pres a Ia formation de 80% de solu
tion solide, apres laquelle Ia perte isothermique de 
poids suit une cinetique du premier ordre avec une 
energie d'activation de 74 kcal/M et une entropie 
d'activation de 16,5 u.e. (valeurs pour un melange 
a 50 M %). L'espece qui volatilise est un oxyde 
d'uranium pur. On discute cette volatilite de U02-
Th02 du point de vue de Ia stabilite de tels combus
tibles a hautes temperatures. 

La cinetique de Ia formation de solutions solides 
suit !'equation de Jander. Le graphique d'Arrhenius 
donne une energie et une entropie d'activation de 
41 ,5 kcal/M et 6,3 u.e. respectivement. 

Au cours des etudes a haute temperature de U30 8, 

on remarque que pendant un refroidissement extreme
ment lent (100°/jour) a partir de temperatures plus 
elevees que I 100°, une phase differente de U30 8 

apparait. On discute Ia relation structurelle de cette 
phase avec Ia phase Rundle, et oc-U30 8 en fonction 
des defauts d'empilement irreguliers (out-of-step 
stacking faults). 

A/749 HH,D,HR 

~ayYeHHe nOBeAeHHR OKHCeA ypaHa 
npH BbiCOKol1 reMneparype, a raKme 
KHHeTHKH H MeXaHH3Ma o6pa30BaHHR 
reepAbiX pacreopoe OKHceA ypaHa H 
TOpHR 
M. ,A. KapKaHasana et al. 

B AORJiaAe HaJio.meHhi peayJibTaThl HCCJieAoBa
HHti BbiCOI\OTeMIIepaTypHOii XHMHH 01\HCeH B 
CHCTeMe uo2 - Th02 - 02, rrpH'IeM oco6oe BHlf
MaHMe YAeJieHo RMHeTHRe H MexaHHaMy o6paaoBa
HHH TBepAhiX pacTBopoB. lloRaaaHo, 'ITO MexaHH3M 
peaR~HH UaOs c Th02 Ha B03AYXe rrpH TeMrrepa
Typax, paBHhiX HJIH 6oJiee 1000° C, c o6paaoBaHH
eM TBepAOfO paCTBOpa BI\JIIO'IaeT raaoByiO waay. 
06cyiRAaeTC.R 3Ha'IeHHe <lTOH peaR~HH C ra30BOH 

tPaaoii AJI.R H3fOTOBJieHH.R TOIIJIHBa BhlCOKOH llJIOT
HOCTH. Ha ocHoBe Hay'IeHHH nop;o6Hhlx peaK~Hii 
c APYfHMH oKHCJiaMH ( OKHCh aJIIOMHHHH, ABYORHCh 
xpeMHHH, oKHCh RaJib~HH, ABYORHCh ra«PHHH, A»Y
OKHCb ~HpKOHH.R H CTa6HJIH3HpOBaHHa.R ABYOKHCh 
~HpKOHHH) IIORaaaHO, 'ITO peaR~H.R C ra30BOH «<la-
30H TpeXOI\HCH ypaHa npOHCXO)J;HT TOJibKO npu 
YCJIOBHH, 'ITO llHTaiO~UH MaTepuaJI, Ha ROTOpOM 
OHa KOH)J;eHCUpyeTC.R, HMeeT Ry6u'IeCKYIO CHMMeT
pHIO. TaRHM o6paaoM, c HeKy6H'IeCKHMH ORHCHMH 
( oKHCh aJIIOMHHHH, ABYORHCb KpeMHHH, ABYOKHCh 
1\HpKOHH.R) npH TeMrrepaTypax HHiRe npHMepno 
1250° C He na6JIIO~aJioCb peaK~Hii; aaMeTHhle pe
aK~HH npoHCXOAHJIH C BhlCOKOTeMnepaTypHbiMJI 
TICeBAOKy6H'IeCKHMH MOAHlPHKa~H.RMH, a C Ky6n
'JeCKHMH OKHC.RMU IIIJia CUJibHa.R peal\~H.R. 

,lJ;JIH o6'b.RCHeHHH RnHeTHKn peaR~Hii Ua08 -

Th02 6hlJin nayqenhl noBeAell'He npu BhlCoKoii 
TeMDepaType H KHHeTUKa BeCOBbiX llOTepb U3 
Hp;epHO'IUCToii UaOs B o6JiacTn TeMrrepaTyp 1200-
15000 C. Y CTaHOBJieHo, 'ITO H30TepMH'IeCKHe BeCO
Bbie rroTepn na UaOs, HarpeToii Ha BOaAyxe, naMe
HHIOTCH JIHHeHHO C llJIO~aAbiO llOBepXHOCTH H 
cJiep;yiOT KHHeTnKe nepBoro nopHAKa c ::meprueii: 
aKTHBa~HH 104 1£1£a.IZjMO.IZb I{ <lHTpOllHH ai\THBa~UH 
30,5 aJI. ep;. B cMec.Rx UaOs- Th02 na6JIIOp;aiOTCH 
oqeHb BHe3allHbiC Ha'IaJibHbiC BCCOBhle llOTepn. 
ll epHO)J;, B TC'ICHHC KOTOporo npOHCXO)J;.RT 3TH Be
COBble llOTCpH, yBeJIU'IHBaeTCH C yMeHbiiieHHeM 
TeMnepaTypbl. 0KOH'IaHne aTOfO nepnoAa COOTBeT
CTByeT o6paaoBaHHIO npnMepHo 80% TBepAoro 
paCTBOpa, llOCJIC qero H30TCpMU'IeCKHe BeCOBbW 
IIOTepu cJiep;yiOT KHHeTnKe nepBoro nop.Rp;Ka c 
:meprHCH aKTHBa~HH 74 1£1£a.IZ/M0.1Zb H 3HTpODHII 
aKTHBa~Hn 16,5 aJI. ep;. (aHa'IeHHH AJIH cMecu 
50 MO.!Zb • %) . llpH <lTOM yJieTy'IHBaCTC.R 'IHCTa.R 
OKHCh ypana. JleTy'IeCTb OKHCH ypaHa- OKHCII 
TOpHH o6cymp;aeTC.R C TO'IKH apeHH.R CTa6HJibHOCTJI 
TaKOfO TOIIJUIBa npu BbiCOKHX TeMnepaTypax. 

RnHeTHKa o6paaoBaHHH TBepp;oro pacTBopa 
nop;qHH.ReTCH ypaBnenniO ,D;manp;epa. fpa~HH\ 
AppeHnyca p;aeT :meprnro n :niTpomtro aKTJma
~uu 41,5 XI£U.tt/M0.1Zb U 6,3 ()JI, ep;. COOTBCTCTBCHHO. 

B rrpo~ecce BhlCOKOTeMrrepaTypHhJX HCCJie~ona
HHii U30s Ha6mop;aJiocJ., qTo rrocJie O'ICHh Me;vwu
noro OXJiaiR)J;CHH.R (100° C B )J;CHb) OT TCMIICpaTyp 
ooJiee 1100° C o6paayeTCH Hona.R tllaaa U30 8. 

CTpyKTypnoe cooTHorneHne :-noii: ~>a3hl c 1I>a~oii 
P:)JI;IJia n a:- U30s o6cymp;aiOTCH c TO'IKH apeHJJH 
ouuJoOK, BhlXO,J,.R~ux aa o6hJqHhie 11 pe;~eJihi. 

A/749 India 

Estudios del comportamiento de los 6xidos de 
uranio a alta temperatura y de Ia cinetica y 
mecanismo de formaci6n de soluciones s61idas 
de di6xido de uranio y di6xido de torio 

por M. D. Karkhavanala et al. 

En Ia memoria se resumen los resultados de los 
estudios acerca del comportamiento quimico, a tern-
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along the c axis to be converted to US+, and the 
stacking of 2U5+ and 1 U6+ planes increased to 3U5+ 
and 1 US+. The observed stacking fault in a-U30 8 

could thus be considered as an intermediate step. 
On the basis of the repeat frequency of us+ and 
U6+ planes as proposed by Sato [21], the b axis in the 
limiting U30 8_y phase would have to be 15.9 A, 
roughly half that observed (31.71 ± 0.1 A) by 
Baenziger et a/. [22] for the Rundle phase. Also the 
0/U ratio for this arrangement would be about 
uo2.56• It is possible therefore that the various 
phases observed in the range uo2.SS to uo2.67 arise 
as a result of the US+ ::;;:::::!!: U6+ + e equilibrium 
and the consequent changes in the stacking sequence 
of planes of us+ and U6+. 

When the a-U30 8 reverts to oc-U30 8 at 120 °C as 
revealed by differential thermal analysis and X-ray 
studies [19], the extra us+ would revert to US+, 
releasing an electron. This would result in an increase 
in the electrical conductivity, as is actually ob
served [18]. Work is in progress to quantitatively 
correlate the electrical properties with these structural 
changes. It is not clear why the us+ does not revert 
on slow cooling to U6+, but on this basis one could 
explain some of the observed behaviour of the 
a-U30 8 as well as its structure as deduced by X-ray 
diffraction. 
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ABSTRACT -RESUME-AHHOTAL4V1R-RESUMEN 

A/749 lnde 

Etude du comportement a haute temperature 
des oxydes d'uranium et de Ia cinetique et du 
mecanisme de formation des solutions solides 
d'oxydes d'uranium et de thorium 

par M. D. Karkhanavala et al. 

Le memoire resume les resultats des etudes entre
prises sur la chimie des oxydes dans le systeme 
U02-Th02-02 a haute temperature, en particulier 
ceux qui concernent Ia cinetique et le mecanisme de 

formation de solutions solides. On montre que le 
mecanisme par lequel U30 8 entre en reaction avec 
Th02 dans !'air a des temperatures superieures ou 
egales a I 000 °C pour former une solution solide 
implique une phase gazeuse. L'importance de cette 
reaction en phase gazeuse dans Ia fabrication de 
combustibles a haute densite est discutee. En se basant 
sur une etude de reactions semblables avec d'autres 
oxydes (Al20 3, Si02, CaO, Hf02, Zr02 et Zr02 stabi
lise) on montre que la reaction oil intervient U03 

gazeux n'a lieu que si Ia substance de substrat sur 
laquelle il se condense possede Ia symetrie cubique. 
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air at I 400 °C for 3 hours. The weight losses from 
powders of these preformed solid solutions were 
then studied at I 400 °C in air (Fig. 6). The cell 
parameters increased in 48 hours from 5.573 to 
5.577 A in 90% Th0 2 and in 96 hours from 5.54I 
to 5.558A in 75% Th02 and from 5.50 to 5.526 A in 
50% Th0 2 solid solutions. The shift was thus towards 
the higher thoria end in all cases. 

Whilst this variation in cell parameters could 
partly be ascribed to loss of excess oxygen, this 
could not be the cause of the high weight losses 
(8.5%) observed in the 50% Th0 2 solid solution in 
96 hours. This was found to be due to the preferential 
loss of uranium as confirmed by: 

(a) Reacting in air at 1 400 °C a Th0 2 pellet out 
of contact with the preformed solid solution. The 
exposed surface of the Th02 pellet darkened indi
cating solid solution formation, which was confirmed 
by X-ray analysis. 

(b) Identifying as U30 8 the black deposit that 
formed on the cooler zone of the furnace. 

This volatilization has been studied at 1 400 °C, 
but it is to be expected that it would increase with 
temperature. Even at this temperature it is quite 
high, and increases with increasing urania content. 
The 50% solid solution was found to los~ weight 
even after 480 hours. The effect of the particle size 
on this volatilization is being studied. 

This preferential volatilization in air of uranium 
oxide from a preformed solid solution at ""' I 400 °C, 
and its deposition on cooler surfaces, ""' 1 000 °C, 
could be a source of trouble in reactors employing 
such fuels. Also, in the fabrication process extending 
the soaking period beyond a certain optimum would 
lead to variation from the intended composition. 
For both these reasons this aspect needs to be studied 
in still greater detail. 

Slow cooling of U30 8 from high temperatures-the 
new o-phase 

Since it was known [3] that beyond 450-500 °C, 
U30 8 loses oxygen, the electrical properties of U30 8 
are under study [18] to determine the effect of oxygen 
movement in and out of the U30 8 lattice, and to 
correlate the data with studies on the residual phases. 

During these studies, it was observed that on 
extremely slow cooling (100 °C/day) from temper
atures greater than 1 100 °C, a different modification 
of U30 8, designated 8-U30 8 is obtained [19]. From 
single crystal photographs, the cell constants of the 
o-U30 8 were found to be 

a = 6. 70, b = 4.11, 
c = 8.53 A, space group Ccc2 or Iba2, 
Z = 4(U02.67), deal= 7.97, dabs = 8.16 gfcm3

• 

Considering the uranium ions only the two space 
groups are identical. The equivalent uranium posi
tions are, 000, 00!, HO, Hi. In the powder patterns 
indications have been obtained of a possible super 
lattice. This aspect is being investigated. 

This cell can be derived from that of the normal 
ot-U30 8 (a= 6.71, b = 11.97, c = 4.14 A, space 

group C222) if it is assumed that every alternate 
UH along the c axis and the U6+ on c face change 
to U5+. The projections along the' c axis, ignoring 
the oxygens for ot- and 8-U30 8, are shown in Fig. 7. 

a 

a 

b 

0 0 

Ia) a-U 30 8 (after Andresen [23] ) 

0 

1 
0,2 

8 -u6+ 

O-u5+ 

Figure 7. Projections on (001) face of (a) <X-U30 8 , and (b) 3-U30 8 

showing uranium positions only. In 3-U30 8, the u•+ and U6+ 
are not differentiated, all atoms at 0,! height 

The 8-U30 8 cell is obtained if the c axis is doubled, 
and the tb axis is slightly enhanced from 3.99 to 
4.Il A, the a axis remaining unchanged. In ot-U30 8 

the c axis consists of infinite chains of -Q-U6+-Q-U6+ 
-Q-U6+-Q-, and the c axis distance is merely the 
distance between two successive U6+ (1.50 + 2.64 = 

4.I4 A) if the ionic radii of U6+ and 02- are taken 
as 0. 7 5 and I.32 A. With the conversion of an alternate 
U6+ to us+ along this chain, the repeat distance is 
now between two U6+ (or us+) once removed from 
each other, i.e., -US+-Q-U6+-Q-US+-. If the ionic 
radius of US+ is taken as 0.89 A [20], the increased c 
axis would be 8.56 A. Similarly, the increase in the 
b axis would be 0.14 A giving the new value of 4.13 A. 
These values are in good agreement with the observed 
single-crystal data. 

Accordingly, the 8-U30 8 becomes a more ordered 
structure with alternate planes of US+ and of mixed 
U5+ and U6+, perpendicular to the c axis. This leads 
to a higher symmetry compared to that in ot-U30 8 in 
which all such planes are mixed planes. This could be 
considered a kind of stacking fault, similar to that 
observed along the b axis by Sato et a/. [21] as U30 8 

is heated and changes to U30s-y· Such stacking 
faults along the b axis would require aU the U6+ 
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FigureS. Plots of[1 -~(1 -<X)]'vs. time at various temperatures 
for U30 8 : 50 mole% Th02 mixture 

Table 2. Solid solution formation in loose powders of 
U30 8-Th02 mixtures in air 

Temp. Composition 
oc (mole%) 

UO~:ThO, 

I 000 . . . . . . . . 10:90 

I 050........ 10:90 

I 100 ....... . 

I 200 ....... . 

I 250 ....... . 

1400 ....... . 

25:75 

10:90 

10:90 
25:75 

10:90 
25:75 
50:50 

50:50 

Time 
min. 

5 
30 
40 
90 

5 
20 
40 
60 

5 
120 

5 
20 

5 
5 

5 
5 
5 

15 
45 
90 

5 
15 

• Added as equivalent amount of U 30 8 • 

% Solid solution 
formed 

65 
70 
75 
85 

75 
85 
90 

100 
55 

100 

95 
100 

100 
100 

100 
100 
60 
70 
80 
90 

85 
100 

0.09 ,--,-----,,...---,---,.--r--r--r-'--r---.----. 

0.08 

0.07 

0.06 

0.05 

0.04 

0.03 

0.02 

, , 0.01 , , , , , 
, " , ,, 

"' , 
10 20 30 40 50 60 70 80 90 100 

Time (Hours) 

Figure 6. Weight loss per unit total weight from preformed 
urania-theria solid solutions at 1 400 oc in air for (I) 50%, 

(II) 75%, and (Ill) 90% Th02 

lines did not pass through the origin (Fig. 5). It 
was known from the weight loss curves (Fig. 4) that 
there was considerably greater loss within the first 
five minutes suggesting that in this early period 
the kinetics were different. This could be attributed 
to the different surfaces and surface energies involved. 
Initially the volatile U03 molecule would encounter 
a pure Th02 surface, whereas later on it would be 
the (U,Th)0 2+x surface. Therefore, once a surface 
layer of the solid solution was formed, further solid 
solution formation would obey the usual law. This 
type of deviation has been reported in reactions 
involving other oxides [I7]. 

The variation of the rate constant with temperature 
obeyed the Arrhenius relation, with an energy and 
entropy of activation of 41.5 kcal per mole and 
6.3e.u. 

Volatilization from the solid solution (powders) 

Handwerk et a/. [2] have reported that the solid 
solution once formed is stable, and such bodies 
(75% Th02) reheated in air to I 750-I 850 °C showed 
no visible cracking and negligible weight loss. These 
authors have not mentioned how long the heating 
was continued, but as was observed above the 50% 
mixture continued to lose weight at T> I 250 °C, 
even after complete solid solution had formed. 

To determine the volatilization from the solid 
solution, 90, 75 and 50% Th02 solid solutions were 
formed by reacting appropriate loose mixtures in 
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Figure 1. Weight loss per unit weight of pure U30 8 powder 
(- 300 mesh) at various temperatures in air 

Th02 mixtures were studied only as loose powders 
in the range l 000 to l 400 °C. The results are given 
in Table 2. 

It is seen that in the case of the 90% Th02 mixtures 
almost complete solid solution is formed in one hour 
even at 1 050 °C. At temperatures of I 200 °C and 
above, the reaction is complete within five minutes 
for both the high thoria compositions. Even the 50% 
Th0 2 mixture required only about 15 minutes at 
l 400 °C for complete solid solution formation. Thus, 

~ 
X -

Ill 
~ 

IV " ~ 

Ill 

IV 

1 2 3 4 
Exposed surtace area cm2 

(b) 

Figure 2. Rate of weight loss for various exposed surface areas 
of pure U30 8• (a): Powder(- 300 mesh); (b): Pellets (dry pressed 
2 000 kg/cm 2

) at 1 400° in (I) 15, (II) 45, (Ill) 75 and (IV) 120 minutes 

0.01 

60 120 180 240 300 360 420 480 540 600 660 720 

Time (Minutes) 

Figure 3. Plots of log aja-x vs. time for U30 8 (powder) at various 
temperatures in air showing first order kinetics 

the time for solid solution formation reduces drast
ically with reduction in the uo2 content and with 
increasing temperature. 

Kinetics of reaction 

The isothermal plots of mole % solid solution vs. 
time for the 50% Th0 2 pellets were found to obey 
reasonably well lander's equation 

[I - 3y(l - oc)] 2 = Kt 
where oc is the fraction reacted in time t, and K is the 
isothermal reaction rate constant. However, the 

0.02 
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0.016 

0.014 

~ 0.012 
t: 

-{ 0.01 

< 

__- II 

0 20 40 60 80 100 20 40 60 80 200 20 40 60 80 300 20 40 

Time (minutes) 

Figure 4. Weight loss per unit total weight of (I) U3U8 powder, 
(II) 50% Th02, and (Ill) 75% Th02 mixtures, heated in air at 1 400° 
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EXPERIMENTAL 
Materials used 

U30 8 and Th0 2 used in this investigation were 
of nuclear purity and were supplied by the Atomic 
Fuels Division of the Establishment. All composi
tions are listed on mole% U0 2-Th02 basis. Equivalent 
amounts of U30 8 to give the desired mole % U02 

were used. 

Weight loss studie~ 

Known weights of the required mati;;rials were 
heated in platinum containers to specified temperatures 
(controlled ± 3°) for requisite lengths of time in 
electric resistance furnaces. Wt"ight losses were fol
lowed by weighing the air-quenched materials. 

X-ray studies 

Standard X-ray powder diffraction techniques 
(diffractometry, Debye-Scherrer and back reflection) 
were used to identify the phases and to determine 
their cell dimensions. The cell dimensions of the 
cubic phases were corrected by the Nelson-Riley 
method [15]. The percentage of solid solution formed 
was determined by quantitative X-ray diffractometry 
of air-quenched specimens, using the ratio of the 
intensity of the {Ill) reflection of the solid solution 
to that of the (001) reflection of U30 8• Working 
curves were prepared from synthetic mixtures of 
U30 8, Th0 2 and (U,Th)02+x· 

Determination of oxygen to metal ratio 

The 0/U ratios were determined by the standard 
volumetric method [16]. In case of high thoria com
positions, the oxygen to metal ratio was obtained 
thermogravimetrically by reduction in hydrogen 
at 650 °C. 

KINETICS OF WEIGHT LOSS 

The kinetics of isothermal weight loss (vapour
ization and decomposition) were studied for pure 
U30 8 and 50% U30 8-Th02 mixture in the range 
I 200-1 500 oc. 

UaOs 
Since the reaction of U30 8 and Th0 2 to form a 

solid solution involved a loss in weight, the kinetics 
of weight loss from pure U30 8 were studied first. 
For a simple decomposition of U30 8 to U0 2, the 
weight loss is 3.8%. It was found (Fig. l) that below 
I 300 °C the weight loss tended to be nearly constant, 
while at higher temperatures the weight loss increased 
almost linearly far exceeding 3.8%. This was to be 
expected as the gaseous U03 formation is known 
to increase markedly above I 300 °C, the (-log Puo) 
being 4.8 to 3.4 in the range I 300-1 500 °C [5]. • 

Thus, it is concluded that decomposition (reac
tion (I)) is the predominant reaction below about 
I 150 °C while at higher temperatures it is gas forma
tion (reaction (2) ). This receives further confirmation 
from the fact that with both pellets and powders 
of constant particle size, the rate of isothermal 

weight loss varied linearly (Fig. 2) with the exposed 
surface area at temperatures above 1 300 °C, which 
would not be the case in simple decomposition. 
In the case of powders, the relationship became 
more nearly linear only after about 50 minutes. This 
is due to initial sintering and consequent changes in 
particle size. Hence, for the determination of the 
kinetics of isothermal weight loss, both the particle 
size and the exposed surface area were kept constant. 
The data was found to obey first order kinetics 
(Fig. 3). The energy and entropy of activation were 
calculated to be 104 kcalfmole and 30.5 e.u. 
respectively. 

U30 8-Th02 mixtures 

In 50% U30 8-Th0 2 mixtures the weight loss was 
found to vary linearly with the exposed surface area. 
Hence the kinetics were determined on mixtures of 
constant particle size and exposed surface area. It was 
found that: 

(a) The weight loss followed first order kinetics 
(energy and entropy of activation of 74 kcalfmole 
and 16.5 e.u. respectively) but only after a certain 
initial period. 

(b) This initial period decreased with increasing 
temperature. The weight loss during this period was 
much more than for pure U30 8 under identical 
conditions (Fig. 4) and followed the parabolic rate 
law. 

(c) The end of this stage corresponded to nearly 
80/~ solid solution formation. 

(d) At temperatures above 1 250 °C, the weight 
loss continued even after almost 100% solid solution 
formation. 

Rate of solid solution formation 

The rate of the U30 8-Th0 2 reaction was studied 
in the range 1 000-1 400 °C for 90, 75 and 50% Th02 

mixtures. The kinetics were determined for 50% 
mixtures pelleted at 2 000 kg/cm2• 

Effect of pelleting pressure 

Since the reaction was at first presumed to be a 
solid-solid reaction, the kinetics were studied initially 
on pellets pressed at 2 000 kgjcm2• It was expected 
that the rate of the reaction would increase with 
the pelleting pressure. However, to obtain a base 
for comparison, the 50% mixture after the usual 
mixing was reacted at 1 400 °C in the form of a 
loose powder. No reaction was expected. However, 
almost complete solid solution was formed within 
five minutes in the loose powder, while the pellet 
required about an hour to attain the same stage. 
This suggested that the solid solution formation in 
air involved a gas phase reaction. This was proved [11] 
by reacting U30 8 and Th0 2 out of contact with each 
other. 

Rates of reaction in powders 

Because of the large enhancement in reaction rates 
observed with loose powders, the 90% and 75% 
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The reaction .shifts to the right with increasing 
temperature [5) and is consistent with the observed [7] 
complete volatilization of U30 8 in free flowing air at 
1 650 °C in 20 hours. At still higher temperatures 
there could be sufficient volatilization of U03 to 
change the composition of the solid to below about 
uo2.6 to reach the two phase region [8). It is possible 
that not all the excess oxygen required for U03 

formation would be taken from the environment; 
a part of it could come from the solid, thus decreasing 
the oxygen to metal ratio in the solid residue. 

Solid solution formation 

The third reaction, which proceeds only in the 
presence of Th0 2, or other cubic oxides, explains 
the fact that solid solutions are formed quite rapidly 
and completely at temperatures well below the 
Tammann temperatures of both U0 2 and Th0 2 

and where true solid state reactions would be ex
tremely sluggish. Thus, in the 90 and 75 mole% thoria 
compositions, solid solution is formed in 2 hours at 
1 050 °C, and within 5 minutes at 1 200 °C. 

The reactions also explain, why the weight loss 
observed with U30 8-Th0 2 mixtures is much more 
in the initial period than that for pure U30 8 under 
identical conditions (see later). This is due to the fact 
that reaction (2) would be shifted progressively to 
the right if there is utilization of the product (U03), 

as in reaction (3). If the amount of U30 8 is small, 
it is completely consumed in a very short time with 
the formation of the solid solution. 

The above mechanism further explains the observ
ation that with pure U30 8 the isothermal weight 
loss obeyed first-order kinetics from the beginning, 
whereas for 50 mole % Th0 2 mixtures, the first-order 
kinetics were obeyed only after a certain initial period 
which corresponded to nearly 80% solid solution 
formation (see later). 

Structural considerations in the gas solid reaction 

For elucidating the mechanics of this vapour phase 
interaction, the reaction of gaseous U03 (formed 
from U30 8) with oxides of different structures was 
studied in air between 1 200-1 400 °C. In all cases 
U30 8 and a pellet of the appropriate oxide were 
reacted out of contact with each other. It was found 
that: 

(a) The reaction was vigorous if the solid substrate 
had a cubic symmetry (Th0 2, Ca0•15Zr0•850 2, CaO, 
CdO). Solid solutions were obtained only with oxides 
of fluorite structure; with rocksalt type oxides, 
compounds were formed. 

(b) Reaction was noticeable if the solid substrate 
had nearly cubic symmetry (tetragonal Zr02). 

(c) Reaction did not take place if the substrate 
had markedly non-cubic symmetry (Al20 3, Si0 2, 

monoclinic Zr02 and Hf0 2). 

The role of substrate symmetry in this gas solid 
reaction has been discussed elsewhere [9] but in the 
case of oxides with fluorite structure e.g. Th02, 

the reaction is due to the symmetry of the cations 
on the (Ill) planes, which form the predominant 
crystal habit of such oxides. 

IMPORTANCE OF THE VAPOUR PHASE REACTION 
IN FABRICATION OF FUEL MATERIALS 

Fabrication of urania-thoria bodies 

It is known [10] that materials formed by vapour 
phase reactions tend to be impervious and dense. 
The solid solutions obtained by reacting loose 
mixtures of U30 8 and Th0 2 show these charac
teristics. Thus, the 90 mole % Th0 2 mixture reacted 
at 1 200 °C in air for 2 hours had a composition 
Uo.1Th 0•90 2•031 and a density of 9.99 g/cm3 (96% 
theoretical density) as determined by the helium 
displacement method. 

The main advantages of reacting materials as a 
loose mixture are the relatively lower temperature 
and the much shorter reaction time. Thus, the 90 
and 75% Th02 solid solutions were formed within 
60 and 120 minutes at 1 050 °C, and within 5 min
utes at 1 200 °C. Even with the 50% Th0 2 mixture, 
solid solution was formed in less than 20 minutes 
at 1 400 °C. 

For making fuels in the form of pellets it might 
still be advantageous to form the solid solution 
in situ during the sintering of a U30 8-Th02 pellet, 
rather than first forming the solid solution and then 
pelleting to the desired dimensions. For materials 
required for swaging or vibro-compaction, the 
powder material obtained would be advantageous. 
Thus, the material obtained by the sol-gel process 
recently worked out at Oak Ridge National Labor
atory [II] has very good characteristics for vibratory 
compaction. Karkhanavala and Momin [12] have 
suggested that the excellent quality of the solid 
solutions so obtained is due to this vapour phase 
reaction. 

Fabrication of solid solutions with other oxides 

Kolar et at. [13] have observed that in the system 
U0 2-Nd20 3, solid solutions were formed slowly and 
incompletely in hydrogen up to 1 650 °C, but in air 
solid solutions formed readily in the range 20-60 
mole % Nd20 3• These observations can now be 
easily understood on the basis of the vapour phase 
reaction postulated above. In hydrogen, the reaction 
would be a pure solid state reaction and hence 
would be sluggish. In air, the U0 2 would be oxidised 
to U30 8 as was actually observed. This U30 8 would 
then form the gaseous U03 required for easy solid 
solution formation. Similar considerations apply to 
the U0 2-Y20 3 system [14]. 

It is hoped that the present findings, viz, that at 
high temperatures in air U30 8 reacts with other 
oxides via the vapour phase U03, would not only 
help in the fabrication of dense fuel materials, but 
would enable fabrication of urania bearing solid 
solutions with other oxides with which solid-solid 
reactions are difficult. 
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Study of the high temperature behaviour of uranium 
oxides and of the kinetics and mechanism of formation of 
urania-thoria solid solutions 

By M. D. Karkhanavala, A. C. Momin, A. M. George, V. D. Damani, N. Singh and 
V. Amirthalingam* 

In I952, Hund and Niessen [I] showed that urania
thoria solid solutions up to 56.5 mole % U30 8 could 
be formed by reaction of U30 8 and Th02 in air. 
In 1957, Handwerk, Abernathy and Bach [2] demon
strated that fairly dense urania-thoria bodies could 
be formed by this reaction in air at I 700 °C. The 
advantage of this development was that a protective 
or inert atmosphere was not required. Subsequently, 
it was shown [3, 4] that the reaction temperature 
could be as low as I 350 °C and that the solid solution 
limit was up to about 75 mole % U30 8• However, 
the solid solutions so obtained were non-stoichio
metric (oxygen excess) but the non-stoichiometry 
decreased with increasing reaction temperature and 
thoria content [3]. 

It was believed that U30 8 decomposed at high 
temperatures to a lower oxide, and eventually to uo2 
which formed the solid solution. The possibility of 
U30 8 and Th02 forming a solid solution, which at 
sufficiently high temperature reformed to one com
posed of U02 and Th02, was not ruled out [2]. 

However, the exact mechanism and kinetics of 
this cubic solid solution formation by the reaction 
of orthorhombic U30 8 and cubic Th02 in air, were 
not known. The present investigation was therefore 
undertaken to throw light on these aspects. 

THE HIGH TEMPERATURE OF Ua08 AND MECHA
NISM OF SOLID SOLUTION FORMATION 

From considerations of crystal symmetry and solid 
state chemistry the interaction in the solid state of 
Th02 and U30 8 in air to form a cubic (U,Th)02 
solid solution cannot be explained satisfactorily. 
But it became clear during this investigation, that 
the reaction actually proceeds by the intermediate 
formation of a gaseous uranium oxide which is 
presumed, after Ackerman et a/. [5], to be mono
meric U03• 

The reactions in air can therefore be written as 

uo2.67<•) ~ uo<2.67-Y)(,) + ~ o2(g) 

00(2.67-y><s) + %(0.33+y)02<g) ~ UOa<•> 

• Atomic Energy Establishment, Trombay. 

(1) 

(2) 

%UOa<•) + %Th02<•) ~ Uo.5Tho.tP2+x<•) 
+ %(%-x)Os<•) (3) 

These reactions explain satisfactorily the known high 
temperature behaviour of U30 8 as well as the ob
servations made in the present investigation on 
U30 8 and U30 8-Th02 mixtures. 

Dec om position 

The first reaction represents simple decomposition 
and can be assumed to proceed essentially in the 
forward direction above about 450 °C, and is consid
ered to be the predominant reaction till about I I 50 °C. 
This would be consistent with the observation [3] 
that above 450 °C, U30 8 progressively loses weight 
(oxygen) which is regained almost completely on 
cooling. The reverse reaction is believed to be slower 
and could be the cause of the variation in the values 
(U02.56 to U0 2.60) reported [6] for the limiting 
orthorhombic U02.67_y composition at I 100 °C. In 
the present work, the 0/U ratio of the U0 2•67-y 

phase in the air-quenched samples was found to 
decrease with increasing temperature and time of 
soaking (Table 1). The effect of the cooling rate on 
the residual phase is discussed later. 

Table 1. Variation of U02 •67_11 composition with tem
perature and time of soaking 

Temp. Time of 0/U ratio of Phase present 
oc soaking air-quenched in residue 

h residue 

850 0 0 ••••• 24 2.66 Orthorhombic 
u.os-. 

I 200 ........ 24 2.65 
96 2.64 

l 300 ........ 24 2.63 
96 2.62 

1400 ........ 24 2.60 

Vapour formation 

The second reaction represents vapour formation 
and is probably simultaneous over the whole range 
from about 500 oC. However, it begins to predominate 
above about I I 50 °C and is primarily responsible 
for the weight losses observed between I 200-I 500 °C. 
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HHHOM 110TCHI~lfaJH' Ha pTyTHOM 3JieKTpop;e HB
.TIHCTCH CAHHCTBCHHbJM CIJOC060M JJOJiyqeHHH yc
TOH'fHBblX pacToopoB Imp6oHaTHhiX HOMIIJieHCOB 
ypaua (IV). BoccTaHoBJieHue ypaHa (VI) ua mra
THHOBhiX HJIH HHl\eJieBhiX 3JICKTpop;ax OKa3aJIOCb 
HCCCJICKTIIBHhlM, IJ03TOMY IICllOJib30BaTb 3TH Me
TaJI.Tihl B Ka'leCTBC MaTepnaJia 3JICKTpOf];OB B BOC
CTaHOBIITCJibHhiX IIpOI~eCCaX HC peKOMCHfl:YCTCH. 

OnncLIBaiOTCH ycJioBnH, o6ecrre•mna10~ue Boa
MomnocTb ocamp;eHnH ypaHa (IV) na ycToif'lHBhix 
pacToopoB. Ocamp;eHne Bhi3hiBaiOT JIH6o rroBLr
HICHneM TeMnepaTypLI p;o 60° C, Jio6o rroBLIIIIeHn
cM pH pacTnopa, JIH6o paa6aBJieHneM. HoHIWHTpa
l~HoHIIhiC upep;C.!Jhl OCaiKf];CHHH ITOJiy'laiOT IJO 
rpaqHmy aaBIICIIMOCTII KOHQCHTpai~lflf OO~ero 1\0-

.TilfqecTBa Kapf.ioHaTa HaTpHH OT KOHQCHTpaQIIH 
ypaHa. 

ITpoBcAeno BOCCTaHoRJICHHc ypaHa (VI) Ha 
JlTYTHhiX KaTop;ax C pa3HOH IWOIIWAhiO IIOBepx
HOCTII ( 1 : 10: 100). fiJIOTHOCTb TQJ\a Ha RaTOl~C 
aaBUCIIT OT llHTCHCIIBHOCTJf ncpeMelllUBaHnH B yc
JIOBIIHX aKcrrepnMeHTa. AJIH orrpep;eJieHim orrTu
MaJihHLtx IIJIOTHOCTCfi: TOKa IIOCTpOCH OIIhiTHhJ ii 
aJieKTpoJinaep c npa~aiOUJ;IlMCH PTYTHhiM aJieKTpo
AOM, cMJ\OCTL 3JJCKTpo.Jinaepa 200 .tt. IToTenQna.TI 
KaTOJia pery.JiupoBaJJn 3JJCKTpOHHbiM ycTpoifcTBOM. 

Ha ocHoBaHHH rroJiy•IeHHhiX peayJihTaToB rrpe~~
.rmraeTCH CXCMa QHKJIH'lCCJ\OrO IIpOQCCCa. 06cyJJ\
;\3IOTCH f);Ba aCJICKTa B03MOmHOrO IIpHMCHCHHH: 

a) ITponaBOfl:CTBO p;nyoKncn ypaHa Ha ;J,nypana
Ta aMOHHH IIOCpeACTBOM 3JICKTpOJIH3a paCTBOpoB 
n:apf.ioHaTa aMMOHJfll C 60JihiiiHM COACpmaHUCM 
ypaHa. 

b) HaBJJC'JeHHe ypana Ha mnAKOcTeii, no.Jiy'leH
HhiX npn Bhi~eJia'lnBaunn pyp;LI fl:JJH rro.Jiy'leHnH 
npnroAHhix TexHn'leCKnx 1\0HQeHTpaToB. PaccMaT
pnBaeTCJI TaKme pacrrpocTpaHCHHC MCTOAH Ha pa
CTBOpLI OT BhiiiiCJia'mBaHnH 6e;J;HhiX PYA· 

CooTHomeune KHCJiopoA/ypaH B ocap;Ke, HOJIY
'H'HHOM 113 paCTBOpOB C BhiCOKIIM COJICpmaHIICM 
ypana, mmor;J.a ne OhiBaeT MCHhiiiiiM 2,10. ITocJie 
cynnm rrpn 300° C B nnepTHoif aTMoc<J>epe rrpo
;lYKT HMCCT Ryf.iuqeCI>yiO RpHCTaJIJIJiqecKyiO CTpyK
Typy, HaK 3TO CJICAYCT H3 pmnreHorpaqHI'lCCI\OrO 
anaJinaa. 

Ta6JieTim ;J,nyoKncn ypaHa, noJiyqeHHLie npcc
coBaHHCM no;( ;J.HB.'H'HIICM 4000 1ic/C.tt2 H CllCiiallii
CM npii 1350° C, IJMCJIII IIJIOTHOCTh ;w 10,2 c/c.M3• 

A/703 Yugoslavia 

Producci6n de di6xido de uranio. Estudio de 
Ia reducci6n electroquimica y de Ia precipita
ci6n a partir de soluciones de carbonates 

par V. Pravdic et a/. 

Los autores estudian las condiciones de reducci6n 
electroquimica del uranio (VI) contenido en solu-

V. PRAVDIC et a/. 

ciones de carbonatos, a uranio (IV), asi como las 
condiciones de Ia precipitaci6n consecutiva del 
di6xido ( o hidr6xido) de uranio, y discuten los 
resultados obtenidos. 

En soluci6n de carbonatos, Ia reducci6n electroqui
mica de uranio (VI) comprende Ia formaci6n primero, 
por reacci6n de un solo electron, de uranio (V) que 
seguidamente se dismute con arreglo a una reacci6n 
de segundo orden, en complejos de uranio (VI) y 
de uranio (IV). La velocidad de dismutaci6n depende 
del pH y de Ia concentraci6n total de carbonatos. 
La reducci6n electroquimica sobre electrodo de 
mercurio de potencial constante parece ser el unico 
metodo para obtener soluciones estables de complejos 
de carbonatos de uranio (IV). La reducci6n de 
uranio (VI) sobre electrodos de platino o de niquel 
no es selectiva, por lo que dichos metales no pueden 
utilizarse para construir electrodos destinados a Ia 
reducci6n. 

Se exponen las condiciones de precipitaci6n del 
uranio (IV) a partir de soluciones estables. La preci
pitaci6n se provoca aumentando Ia temperatura 
basta los 60 °C, elevando el pH de Ia soluci6n, o 
por diluci6n. La representaci6n en ejes cartesianos 
de Ia concentraci6n total de carbonatos de sodio 
en funci6n de Ia concentraci6n del uranio permite 
definir los limites de concentraci6n para Ia precipi
taci6n. 

Se ha estudiado Ia reducci6n de uranio (VI) sobre 
catodos de mercurio de superficies diferentes (I: 10: 
100). En condiciones experimentales determinadas, 
Ia densidad de Ia corriente cat6dica depende de Ia 
velocidad de agitaci6n. A fin 9e obtener las densi
dades 6ptimas de corriente, se ha construido una 
celda electrolitica experimental con un catodo de 
mercurio giratorio. La celda tiene un volumen util 
de 200 I. El potencial cat6dico se controla electr6ni
camente. 

Sobre la base de los resultados obtenidos, se 
propone el esquema de un proceso ciclico, analizan
dose dos posibles aplicaciones del mismo: 

a) Producci6n de di6xido de uranio a partir de 
diuranato am6nico por electr61isis de soluciones de 

-carbonato de amonio ricas en uranio; 
b) Extracci6n del uranio de las soluciones obtenidas 

por lixiviaci6n de minerales con carbonatos para 
obtener concentrados, incluso a partir de minerales 
pobres en uranio. 

El precipitado obtenido con soluciones de elevada 
concentraci6n de uranio presenta por regia general 
una raz6n 0/U inferior a 2,10. El examen roentgeno
grafico revela que el producto secado a 300 oc an 
atmosfera inerte posee una estructura cristalina 
cubica. 

Por aplicaci6n de presiones del orden de 4 000 kg/ 
cm2 y sinterizaci6n a 1 350 °C se obtienen pastillas 
de di6xido de uranio cuya densidad llega basta 
los 0,2 g/cm3. 
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A/703 Yougoslavie 

Production d'oxyde d'uranium. Etude de Ia 
reduction electrochimique et de Ia precipita
tion a partir de solutions de carbonates 

par V. Pravdic et at. 

On presente une etude des conditions de Ia reduc
tion electrochimique de l'uranium{VI) en uranium{IV) 
dans des solutions de carbonates suivie de Ia precipi
tation d'oxyde (ou hydroxyde) d'uranium. On donne 
une discussion des resultats obtenus. 

Dans les solutions de carbonates Ia reduction 
electrochimique d'uranium(VI) conduit d'abord, par 
une reaction faisant intervenir un seul electron, a un 
complexe de carbonate d'uranium(V) qui se trouve 
ensuite dismute, grace a une reaction de second ordre, 
en complexes d'uranium(VI) et d'uranium(IV). La 
vitesse de dismutation depend du pH et de Ia concen
tration totale des carbonates. II en ressort que Ia 
reduction electrochimique sur electrode de mercure 
a potentiel constant semble constituer le seul moyen 
d'obtenir des solutions stables de complexes de 
carbonates d'uranium(IV). La reduction d'ura
nium(VI) n'est pas selective si l'on utilise des elec
trodes de platine ou de nickel. Ces metaux ne peuvent 
done pas etre utilises pour les electrodes du procede 
de reduction. 

Les conditions de precipitation d'uranium(IV) a 
partir de solutions stables sont decrites. La precipi
tation peut etre obtenue soit en elevant Ia temperature 
a 60 °C soit en augmentant le pH de Ia solution, soit 
en diluant celle-ci. La representation graphique de la 
relation entre la concentration totale de carbonate de 
sodium et la concentration d'uranium permet de 
definir les limites de precipitation. 

On a etudie la reduction de l'uranium(VI) sur des 
cathodes de mercure de surfaces differentes 
(I: 10: 100). La densite du courant a Ia cathode 
depend de Ia vitesse d'agitation lorsque les autres 
conditions experimentales sont fixees. Pour obtenir les 
densites de courant optimales on a construit une 
cellule electrolytique experimentale avec electrode de 
mercure rotative. La cellule a un volume efficace de 
200 litres. Le potentiel de cathode est commande 
electroniquement. 

Les resultats de ces experiences permettent d'etablir 
un schema du processus cyclique. Ce schema com
prend deux aspects d'application, qui sont discutes: 

a) Production d'oxyde d'uranium a partir de diura
nate d'ammonium au moyen de l'electrolyse de solu
tions de carbonate d'ammonium avec une haute 
concentration d'uranium. 

b) Extraction de !'uranium des solutions qbtenues 
par traitement de minerais en vue de Ia production 
de concentres techniques. On envisage aussi !'appli
cation du procede a des solutions obtenues par traite
ment de minerais pauvres. 

Le precipite obtenu a partir de solutions a concen
tration d'uranium elevee presente regulierement un 
rapport 0/U inferieur a 2,10. Apres sechage a 300 °C 
en atmosphere inerte le produit presente, d'apres 
!'etude aux rayons X, une structure cristalline cubique. 

Les densites des pastilles d'oxyde d'uranium sou
mises a une pression de 4 000 kg/cm2 et en frittees 
a 1 350 °C vont jusqu'a 10,2 g/cm3

• 

A/703 IOrocnaet-Ht 

nony4eHHe ABYOKHCH ypaHa 3fleK
TPOXHMH4eCKHM BOCCTaHOBneHHeM H 
OCa}f{AeHHeM H3 Kap60HaTHbiX paCTBO
pOB 

8. npaBAHY et af. 

0 IIHC hi BH IOTC.H YCJJ OHiiH 3JieKTpOXHMHqeCKOfO 

ROCCTaHOH.TJCHJIH ypana (VI) B Kap6onaTHblX pac

TBopax JJ,o ypana (IV) H ycJioBJUI nocJie~yiOIIJ,ero 
ocamrH'HliH JJ,BYOJHH'n ypana (npn ero rnp:paTnpo

naHHbJX 01\ltCeii). 06cymJJ,aiOTCH IIOJIY'IeHHbie pe

;{yJibTaTbl. 

3JieKTpOXIIMif'fCCKOe BOCCTaHOBJieiHie ypana 

(VI) B Kap6oHaTHbiX pacTBopax nponCXOAHT 110 

peaK~Ull Hpl1COe)l.HHeHUH O)J,HOfO 3JieKTpOHa C· 00-
paaoBaHUeM Kap6oHaTHOfO KOMITJieKCa ypana (V), 
1\0TOpblii nepeXO)l.liT aaTeM ITO KHHeTHKe BTOporo 

I!OpHp:Ka B l\ap6onaTHble KOMITJieKCbl ypaHa (VI) 
u ypana (IV). CKopocTb npeBpa~ennH aaBncm 

OT pH II OT o6~eii: IWHW.'HTpa~Hll Hap6oHaTa. 

3JieKTpOXHMH'IeCI\OO BOCCTaHOBJieHHe npH ITOCTO-
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inlets and outlets, potential probes, and for pH 
and temperature measurements. 

The complete unit for the electrochemical re
duction is shown in Fig. 7. On the left hand side the 
cell is shown. On the right hand side the electrical 
power supply and control unit is shown. The essential 
part of the power supply unit is the rectifier which 
is fed from the mains via a saturable core inductor. 
The saturable core inductor is controlled by means 
of the de output of an all-electronic potentiostat. The 
system was damped to a response time constant of 
about 1 second. The unit wa~ provided with recording 
and measuring instruments and safety overload relays. 

The experimental arrangement proved that the 
current density at the rotating cathode is increased 
by a factor of 1.5 with respect to the mercury pool 
electrode. Due to the favourable shape of the cathode 
an approximately 3.3 times higher current density is 
obtained at the rotating electrode as compared 
with the same projected area of the mercury pool. 

The proposed method of electrochemical reduction 
and precipitation from carbonate solutions is, in our 
opinion, applicable in uranium technology in two 
respects: 

(a) Production of uranium dioxide from ammo
nium diuranate by electrolysis of ammonium car
bonate solutions of high uranium contents. The 
product obtained from these solutions has to be 
well defined and applicable in nuclear fuel fabrication. 

(b) Extraction of uranium from ore leach liquors to 
obtain technical concentrates. The procedure should 
be applicable to carbonate ore leach solutions down to 
an initial concentration of uranium of 300 g/m3• 

The flow sheet of the process proposed is given 
in Fig. 8. The flow sheet is essentially the same in 
both applications. The ore leach liquors contain 
sodium carbonate at relatively high pH, and the rate 
determining reaction is the disproportionation of 
uranium (V). Filtration and sedimentation equipment 
must be sized to the flow of large volumes of liquids. 
In the uranium dioxide production scheme, the rate 
determining process is the diffusion of uranium (VI) 
towards the cathode in the electrolysis cell. 

The products obtained in the ammonium carbonate 
cycle were characterised by low 0/U ratios and high 
specific surfaces [II]. By drying at 300 °C in inert 
atmosphere all traces of ammonium carbonate 
were removed. The dry powder showed the X-ray 
characteristics of a typical cubic structure. Experi
ments on pressing and sintering this material were 
performed. By application of pressure of 4 000 kg/cm2 

and sintering temperatures of I 350 °C pellets of 
densities up to 10.2 g/cm3 were obtained. 
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of uranium (IV) could be achieved. Thus it is possible 
to devise a process in which no reagents would be 
consumed. 

PILOT PLANT OPERATION 

On the basis of the investigations of the electro
chemical reduction of uranium (VI), of dispropor
tionation of uranium (V), and of precipitation of 
uranium (IV) large scale expyriments were devised. 

The preliminary experiments were performed with 
volumes of 0.3 liters and a mercury pool electrode 
of 25 cm2• In a similar cell the electrochemical reduc
tion was studied on a rotating disk electrode of I .1 em 
diameter and at high rotation speeds (up to 7 200 rpm). 
Further development aimed at increased volumes 
and areas of electrodes and improved stirring. For 
this purpose a cell of hard PVC was constructed. It 
had a mercury pool electrode of 230 cm2• The volume 
of the cell itself was 3.5 liters, but provision was 
made for circulation of total volumes of up to 50 liters 
(see Fig. 6). The two anodic compartments of the 
cell were separated from the cathodic compartment 
by cation exchange membranes each of 100 cm2 area. 
The anodic recirculation system contained 10 liters 
of the supporting electrolyte. Platinum foil was 
used as the anode material. Stirring was provided in 
two ways, by a stirrer floating on the surface of 
mercury providing simultaneous stirring of the 
mercury surface and of the solution, and by re
circulation of the cathodic solution which was con
tinuously injected into the surface of the cathode. 

Data reported previously [I 1, 13] indicated that 
24 hours were needed to complete the reduction 
in an experiment using 40 liters of a 70 mM solution 
of uranium (VI) in 1.5M ammonium bicarbonate. 
A maximum current density of about 0.66 mA/mM cm2 

was obtained. These results did not warrant the 
desired large scale production. A further enlargement 
of the mercury pool cathode would impose difficulties 
in the enormous quantity of mercury needed and in the 
impossibility of efficient working-potential control. 

A possibility of further development was found 
in the construction of a cell with a rotating mercury 
film electrode [13, 15]. This film is formed on the 
inner surface of a rotating paraboloid-shaped body 
made of hard plastic. The body had an upper diameter 
of 60 em and was rotated at 105 rpm. At this speed 
mercury enters into the body through small holes 
at the bottom, rises in a continuous film along the 
sides up to the rim, and flows over it back to the 
bottom of the cell, thus completing the cycle. 60 kg 
of mercury were used in the cell of which about 
15 kg were on the body covering an effective electrode 
area of 62 dm2• 

The cell itself had an effective volume for the catho
dic compartment of about 200 liters. Six anodic 
elements of tubular shape were placed circularly 
round the main stirring shaft. Platinum anodes 
were used, and each anodic element employs a cation 
exchange membrane of I dm2 of free, exposed area. 
The stirring shaft carries both the cathode body and 

V. PRAVDIC et at. 373 

Figure 6 
The complete apparatus for the electrochemical production of 
uranium dioxide. Operating volume, 50 liters. On the right-hand 
side is the cell for electrolysis with the power supply and control 
unit. In the middle part of the figure the all-glass vessels for 
the dissolution and precipitation operations are seen. On the 

left-hand side the centrifuge is seen 

Figure 7 
Apparatus for the electrochemical reduction of uranium (VI) 
in carbonate solutions for volumes up to 200 liters. It consists 
of the electrolysis celle with the rotating electrode. On the 

right-hand side is the power supply and control unit 

a propeller, which stirs the solution and rotates in the 
opposite sense at twice the rotation speed of the 
cathode. Provision was made on the celle for gas 
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containing a mixture of uranium (total concentration 
10 mM) in the four, five and six valent states is 
shown in Fig. 4, curve I. The first anodic wave cor
responds to the oxidation of uranium (IV), Eq. (3), 
the second to the oxidation of uranium (V), Eq. (2), 
whereas the third wave is the cathodic wave due to 
the reduction of uranium (VI), Eq. (1). Curve 2 
shows the reduction wave of a solution containing 
I 0 mM of uranium in the six valent state. Curve 3 
corresponds also to a mixture of the three valence 
states with the five valent state predominating. 

The diffusion currents of the six and five valent 
uranium, as well as from the characteristic slopes, 
show that both reactions correspond to one-electron 
transfers. The oxidation of uranium (IV) is a two
electron transfer reaction. This can be seen from the 
corresponding diffusion current which is twice that 
for uranium (V) of the same concentration. Thi:. 
fact was also proved coulometrically, and by the 
observation of the change in the polarographic 
wave heights on oxidation at a potential controlled 
at 0.0 V vs. S.C.E. 

Uranium (V) obtained by controlled potential 
electrolysis in carbonate solutions, disproportionates 
by a second order chemical reaction to uranium (VI) 
and uranium (IV): 

2 uv ~ uvl + UIV (4) 
The disproportionation was studied polarographi
cally [16] and the composite rate equation was 
defined as follows: 

- dUv/dt = k[Uv]2 X [COj-]-2 (5) 
This rate equation indicates the very pronounced 

influence of the free carbonate ion concentration on 
the rate of the disproportionation. In solutions con
taining I molar free carbonate, the value of the com
posite rate constant k was found to be 5.7 x I0-3 M/s 
at 25 °C. Therefore in solutions of I M total 
carbonate and pH I 1.8 and at low concentrations of 
uranium (V), no disproportionation of uranium was 
observed. 

The galvanostatic electrolysis (chronopotentio
metry) proved as a useful technique in studying the 
mechanism of the electrochemical reactions involved 
in this study. Results reported elsewhere [17] indicate 
that there are no structural changes in the carbonate 
complex on reduction of the uranium ion from the 
six to the five valent state. This results from the ob
servation that the characteristic chronopotentio
metric constant, iy(t)/C is independent of changes 
in current density. 

THE PRECIPITATION OF URANIUM (IV) FROM 
SODIUM CARBONATE SOLUTIONS 

Two general aspects of the precipitation phenomena 
were investigated. The first, to find out the upper 
solubility limit of uranium to enable maximum 
productivity of the electrolysis cell and precipitation 
equipment. This is the aspect of application of the 
process proposed in preparation of stoichiometrically 
defined uranium dioxide for nuclear fuel fabrication. 
The second aspect was to find out the lower limit of 
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solubility of uranium (IV), data needed in the process 
of recovery of uranium from ore leach solutions. 
In the first case the concentration of carbonate (and 
its cost) is practically unimportant. In the second one, 
the concentration and consumption of sodium 
carbonate enters into economical considerations. 

The results on precipitation are summarized in 
Fig. 5. The limits of precipitation are indicated in log 
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Figure 5 
Graphical presentation of the limits of precipitation of uranium 
(IV) from sodium carbonate solutions at constant pH of 9.5 

and 10.3, and temperatures of 20 and 60 "C 

coordinates of concentrations of carbonate vs. 
uranium. The diagram indicates the difference in 
the solubility limits for solutions with an initial 
pH of 9.5 at 20 and 60 °C, and for solutions with an 
initial pH of 10.3 at 60 °C. 

The shift of the precipitation limit to higher 
carbonate concentrations is clearly shown for solutions 
with higher pH. The diagram indicates two straight 
lines with a slope of Y4 at 60 °C. At low concentrations 
of uranium and total carbonate, at pH 9.5 and 60 °C 
there is a part of the line with a slope of one to one, 
indicating a change in the predominating uranium 
(IV) complex species in the solution. The limit of 
precipitation at 20 oc and pH 9.3 (24 hours after 
mixing) indicates the limit of concentrations suitable 
for electrolysis without the risk of precipitation 
occurring in the electrolysis cell. 

The negative fourth power dependence of the 
solubility limits of uranium (IV) in carbonate solu
tions enables the precipitation of uranium by simple 
dilution with water. It can be seen that there is a 
region where the precipitation occurs, above and 
below which stable solutions are obtained. Next 
to this it can be also seen that it is possible to precipi
tate uranium (IV) at all the concentrations encoun
tered in practice if appropriate concentration ratios 
of uranium to carbonate are maintained. The pre
cipitates obtained therefore showed favourable 0/U 
ratios in the range of 2.03 and 2.09 [9, 10, II, 14]. 

As the result of these investigations, conditions 
were defined under which, by only increasing the 
temperature of the solutions, efficient precipitation 
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Figure 2 
The cathode potential versus logarithm current curves for 
the rotating disk electrode: 11 mm diam platinum and mercury 
coated platinum, sweep rate 2 V/min, 3 mM uranium (VI) 

1M NaHC03, pH 8.4, 18 °C, rotation speed 6 420 rpm 

is exceeded, reduction of water, formation of sodium 
amalgam in sodium carbonate solutions, and evolution 
of hydrogen take place. This results in decreased 
current efficiency for the main process, and in a 
rise of the pH of the cathodic solution, which in 
turn might induce precipitation of uranium (IV) 
in the electrolysis cell. The diagram in Fig. I shows 
also that the current density at a given constant 
potential is proportional to the uranyl concentration, 
a feature characteristic of diffusion controlled electro
chemical processes. 

As reported previously [10] experiments in reduc
tion using platinum and nickel stationary cathodes 
were used. It was found that there was no distinct 
uranium reduction step, similar to the reduction on 
the mercury cathode. At the platinum cathode a 
simultaneous reduction of uranium (VI) and water 
took place, even for current densities at which, for 
the mercury electrode, only reduction of uranium 
occurred. It was soon realized that the stirring and 
the geometry of the mercury pool electrode are 
poorly defined. Therefore techniques using a rotating 
disk electrode [15, 18, 19] were employed. In Fig. 2 
the potential vs. log current curves for mercury and 
platinum in the same solution are given for com
parison. The mercury electrode was in fact the same 
platinum disk which, after being used as the platinum 
electrode, was gold plated and amalgamated. The 
absence of any selectivity of the platinum electrode 
for uranium (VI) reduction is evident: the current 
is much higher and the coulometric data indicate 
very low current efficiency. 

The dependence of the current upon the rotation 
speed for the disk electrode at several constant 
potentials is given in Fig. 3. The straight line relation
ship between the current and the square root of the 
angular velocity indicates a pure diffusion controlled 
process. Results of experiments for a high pH are 
shown here. 
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Figure 3 
The current versus square root of angular speed of the rotating 
mercury coated platinum disk electrode: II mm diam 3 mM 
uranium (VI), I M Na 2C03, pH 11.8, 25 oc, cathode potential 

varied 

Polarographic investigations reported in detail 
elsewhere [16] have shown that uranium (VI) in 
carbonate solutions is reduced to uranium (V) 
carbonate complex: 

[U0 2(C03) 3] 4- + e = [U0 2(C03)3]5- (I) 
The half-wave potential for this reaction is about 
-0.9 V vs. S.C. E. The oxidation of the carbonate 
complexes of uranium (V) and (IV) occurs at the half 
wave potentials of about -0.65 V and -0.25 V vs. 
S.C.E. respectively: · 

uv -e = uvt (2) 
uvt - 2e = uvt (3) 

The three reactions yield separate well defined 
polarographic waves. A typical polarogram of a 
I M sodium carbonate solution with pH 11.0 

1 

Figure 4 
Polarograms of uranium (VI), (V) and (IV) in 1M Na,COa, 
pl:-f 11.0, 40 °C, total concentration of uranium 10 mM, un
damped, sweep rate 0.2 V /min. Polarogram I was obtained 
for a mixture of approximately equal concentrations of uranium 
(VI), (V) and (IV). Polarogram 2 was obtained for a ~olution 
containing only uranium (VI). Polarogram 2 was obtamed for 

a solution containing predominantly uranium (V) 



P/703 Yugoslavia 

Uranium dioxide production. A survey of electrochemical 
reduction and precipitation from carbonate solutions 

By V. Pravdic, M. Branica and Z. Pucar* 

The problem of preparation of uranium dioxide 
was solved in uranium production technology by 
reduction of the readily available form of uranium (VI) 
in any of the most usual ways: at elevated temperatures 
with gaseous hydrogen or ammonia [I, 2], in aqueous 
solutions with hydrogen under pressure and some 
catalytic agent [3, 4], or electrochemically [5-7]. 
The ultimate result of the electrochemical reduction 
processes was a precipitate containing a mixture of 
hydrolysed products of uranium (IV) and ura
nium (VI). The electrochemical processes described 
by other authors had to cope with the problem of 
hydrogen evolution at the cathode, poor current 
efficiency in general, and precipitation in the electro
chemical cell. 

Preliminary studies [8, 9] of the electrochemical 
reduction of uranium (VI) in carbonate solutions 
promised that this process could be of interest in the 
production of uranium dioxide for nuclear fuel 
applications, as well as in the recovery of uranium 
from ore leach solutions. Some of the features of the 
process had already been proposed by several authors. 
The electrochemical reduction was performed at 
controlled potentials, the cathodic compartment of 
the electrolysis cell was separated from the anodic 
one by a cation exchange membrane, and the ura
nium (VI) for reduction was dissolved in sodium 
carbonate/bicarbonate solutions. 

The special features of the process proposed by 
us [10-14] are: the reduction of uranium (VI) is 
performed in such a manner that no precipitation 
occurs in the electrolysis cell itself; clear and stable 
solutions are formed; the precipitation of uranium 
dioxide after reduction of uranium (VI) is performed 
separately and accurately controlled. 

In the present paper a review is given of our work 
on the reduction of uranium (VI) at mercury electrodes 
in solutions of various compositions and concentra
tions of sodium and ammonium carbonates and 
bicarbonates. The mechanism of the electrochemical 
process was studied in detail by application of constant 
potential electrolysis [15], polarography [16] and chro
nopotentiometry [17]. The conditions for the preci
pitation of uranium (IV) from stable carbonate 
solutions were also studied. The precipitation was 

• Department of Physical Chemistry, Institute Ruder 
Boskovic, Zagreb. 
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induced by either ra1smg the temperature, or by 
raising the pH of the solutions, or by diluting it 
with water [14]. 

THE ELECTROCHEMICAL PROCESSES 

The experimental results of extensive investigations 
of some aspects of the electrochemical reduction 
have been reported previously [8-IOJ. Figure l shows 
typical plots of the mercury cathode potential vs. 
logarithm of current density for various concentra
tions of uranyl ion in 1M ammonium bicarbonate 
solutions at pH 8.0. This diagram was constructed 
on the basis of data on experiments performed in 
an all glass cell of 300 ml volume and a mercury 
pool electrode of 25 cm2 area. In this cell the cathode 
and anode compartments were separated by a cation 
exchange membrane of 2.5 cm2 exposed cross section. 
By this membrane the anionic uranyl tricarbonate 
complex [U0 2(C03)a]4-, the predominant uranyl 
species in carbonate solutions, is prevented from 
migration towards the anode. 

It was evident on the basis of these types of dia
grams that the current plateau is reached at about 
-1.0 V vs. the Ag/AgCljsat. KCl reference electrode. 
These and similar diagrams [10, 13] show that the 
optimum control potential for the reduction of 
uranium (VI) was about - 1.50 V. If this potential 
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The cathode potential versus logarithm current density curves 
for the mercury pool cathode: 1M ammonium bicarbonate 
solution, pH 8.0, 20 °C, sweep rate 1 V/min, stirring rate 20 rpm 
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por evaporaci6n en superficie se estudia experimen
talmente para CaF2, U02 y Th02, basandose en un 
simple modelo fisico del proceso. En el caso del U02 

Ia evaporaci6n sola determina el escape de gas por 
encima de los I 600 °C. Se presentan ejemplos de 
algunos otros procesos que entraiian el escape de 
gas, como el escape de los atomos de retroceso 
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inducido y el que se produce durante Ia recristaliza
ci6n. 

Sc tabulan los valores medidos de D0 y Q para Ia 
difusi6n de gases nobles y los correspondientes datos 
sobre las dosis de irradiaci6n y los intervalos de 
temperatura para los sistemas U02, UC, Th02/Xe y 
CaF2/Ar. 
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ABSTRACT-RESUME-AHHOTAL.\V1R-RESUMEN 

A/472 Republique federale d'AIIemagne 

Degagement de gaz rares par les solides, 
notamment par les combustibles nucleaires 

par F. Felix et a/. 

La diffusion des gaz rares dans les solides a ete 
etudiee depuis 1959 par Zimen et ses collaborateurs 
a l'lnstitut de recherche nucleaire Hahn-Meitner 
a Berlin, le plus souvent avec Ia cooperation de 
!'EURATOM. Cette etude, fondee sur des experiences 
faites apres irradiation, a fourni au cours des trois 
dernieres annees des donnees fondamentales sur le 
degagement, Ia fixation et Ia diffusion des gaz rares, 
et a permis de se rendre compte de !'importance de 
qeux processus autres que Ia diffusion, a savoir le 
piegeage d'atomes de gaz rares dans les groupes de 
lacunes par suite de Ia degradation par irradiation et 
le degagement de gaz rares par evaporation de sur
face. Le premier processus a ete mesure sur le systeme 
CaF2/Ar et sa description est suivie d'un examen du 
mecanisme de diffusion tant dans Ia gamme de tem
peratures ou il peut s'expliquer par un mecanisme 
interstitiel, qu'en dehors de celle-ci. De plus, on 
propose !'application de ces resultats au systeme 
U02/Xe, car Ia structure des deux systemes a une 
grande analogie. La cinetique du degagement par 
evaporation de surface est traitee experimentalement 
pour CaF2 U02, et Th02 sur Ia base d'un modele 
physique simple de ce processus. Dans le cas de U02, 

!'evaporation seule devrait determiner le degagement 
de gaz au-dessus de I 600 °C. On donne egalement 
des exemples de quelques autres "processus aboutissant 
au degagement de gaz, tels que le degagement d'atomes 
de recul et le degagement pendant Ia recristallisation. 
Les valeurs mesurees de D0 et de Q pour Ia diffusion 
de gaz rares sont donnees sous forme de tableau, 
ainsi que les donnees pertinentes sur Ia dose d'irra
diation et les gammes de temperatures pour les sys
temes U02, UC, Th02/Xe et CaF2/Ar. 

A/472 ttJPr 

8b1AeJ1eHHe HHepTHbiX raSOB H3 TBep
AbiX Bel4eCTB, B lfaCTHOCTH H3 fiAep
H~X TOnllHBH~X MaTepHaJlOB 

ttl. ttlenHKC et al. 

Jl.rrlf>lf>yarrro rruepTHhiX raaoa B TBepp,hlx ae~e
CTaax rrccJie;wsaJirr 3nMeH c coTpyp,HHKaMH B llu
CTHTyTe .Hp,epHhiX HCCJiep,oBaHHH HMeHH OTTO ra
na H Jlnahl Meii:THep B 3anap,uoM BepJIHHe Ha'IH
na.H c 1959 r., nprrqeM 6om.ma.H qacTh rrccJiep,oaa
HHii npOBO)J,HJiaCb npH lf>rrHaHCOBOH nop,p,epame 
EapaToMa. B peayJILTaTe aToii: pa6oTLI, ocuoaan-

uoii: ua nocJieaKTHBa~HOHHhiX aKcneprrMeHTax, aa 
nocJie)J,HHe TpH rop,a noJiyqeHhl lf>yu~aMeHTaJihHble 
~aHHhle no Bbi)J,eJieHHIO, y~epmaHHIO H ~nlf>lf>yaHH 
nuepTHhiX raaoa. llop,qepKHyTa aamnoCTh nepabrx 
~ayx npo~eccoa, noMHMo p,rrlf>lf>yann, no cpaaue
HHIO C yJiaBJIHBaHHeM aTOMOB HHepTHhiX ra30B B 
CKOnJieHH.HX BaKaHCHH nop, p,eii:CTBHeM pap,Ha~HOH
HOfO nospemp,eHH.H 11 C Bhl)J,eJieHHeM HHepTHOfO 
raaa nyTeM rrcnapeHH.H c noaepxuocTrr o6paaua. 
llepahlii. npo~ecc HaMepeu B CHCTeMe CaF2/Ar rr 
onHCaH BMeCTe C )J,HCKYCCHeii: no MeXaHH3MY p,nlf>
lf>yaHH KaK BO BHyTpenueii., TaK H BO BHemuefl 
clf>epe. KpoMe Toro, · npep,JiaraeTc.H nprrMeHHTh 
3TH peayJILTaThl K CHCTeMe U02/Xe, nOCKOJihKY 
o6e crrcTeMhi HMeiOT cxo~uyro CTPYKTypy. Krrue
THKa Bhi)J,eJieHH.H nyTeM HCnapeHH.H C llOBepXHOCTH 
nayqaeTC.H aKcneprrMeHTaJibHO )J,JI.H CaF2, uo2 H 
Th02 Ha OCHOBe npoCTOH lf>rr3H'IeCKOH MO)J,eJIH 
noro npouecca. B CJiyqae uo2 npH TeMnepaTypax 
6oJiee 1600° C Bhi~eJienrre raaa onpep,eJI.HeTc.H 
TOJihKO O)J,HHM HCnapeHHeM. llpHBO)J,.HTC.H npHMe
phl HeKOTOphiX p,pyrHX npo~eCCOB, npHBO)J,.H~HX K 
nLrp,eJiennro raaa, uanpHMep Bhi)J,eJieurre, BLianan
noe aToMaMn OT~aqn, n Bhi)J,eJienHe npH peKpH
CTaJIJIH3a~HH. 

l13Mepeunhle neJIH'IHHhl Do n Q )J,JI.H p,Hif>lf>y-
3HH nnepTHLIX raaon .cnep,enLr n Ta6JIHUY nMecTe 
C COOTBeTCTBYIO~HMH p,aHHhiMH no )J,03aM o6Jiyqe
HH.H II HHTepBaJiaM TeMnepaTyp il,JIH CHCTeM U02, 
UC, Th02/Xe rr CaF2/Ar. 

A/472 Republica Federal de Alemania 

Escape de gases nobles en s6lidos, especial
mente en combustibles nucleares 

por F. Felix et a/. 

La difusi6n de gases nobles en los s6lidos Ia han 
investigado Zimen y colaboradores en el Instituto 
Hahn-Meitner de fnvestigacion Nuclear de Berlin 
a partir de 1959, Ia mayor parte del tiempo con 
apoyo del EURATOM. Este trabajo, basado en 
experimentos posteriores a Ia irradiacion, ha propor
cionado durante los ultimos tres aiios informacion 
fundamental sobre el escape, Ia retencion y Ia difusion 
de gases nobles. Se ha establecido Ia importancia 
de los dos procesos aparte de Ia difusion, a saber: 
el atrapamiento de atomos de gases nobles en grupos 
de vacancias como resultado de los daiios por irra
diacion y el escape de gases nobles por evaporacion 
de Ia superficie de Ia probeta. Se describe el primer 
proceso, que se ha medido en el sistema CaF2/Ar, 
y se discute el mecanismo de difusion tanto en su 
alcance intrinseco como extrinseco. Ademas, se pro
pone Ia aplicacion de los resultados al sistema 
U02/Xe, ya que los dos sistemas son muy similares 
en cuanto a Ia estructura. La cinetica de Ia difusion 
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the same material was mixed with sodium carbonate 
powder before irradiation in order to separate the 
individual uo2 spheres by distances greater than the 
recoil range of fission atoms, thus preventing xenon 
atoms from penetrating neighbouring uo2 spheres. 
The U0 2 was separated from the sodium carbonate, 
and again annealed at 1 000 °C. This time no burst was 
observed. The xenon content of the carbonate varied 
from 13 to 18%, which is in good agreement with 
the theoretical fraction of recoiled xenon ( 15%) as 
calculated with the method of Fliigge and Zinnen [20]. 

This burst of recoil-induced atoms observed in 
very fine particles should also emerge from bulk 
material with a larger interior surface. This has 
been shown by Schmeling [21] for polycrystalline UC. 
The material consisted of grains measuring about 
150 fJ., with a BET-surface indicating a surface-to
volume ratio of a 15 fJ. equivalent sphere. 

Figure 5c shows the effect of grain growth which 
is responsible for another type of initial burst. A 
green pellet pressed from KF powder produces a 
burst of Ar after irradiation. On the other hand, 
a pellet annealed before irradiation released activity 
with only a small burst not much different from the 
release curve of a single crystal. 

Figure 5d shows the contribution of closed porosity, 
drawing an analogy from the experiments of Stevens 
on U0 2 (see [22]). The grinding of previously annealed 
KCl pellets released more rare gas, thus indicating 
that Ar had diffused into closed pores which were 
subsequently opened by the grinding (see 4.2.2 
in [14]). 

The evaluation of a release with an initial burst 
is only possible if the release experiments are per
formed over a period of time which is sufficient to 
prove that the long term release is unaffected by the 
initial burst period and really is governed by ideal 
diffusion. Thus, the appropriate evaluation of D
values from this type of non-ideal gas release is 
made in an F vs. yt diagram by calculating D from 
the long-term portion of the curve (see [II]). Results 
are given in Table I for polycrystalline U0 2, UC 
and Th02. which have been calculated in this manner. 

CONCLUSIONS 
After a considerable gathering of data and im

provement of the experimental technique, which 
characterized the first decade of research on fission 
gas release from nuclear fuel material, it has been 
possible in the last three years to gain more funda
mental information on rare gas release, retainment 
and diffusion and to shed some light on the physical 
nature of these phenomena. Thus, the importance of 
two processes apart from diffusion has recently been 
established: (a) trapping of rare gas atoms in vacancy 
clusters as the result of radiation damage, leading 
to retainment of the gas in the solid [15, 19, 23], 
and (b) the evaporation of the specimen surface, 
which in the case of uo2 is thought to be responsible 
for the main part of the release at high temperatures 
[11, 14, 15]. Since it is intimately connected with 
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the thermodynamic non-equilibrium under annealing 
conditions, the latter process is the more important 
the higher the oxygen content of UOa t-X· 

The non-recognition of these effects could well be 
sufficient to explain the very broad scattering of data 
from different investigators. It also suggests that one 
should be careful when trying to interpret the existing 
investigations on gas release as being due to a dif
fusion mechanism. It is worth noticing in this con
nection that, according to Zener [24], the entropy 
of activation for a volume diffusion process has 
to be positive, whereas in all experiments on fission 
gas release from nuclear materials large negative 
values have been found. 

Due to the superposition of several processes 
affecting the release from nuclear materials and the 
consequent difficulties in interpreting the experimental 
data, it has been most convenient that the pure 
diffusion process, the influence of radiation damage 
and the influence of evaporation could be studied 
separately in the case of CaF 2• 

These results may certainly be applied, in view of 
the similar structure, to uo2 in a generalized way. 
However, for U0 2 and other nuclear fuel materials 
more experiments are still needed, especially in the 
light of the recent knowledge of influencing factors. 
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95% of the argon is trapped. If rare gas atoms are 
trapped at a given low temperature, a sudden increase 
in temperature should set a considerable part of them 
free. A larger apparent diffusion coefficient should 
now be found upon returning to the same initial 
temperature. 

This has been verified experimentally. Thus, a 
highly irradiated CaF 2-crystal was successively an
nealed at 800, 900, 1 100 and again at 900 °C. As 
expected, the value for the second 900 oc anneal is 
much higher, indicating a value no longer influenced 
by radiation damage. 

NON-IDEAL GAS RELEASE 
Non-ideal gas release has been found experimentally 

in one form or another in all systems. Even systems in 
which ideal diffusion has been observed in a given 
temperature range showed non-ideal gas release at 
low temperatures, as did CaF 2 after high irradiation 
doses. 

Initial burst and incomplete release are the two 
characteristics of non-ideal gas release. An example 
of a typical depressed release is shown in Fig. 5a 
in a low-temperature anneal of a uo2 single crystal 
where the release ceases completely at very low 
F-values. Initial bursts are shown in Fig. 5b for a 
single crystal of UC and in Fig. 5c for polycrystal
line KF. 

The latter effect may be explained by a trapping 
mechanism and has been discussed above, therefore 
only the burst effect will be described here. 

The burst is characterized by a drastic reduction 
of the release rate after a relatively short annealing 
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Figure 5. a: Xe release from a U02 single crystal at 1 000 oc; 
b: Xe release from a UC single crystal at 1 300 oc; c: Ar release 
from KF at 750, 750, and 780 oc resp.: curve 1 green pellet; 
curve 2 pellet pretreated at 800 oc before irradiation; curve 3 
single crystal; d: Ar release from KCI pellet by thermal anneal 

and grinding 

time. After prolonged annealing, the release may 
follow ideal lattice-diffusion kinetics. 

In simple cases, ideal diffusion will persist even 
over another temperature change. On the other hand 
it has been observed by Felix with thin U02 layers [4] 
and by Schmeling with polycrystalline UC [13] that 
each temperature change may produce a new burst, 
eventually making an evaluation impossible (see 
6.6.1 in [11]). 

An initial burst is usually observed in polycrystalline 
materials with large surface areas. Therefore the gas 
released during the burst probably comes from a 
surface layer having properties other than those 
of the bulk of the material, e.g., the surface may be 
affected by radiation damage or may be chemically 
unstable due to phase changes or corrosion. 

As an example, Felix (see 4.1 in [11]) showed the 
effect of recoil-induced gas atoms on the release 
behaviour of sintered 50 !l. spheres of uo2. 2-3% 
of the total amount of gas was released as a burst 
at 1 000 °C if the spheres were in contact with each 
other during the irradiation and only 0,1-0,2% 
was found in the gas phase prior to the anneal (total 
number about 107 spheres). Another portion of 
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Table 1 

System 

U02-single crystals (Mol)/ 
usxe ................ . 

U02-single crystals (BMl)/ 

Temper. range 
(OC) 

I 050- l 760 

133Xe . . . . . . . . . . . . . . . . . l 250 - I 680 

uo.-single crystals 
(Westinghouse)/133Xe . . . I 250 - I 680 

uo.-sintered spheres 
200 fl. diam/133Xe . . . . . . 800 - I 400 

Polycrystalline UC/133Xe . . . I 000 - 2 000 

Neutron dose 
(n/cm') 

"' l x 1011 (thermal) 

Th02 crystals/133Xe . . . . . . . I 200 - 2 000 "" 0.3 x I 017 (fast) 

Polycrystalline Th02/ 133Xe . · 500 - I I 00 

CaF2 single crystals/41Ar . . . 600 - I 300 
200- 600 

7 x !015 (fast} 

Th0 2 and CaF 2• On the other hand, the influence 
of evaporation is very important for uo2, especially 
above I 600 °C where evaporation alone should 
determine completely the gas release. This could 
explain the fact that the activation energy for gas
release tends to have very high values at high tem
peratures, comparable to the heat of sublimation 
of uo2 of 147 kcalfmole. 

INFLUENCE OF RADIATION DAMAGE 

The influence of radiation damage on rare-gas 
diffusion through lowering of the diffusion co
efficient was reported independently by McEwan 
and Stevens for U0 2 (19] and by Lagerwall for 
CaF2 [9, 15]. In both cases the results could be 
interpreted in terms of the trapping of rare gas 
atoms in the lattice, for which the clusters of vacan
cies created by irradi~tion are thought to be re
sponsible. 

The effect of irradiation dose on the D-value at 
750 °C for the system CaF 2/ Ar is shown in Fig. 3. 
The D-values are seen to be most strongly affected 
in the range between 1017 and 1018 n/cm2 and to 
reach a saturation value, Dro, between 1019 and 
1020 n/cm2• At doses,;;;; 1015 n/cm2 the D-value does 
not differ appreciably from the extrapolated value 
at zero dose, D 0, the latter being representative for 
the real lattice diffusion. At 750 °C the value of 
D0/Dro is equal to 2.5 x 103• Similar curves may be 
traced for different temperatures. The value of D0/ D<JJ 
decreases with increasing temperature. The influence 

Q 
(kcal/mol) 

70 ± 3 

70 

40.5 

53 

67 

81 ± 6 

37 

67.4 ± 2.5 
8.9 + 2.0 

Do 
(cm's-1

) 

s x w-• - 1 x w-• 

,.. I X to·• 

"' I X !0-10 

... 2 x w-' 

Remarks 

Material grown in the va
pour phase 

S/V from macroscopic 
dimensions 

Arc fused material 
S/V from macroscopic 

dimensions 

Old melted material 
S/V from macroscopic 

dimensions 

S/V from BET-surface de
viations at temperatures 
>1400°C 

8 x tO-to- 8 x 10'8 S/V from BET-surface 

I X 10·• - 2 X 10·• Material grown from so-

I X 105 

6 X lQ·lO 

dium tetraborate-melt 
based on preliminary 
D/a2-values 

Evaluated as D/a2-values 
after substraction of the 
initial burst 

Interstitial diffusion 
Dislocation diffusion 

of the irradiation can be disregarded above about 
l 200 °C. 

This temperature dependence is shown in Fig. 4 
by the two curves in the Arrhenius diagram correspond
ing to a fast neutron dose of 7 x 1015 nfcm2 and 
I x 1019 n/cm2 respectively. If interpreted in terms 
of trapping, the value y(D/D0) gives as a function of 
the irradiation dose the fraction of the argon atoms 
in the crystal which is free to diffuse. Thus after 
irradiation doses > 1016 n/cm2, about 50% of the argon 
is trapped, and after doses > 1018 n/cm2, more than 

- fast neutrons/cm2 

Figure 3. Macroscopic diffusion coefficient for argon diffusion in 
Caf2 at 750 oc as a function of the fast neutron dose 
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Figure 2. o: Schematic comparison of gas-release by diffusion 
and evaporation; b: Experimental g-values 

for an experiment on Ar diffusion in a CaF 2 single 
crystal during a multi-temperature anneal by using 
the relation between ..jl2 and F2 shown in Fig. lb. 
This method allows a rapid and exact evaluation 
over the entire range 0 ~ F ~ I from the relation 

d..ji2Jdt = (4/rr) (SJV)2 D (I) 
where Sf V is the surface-volume ratio of the spe
cimen. 

The results of experiments with single crystals of 
CaF 2 and U0 2 and crystalline Th0 2 are shown in 
Table I with ·the values for D0 (pre-exponential term) 
and Q (activation energy). 

DIFFUSION MECHANISM 

The only system for which the diffusion mechanism 
has been established with certainty is that of Ar in 
CaF 2• By investigating CaF 2 with varying thermo
dynamic disorders Lagerwall [15] has shown that the 
diffusion with high activation energy (67 kcal/mole) 
between 600 and I 400 °C can be attributed to an 
interstitial mechanism. Thus the diffusion coefficient 
was not influenced by doping the CaF 2 with Na + or 
Y3 t, though it should differ, e.g. at 800 °C, by a 
factor of m.ore thah 102 in both cases, if a vacancy
mechanism operated. Below 600 oc the release could 
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be attributed to transport along dislocations. This 
process is characterized by a particularly low energy 
of migration (8 kcaljmole). 

The general features based on these results should 
be the same for the system U0 2/Xe Kr, since the two 
systems are quite similar with respect to structure. 
This may be of importance for the understanding 
of the latter system, as it seems to be impossible 
to make measurements on this system which have 
bearing on the diffusion mechanism. 

As an example it is suggested that the release of 
Xe from U0 2 during irradiation at very low temper
atures with an activation energy for gas-release 
lower than 10 kcaljmole, hitherto attributed to recoil 
losses [16, 17], could be explained as above by 
transport along dislocations. 

RELEASE DUE TO EVAPORATION 

Weight losses of the specimen are almost always 
observed during annealing experiments at high 
temperatures, and the influence of evaporation upon 
the release kinetics [II, 18] must be taken into con
sideration. If the loss of mass per time unit, dm/dt, 
is proportional to the surface area S: 

-dmfdt = kS (2) 

the radius, r, of a spherical specimen will diminish 
with a constant rate g according to: 

-dr/dt = g (3) 

The fractional mass loss due to evaporation, Fe, 
is then: 

Fe = 3 gt/r0 - 3(gt/r0) 2 + (gt/r0) 3 (4) 

where r0 is the radius at t = 0. 
Fe (pure evaporation) and F (pure diffusion) behave 

quite differently with respect to the square root oft. 
For small values oft, F increases linearly, whereas Fe 
increases parabolically, i.e. infinitely slow for t = 0. 
Therefore, it is possible that at the beginning of an 
anneal the rate of diffusion determines the kinetics 
of the gas release, depending on the values of g and D. 

Sooner or later, however, the evaporation should 
make a contribution to the release, which can no 
longer be neglected. This is explained in Fig. 2a 
where the concentration profile (diffusion front) of 
the rare gas is shown in a sphere (initial radius r 0) 

at the time t. Since t = 0, this profile has moved a 
distance approximately equal to V(Dt). At the same 
time the radius, r0, has diminished by the amount of 
surface evaporation, gt (evaporation front). As long 
as gt is small compared with v/(Dt), it is to be ex
pected that the diffusion is not appreciably influenced 
by the evaporation, since only those surface layers 
already emptied of gas by diffusion are subjected to 
evaporation. The values of g as a function of tem
perature have been determined experimentally under 
the same conditions as the diffusion experiments 
for U0 2, Th0 2 and CaF 2 (see Fig. 2b). In fact the 
comparison with the respective D-vaiues (see 5.3 
in [II]) indicates that evaporation has a negligible 
influence on the release kinetics in the cases of 
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Rare gas release from solids with special attention to 
nuclear fuel materials* 

By F. Felix, T. Lagerwall, P. Schmeling, K. E. Zimen** 

The diffusion of rare gases in solids has been 
investigated by Zimen and co-workers, and has been 
intensified by support from the EuratomfUSAEC 
Joint Programme since 1960 [1-14]. 

The aim of these studies is the quantitative under
standing of the various mechanisms which lead to 
the retainment and the release of rare gases in solids, 
especially in reactor fuel materials. The investigation 
of single crystals is an important part of this work. 
This report summarizes the main results of post
irradiation experiments obtained to date. 

EXPERIMENTAL EQUIPMENT 

Experimental equipment for the investigation of 
rare-gas diffusion in solids has been thoroughly 
discussed by Schmeling and Felix [7]. Briefly it consists 
of the following. The specimen container, of a 
suitable material, is situated in an evacuated quartz 
tube and the heating is carried out by means of a high 
frequency coil outside the tube. An activated-charcoal 
trap cooled with liquid air is connected to the quartz 
tube and the vacuum system. The released rare gas 
is adsorbed in the trap which, from time to time, 
is emptied by transferring the gas to evacuated 

* This work is part of a research programme undertaken 
on behalf of the joint research and development programme 
of the agreement for co-operation between Euratom and the 
USAEC. 

** Hahn-Meitner-lnstitut fiir Kernforschung, Berlin. 
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chambers which are separately measured with a G-M 
or scintillation counter. 

IDEAL DIFFUSION 

The diffusion is designated as ideal when the kinetics 
can be analysed in terms of a time-independent 
diffusion coefficient at constant temperature in 
such a way that eventually I 00% of the rare gas atoms 
have diffused out of the crystal. 

Ideal lattice diffusion was observed in the system 
CaF 2/Ar and also in the systems U0 2/Xe and 
Th0 2/Xe over a certain temperature range. The 
lower limit of this range is determined by the irradia
tion dose and the upper one by evaporation (see 
later sections). 

The ideal volume-diffusion kinetics are described 
by the equations of Inthoff and Zimen [2]. The exact 
solution has been calculated with a digital computer 
and the results have been published as tables and 
graphs for a direct evaluation of experiments made 
with crystals of spherical or of any cylindrical or 
parallelepipedic form [10]. A further simplification 
for the analysis of release curves is obtained if the 
function o/2(1) is used instead of F2(t) (F o= fractional 
release). o/2(1) compensates for the nonlinearity of 
P(t) at higher values of F. If the release is governed 
by pure volume diffusion, o/2(1) should be a straight-line 
function and coincide with the tangent of F2(t) at 
zero release. The use of o/2(t) is shown in Fig. la 
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Figure 1. a: Diffusion of Ar in a CAF2 single crystal (10 " 10 " S mm); b: Relation between ofs• and F' 
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ry6JJHMamm. MomHo npHrOTOBHTh noJJyc<J>epJiqe
CKHe KpHGTaJIJJbl BbiCOKOI'O KaqecTBa AHaMe-TpOM 
oT 4 AO 15 MM n BecoM AO 7 z. CTexnoMeTpnqecKoe 
Jl30biTOl.[HOe COAepmaHne KJICJJOpOAa B KpliCTaJJJJaX 
UO 2+xMomeT naMeHHThCH B npeAeJJax O<x < 
< 0,25 Dpll TllWTCJJbHO KOHTpOJJHpyeMOM ORJICJJe
JIMU. iho AOCTUraeTCH npHMeHeHUCM HOBOfO npo
CTOI'O II HapemHOrO MCTOAa. 

MoHoKpncTaJJ.rrhi ABYoKucu ypaHa MoryT 6hiTh 
113l'OTOBJJCHbl B BUAC TOHKIIX cpOJJbr AJJH HCCJJCAO
BaHUH DOA :meKTpoHHhiM MuKpOCKOIIOM. TaKne 
I~OJJbl'll H3l'OTaBJJUBaiOTCH XUMJil.[CCKHM MCTOll;OM 
11p1I TCMnepaType 200° C HJJH i)JJCKTpOJJUTJil.[CCKUM 
MCTOAOM npH IWMHaTHOH TeMnepaType. 06cymAa
}(lTCH Ha6JJIOAaeMhie AUCJJOKa~HH, pa3JJHl.[HbiC cpop
llhl ocaAKOB, cocTOHII.IHX, no-BHAHMOMy, H3 U409, 
IIOBpemACHHH OCKOJJKaMH ACJJeHUH, a TaKme Tpe
KU, CKOIIJJCHUH T011Cl.[HblX ACcpeKTOB II MaJJhiX ll;JfC
JJOKa~JfOHHhiX Ky•mocTeii. 

J13 MOHORpHCTaJJJJOB, Bhlpaii.ICHHhiX IIYTCM HCIIa
peHifH, OKa3aJlOCb B03M07KHbiM BhlpeaaTb RBaApaT
Hbie npH3Mbl AJIIIHOii 8 MM. (hu 11pU3Mbl npurOll;Hbl 
AJJH H3MepeHJf.H TeJIJJOIIpOBOAHOCTH, KOTopa.H 6hiJJa 
onpeAeJJeHa B AnanaaoHe TeMnepaTyp OT »>UAROro 
reJJJIH lW ROMHaTHoii. He o6HapymeHo CKOJJhKO
Im6yAL 3Hal.[HTeJJLHbiX KaqeCTBCHHblX OTRJJOHCHHii 
01' peayJJLTaTOB, DOJJyq·eHHhiX npn ll;pyrnx HCCJJe
~OBaHJIHX C JICliOJJb30BaHHCM cneqeHHhiX DOJJJI
KpHCTaJJJJJfliCCRHX MaTCpHaJJOB. 

3JJeRTpOIIpOBOll;HOCTL H TepMO:lJJCKTpOll;BHmy
II.IaH CUJJa pa3JIHqHhiX liOMI103H~HH MOHORpHCTaJJ
Jia ABYOKHCH ypaHa naMepeHa B IIIHpoKoM AHana
aoHe TCltiiiepaTyp ll;O II IIOCJJC 06JJyqeHHH B peaR
TOpe. PeayJJLTaTLI, noJJyqeHHhle nocJJe o6JJyqeHHH, 
yKa3hiBaiOT Ha aaMeTHoe yMeHhllleHne npoBOAH
MOCTH HeCTCXHOMeTpuqeCKHX KpUCTaJJJJOB. 3TOT 
:-JWWCI\T M07KCT 6h1Tb OTHCCeH 3a Cl.[CT o6pa30BUHJIH 
JJOBYIIIeR AJJH <<ALipOK>> B npo~ecce o6JJyqemm. 
Ha onLITOB no pereHepa~HH 6LIJJO CAeJJaHo aaKJJIO
'IeHHe o CYII.ICCTBoBaHnn nnKa oTmura npn TCM
nepaType 725° C, CBH3aHHoro c aHeprneii aKTHBa
I\HH rropHp,Ka 2,5 36. 8TO o6CTOJITeJibCTBO rrpeP,ITO
JiaraeT B03MOII\HYIO MHrpa~HIO TOl.[ClJHbiX ACWCK
TOB B ypaHe. 

Ma auaJJnaa onTnqeci<oro cnei<Tpa norJIOII.ICHHH 
naiiACHO, l.[TO Kpaii DOJIOCbl llOI'JlOII.ICHHH npn KOM
HaTHOH TCMIIepaType paCIIOJJ07KCH B o6JJaCTH 
2,18 36. 

KoHCTaHTLI ynpyrocTn onpeAeJJeHLI c ncuonL
aoBaHueM MCTO;rJ;a :lXO, II03BOJ1111011.1Cl'O IIOJJY'IaTb 
TOl.[HOCTb OJ\OJJO f % . 

A/#4 Belgica 

Preparaci6n y propiedades fisicas de mono
cristales de uo2 
por P. Nagels et at. 

Se ha llevado a cabo un amplio estudio de las 
diferentes propiedades fisicas fundamentales de los 
monocristales de U02 de composicion diversa. Se 

P. NAGELS et at. 

estudiaron las diferentes propiedades antes y despues 
de Ia irradiacion en el reactor. Este trabajo incluye 
Ia preparacion de monocristales, Ia variaci6n de 
Ia composicion de los monocristales por oxidacion 
controlada, Ia sinterizacion de esferas monocristales, 
Ia observacion por transmision en el microscopio 
electronico de laminas delgadas; y tam bien Ia medida 
de Ia conductividad termica, de Ia conductividad 
electrica, de Ia potencia termoelectrica, del espectro 
optico de absorcion, de las constantes elasticas y de 
Ia absorcion de los rayos y por resonancia. 

Se han revisado en esta comunicacion los resul
tados obtenidos hasta ahora. Se ha desarrollado un 
metodo por sublimacion, para el crecimiento de 
monocristales de oxido de uranio. Se han preparado 
cristales semiesfericos de alta calidad, de 4 a 15 mm 
de diametro, y hasta 7 g de peso. Por medio de una 
oxidacion controlada cuidadosa, se puede variar 
posteriormente el exceso de oxigeno estequiometrico de 
los cristales de U02+x• en el intervalo 0<x<0,25. Esto 
se consiguio con un metodo nuevo, sencillo y seguro. 

Se puede preparar monocristales de U02 en forma 
de laminas delgadas, apropiadas para Ia observacion 
por transmision en el microscopio electronic<>-. El 
adelgazamiento se consigue quimicamente a 200 °C o 
electroliticamente a Ia temperatura ambiente. Se han 
observado y se discuten las dislocaciones, los precipi
tados de formas diferentes, probablemente de U 40 9, el 
dafio producido por los productos de fision, asi como 
trazas, cumulos de defectos puntuales y pequefias 
cadenas de dislocaciones. 

Se han podido cortar prismas cuadrados alargados 
de cerca de 8 mm de longitud, en los monocristales 
crecidos a partir de Ia fase de vapor. Estos prismas 
son apropiados para Ia determinacion de Ia conducti
bilidad termica, Ia cual ha sido medida desde Ia 
temperatura del helio liquido hasta Ia temperatura 
ambiente. No se ha encontrado ninguna diferencia 
cualitativa importante con los resultados obtenidos 
por otros investigadores, usando material policrista
lino sinterizado. 

Se han medido en un amplio intervalo de tempera
turas, antes y despues de Ia irradiacion, Ia conduc
tividad electrica y Ia potencia termoelectrica de los 
monocristales de uo2 de diferente composicion. 
Despues de Ia irradiacion, se advierte un decreci
miento muy marcado en Ia conductividad de los 
cristales no estequiometricos. Este efecto puede atri
buirse a Ia formacion de agujeros trampa durante Ia 
irradiacion. 

De los experimentos de recuperacion se deduce Ia 
existencia de un pico de recocido alrededor de 725 °C, 
siendo Ia energia de activacion asociada de unos 
2,5 eV. Esto sugiere Ia migracion en el uranio de 
posibles defectos puntuales. 

Del analisis del espectro optico de absorcion se 
obtiene para el limite de absorcion, a Ia temperatura 
ambiente, un valor de 2,18 eV. 

La constante elastica se ha determinado usando 
una tecnica de eco pulsado, que permite una precision 
de alrededor del 1%. 



SESSION 2.2 P/444 

3. Ambler, J., and Slattery, G., J. Nucl. Mater. 4, 90 (1961). 
4. Blank, H., and Amelinckx, S., J. Appl. Phys. 34, 2 200 

(1963). 
5. Ashby, M., and Brown, L., Phil. Mag. 8, 1083 (1963). 
6. Devreese, J., Bull. Soc. Beige Phys. Ser. Ill, 259 (1963). 
7. Nagels, P., Denayer, M., and Devreese, J., Solid State 

Communications 1, 35 (1963). 
8. Nagels, P., Devreese, J., and Denayer, M., J. Appl. Phys. 

35, 1175 (1964). 
9. Van der Pauw, L., Philips Research Repts. 13, 1 (1958). 

P. NAGELS et at. 361 

10. Nagaev, E., Fiz. Tverdogo Tela 3, 2567 (1961); 4, 2201 
(1962). 

11. Balarin, M., Zetzsche, A., Phys. Status Solidi 2, t 670 
(1962). 

12. Holland, M., Rubin, C., Rev. Sci. Instr. 33, 923 (1962). 

13. Bethoux, 0., Thomas, P., Goering, H., J. lnorg. Nucl. 
Chern. 6, 19 (1958). 

14. Uranium Dioxide: Properties and Nuclear Applications 
(J. Belle ed.) United States Atomic Energy Commission 
(1961). 

ABSTRACT -RESUME-AHHOTA[4111}1-RESUMEN 

A/444 Belgique 

Preparation et proprietes physiques de mono
cristaux d'U02 

par P. Nagels et at. 

On a entrepris une etude approfondie de certaines 
proprietes physiques fondamentales de monocristaux 
d'U02 de differentes compositions. Ces proprietes 
sont etudiees avant et apres irradiation au reacteur. 
Ce travail comprend Ia preparation de monocristaux, 
le changement de Ia composition des monocristaux 
par oxydation contr6Iee, le frittage de spheres mono
cristallines, l'observation par transmission au micro
scope electronique de minces feuilles, et, de plus, Ia 
mesure de Ia conductivite thermique et electrique, du 
pouvoir thermo-electrique, du spectre optique d'ab
sorption, des constantes elastiques et de }'absorption 
resonnante des rayons y. 

On expose dans le memoire les resultats obtenus 
jusqu'ici. On a developpe une methode de croissance 
par sublimation de monocristaux de bioxyde d'ura
nium. On peut aussi obtenir des cristaux semi
spheriques de 4 a 15 mm de diametre pesant jusqu'a 
7 g. L'exces d'oxygene stoechiometrique des cristaux 
de composition uo2+x peut etre ulterieurement 
modifie dans l'intervalle 0 < x < 0,25 par une oxyda
tion soigneusement contr6lee. Cela est realise par 
une methode nouvelle, simple et sure. 

On peut preparer des lames minces de mono
cristaux d'U02 pour observation par transmission au 
microscope electronique. L'amincissement est realise 
chimiquement a 200 °C ou electrolytiquement a Ia 
temperature ambiante. On observe des dislocations, 
des precipites de formes variees, constitues probable
ment par de l'U40 9, des degats provoques par des 
fragments de fission, ainsi que des traces, des amas de 
defauts ponctuels et des petites boucles de dislocation. 

En decoupant des monocristaux qui se soot deve
loppes a partir de vapeurs d'U02, on a pu obtenir des 
prismes allonges de base carree, d'environ 8 mm de 
longueur. Ces prismes permettent de mesurer Ia 
conductivite thermique. On a mesure cette derniere 
de Ia temperature de l'helium liquide a Ia temperature 
ambiante. II n'y a pas de difference qualitative notable 
entre ces resultats et ceux obtenus par les experimen-

tateurs utilisant des echantillons polycristallins obte
nus par frittage. 

On a mesure dans un intervalle etendu de tempe
ratures, avant et apres irradiation au reacteur, Ia 
conductivite electrique et le pouvoir thermoelectrique 
de monocristaux d'U02 de differentes compositions. 
Les irradiations ont pour effet de diminuer tres forte
ment Ia conductivite des cristaux non stoechiome
triques. Cet effet peut etre attribue a Ia formation de 
pieges de trous pendant l'irradiation. A Ia suite 
d'experiences de guerison, on peut conclure a }'exis
tence d'un pic de recuit situe vers 725 °C, l'energie 
d'activation associee etant d'environ 2,5 eV. Ceci 
suggere Ia possibilite d'une migration de defauts 
ponctuels d'uranium. 

L'analyse du spectre d'absorption optique a permis 
de determiner Ia limite de l'absorption a Ia tempera
ture ambiante; Ia valeur trouvee est 2,18 eV. 

La constante elastique a ete determinee en utilisant 
une methode d'echos ultrasonores qui permet d'ob
tenir une precision d'environ 1%. 

A/444 6enbrHR 

Vf3rOTOBneHHe H ~H3H4eCKHe CBOHCTBa 
MOHOKpHCTannoB ABYOKHCH ypaHa 

n. HarenbC et al. 

JipoBe)J.eHbi IIIHpOKHe JICC,JI(lfi;OBaHHH «J>yH)1.3MCH

T3JibHbiX CBOiic"TB pa3JIHqHbiX KOMll03H~HH MOHO

npHCT3JIJI3 )J.ByoKucu ypana. PaaJiuqnLie cuoH:cT

ua uccJie)J;oBaJIHCL )J;O u nocJie o6Jiyqeuuu n 
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MOHOKpHCT3JIJIOB, li3MeHeHue KOMll03li~HH MOHO

KpHCTaJIJIOB npu KOHTpOJIHpyeMOM OKHCJieHHJI, 

cneKaHHe MOHOKpHCT3JIJIHqecKHX IIIapHKOB, HCCJie
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:meKTponpOBO)J;HOCTH, TepMOaJieKTpoqecKOH )J;Blf

iKYI.IJ;eH ClfJILI, onTn'lecKoro cneKTpa norJiom;ennu, 

IWHCTaHT ynpyrocTn u peaonancou norJiom;emm 

'( -HaJiy'leHHH. 
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upeMeHu peayJILTaToB. Paapa6oTaH MeTo)J; BLipam;n

nanuu MOHOKpHCTaJIJIOB )J;BYOKHCH ypaua llYTI'M 
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gases. The latter can be ignored at very low temper
ature· but become more important if the crystal is 
heated up. At room temperature one finds that 
about 25% of the heat applied to the oven is lost. 
Therefore some modifications of the method of 
Holland and Rubin were necessary. The apparatus 
is schematically represented in Fig. 15. 

The thermal conductivity of a U0 2 single crystal, 
presenting a slight oxygen excess (a= 1.7 x I0-3 

ohm- 1 cm- 1 at room temperature) has been measured 
between 4 and 300 °K. The experimental results are 
represented by curve I in Fig. 16. Curve 2 of this 
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Figure 16. Thermal conductivity of a U02 single crystal as a 
function of temperature (curve 1 ). The broken line (curve 2) 
corresponds to measurements made by Bethoux et al. on a 

sintered U02 polycrystal 

diagram corresponds to measurements made by 
Bethoux et a/ [13] on a specimen of sintered U0 2 
of apparent density 9.97. Both curves are similar; 
in particular, there is a minimum at 30 °K. Between 
4 and 200 °K the single crystal values coincide to a 
good approximation with those given by Bethoux 
et a/. for the sintered polycrystal. From 200 °K the 
two values start to become different and at 300 °K 
the thermal conductivity of the single crystal is 
about 20% less than that of the polycrystal. However, 
it should be pointed out that the value calculated 
without taking into account the thermal losses agrees 
well with the one given by Bethoux et a/. 

It is somewhat surprising that at very low temper
atures (4-30°K) the curves for a single·crystal and 
for a polycrystal correspond so very well. In our 
opinion this suggests that the grain size is not the 
factor limiting the mean free path of the phonons at 
these very low temperatures. On the contrary, one is 
forced to believe that another limiting factor must 
be present in both the sintered material and the single 
crystal. The single crystal used in the investigation 
certainly has an oxygen content greater than 2.001, 
as can be deduced from its electrical conductivity. 
Transmission electron microscopic observations (see 
earlier) have shown that in such a crystal finely 
divided small U40 9 precipitates are distributed 
homogeneously, their mean distance being about 
I 000 A. One can expect that such precipitates were 
also present in the sintered substance. It is therefore 
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thought that these precipitates with the strained 
region around them are responsible at very low 
temperature for the scattering of the phonons. The 
observed mean distance of I 03 A is then of the right 
order of magnitude. 

ELASTICITY MEASUREMENTS 

The velocity of elastic waves in a U0 2 single crystal 
has been measured using the pulse echo technique. 
This consists of measuring the travelling time between 
two plane-parallel faces of the crystal of a high 
frequency mechanical pulse generated by a resonating 
quartz in acoustical contact with the specimen. 
The orientation of the specimen used in this investiga
tion, as determined by the Laue back reflection 
technique, was such that the propagation direction 
of the mechanical pulses was in the neighbourhood 
of the [311] and [211] directions. The direction 
cosines of this direction with respect to the cubic 
axes are I= 0.87, m = 0.41 and n = 0.27. 

The propagation velocity for longitudinal waves 
in the direction specified by (/, m, n) was measured 
as a function of temperature between room temper
ature and - 130 °C and for frequencies of 5, 15, 25 
and 35 MHz. It has been found that the travel time 
is independent of temperature. Also, no frequency 
dependence was observed. The travel time is related 
to the stiffness constants Cu by 

p vi = C11 - 4 r l Cu -;- C
12 

- C44l 

where: p is the density 
v1 the velocity of longitudinal waves in the 

direction (/, m, n) 
r = [2m2 + m2n2 + n2[2 

cii the elastic stiffness coefficients. 

The travel time for a distance of 2 x ( 4.00 ± 0.05) mm 
was 1.47 ± 0~03 fLS. Using the density p = 10.96, one 
obtains: 

0.61 C11 + 0.39 C12 + 0. 78 C44 = 32 ± 2 X 1011 dynjcm2 

Of course, two more measurements are needed for 
a separate determination of the elastic stiffnesses. 
These will be made as soon as suitable specimens 
are available. If for simplicity one assumes that U0 2 

is elastically isotropic and that the interaction forces 
are central (which is reasonable in ionic crystals), 
one obtains at once 

C11 = E = 32 X 1011 dyn/cm2 

This value may be compared with Young's modulus 
E obtained for polycrystal-line material, corrected 
for zero porosity [14]: 

E = (16-21) x 1011 dyn/cm2 
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removed per fission fragment. It turns out that, due 
to the atomic displacements produced in the fission 
track region, the total number of holes present in 
the disturbed region is trapped. 

The conductivity reaches a constant value at 
about 4 x 1015 fissions/cm3 ; this indicates saturation 
of damage in U0 2• This effect can be explained easily 
by overlapping of tracks, especially at rather large 
doses. The fraction of volume affected by the fission 
tracks, taking overlapping into account, is given by 
the following formula: 

f vol = I - e-NVo 

where N is the number of tracks per cm3, and v0 
the volume of a track. Introducing v0 = 4.5 x 10- 16 

(d = 100 A, I= 6[J.), one finds that 97% of the 
volume is affected by fission tracks for N = 8 x 1015/ 

cm3 (or 4 x 1015 fissions/cm3) and 100% for N = 
1016/cm3

• There is good agreement between the 
experimentally observed and the calculated value 
of the number of fission tracks at which saturation 
of damage occurs. 

The increase in activation energy, which has been 
observed after irradiation can be explained by 
assuming that two different energies are involved 
in the transport process after trapping of the charge 
carriers in the hole traps: 

(a) The energy required to overcome the trapping; 
(b) The energy required for the jumping process. 
Another effect which has been observed as a result 

of radiation damage is the change of the slope of the 
conductivity curves at low temperatures. This is in 
agreement with Nagaev's [10] theory of small polarons, 
which predicts a decrease in the mobility activation 
energy with increasing degree of defectiveness of the 
crystals. 

It turns out that the displacement defects produced 
by irradiation in most metal oxides are less easily 
removed by annealing than in other non-refractory 
materials. The results of recovery experiments 
between 100 and 850 °C, following the method of 
Balarin and Zetzsche [I I] are shown in Fig. 14. After 
each annealing step the residual conductivity is 
measured at roo~!~ temperature as reference temper
ature. One notices that no annealing occurs between 
90 °C (reactor temperature) and 350 °C. Above 
350 °C there is a slight increase in the resistivity. 
Annealing starts at about 650 °C with an annealing 
peak at 725 oc. 

Two platelets of U0 2 were irradiated in the low 
temperature facility of the BR 1 reactor, the conduc
tivity was meausred between 125 and 370 °K in steps 
of about 20 °K. At each step the temperature was 
kept constant, so that a possible change in conductivity 
could be followed. Annealing of electrically active 
defects has not been observed in this low temper
ature range. 

The method of Balarin and Zetzsche allows the 
determination of the activation energy of migration 
by using isochronal annealing curves only. One 
concludes the presence of second order kinetics 
of the annealing process at the 725 °C peak. The 
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Figure 15. Schematic drawing of the arrangement used for 
measurements of the thermal conductivity at low temperatures 
a and c: U 0 2 single crystals; b, d, f, and g: Heaters; d: Heat 

sink; I}: Gas thermometer 

activation energy of migration is 2.5 ± 0.3 eV. By 
comparing the energy of motion Em determined 
in this way with the activation energy Q for uranium 
and oxygen self-diffusion (3.8 to 4.7 eV for U and 
1.3 eV for 0), one finds that the most plausible 
explanation for the 2.5 eV process and thus for the 
recovery stage at 725 °C is uranium point defect 
migration. This suggests that the defect centres, 
which act as hole traps, are uranium vacancies. 

The annealing curve shows an increase in resistivity 
at 350 °C. Transmission electron microscope obser
vations have shown (see earlier) that the superlattice 
structure in the U40 9 precipitates is completely 
destroyed by the passage of a fission fragment. 
However, upon subsequent heating to 350 °C, the 
oxygen will rearrange in the ordered sublattice. 
This leads of course to a removal of electrically 
active oxygen ions. 

THERMAL CONDUCTIVITY 

A prism of about 8 mm in length and 2 mm in 
diameter prepared from a vapour grown crystal has 
been used to determine the thermal conductivity 
from liquid helium temperature up to room temper
ature. The method of Holland and Rubin [12] has 
been adopted; it allows measurements without 
temperature stabilization of the measuring chamber. 
Due to the small dimensions of the specimen available 
for the measurements, together with the low value of 
the thermal conductivity, special care has to be taken 
to account for the variations in the temperature 
gradient and, more important, for the thermal losses 
due to radiation and convection of the residual 
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Figure 12. Specific conductivity of an oxidized crystal (0/U = 
2.06) as a function of temperature after various irradiation doses 
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Figure 13. Specific conductivity of a series of U02 single crystals 
with compositions between U02•000 and U02 •06 as a function 

of the number of fissions/em• 

that the mobility is thermally activated and increases 
exponentially with increasing temperature. The very 
low value of the Hall mobility together with its 
temperature dependence In fJ.T,., 1/T are direct argu
ments for the existence of small polarons in uo2. 

Effects of fission fragment damage on the electrical 
properties 

Resistivity measurements as a function of tem
perature have been carried out on uo2 single crystals 
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Figure 14. Results of pulse annealing of three irradiated U02 

single crystals 

of different composition after successive periods of 
exposure in the BRl reactor. The temperature 
dependence (from 140 to 300 °K) of the electrical 
conductivity before and after reactor irradiation of 
a U02 crystal with 0/U = 2.06 is represented in 
Fig. 12. In Fig. 13 are plotted the values of the 
conductivity measured at 294 °K of an as-grown 
crystal (0/U,., 2.007) (curve 1), a slightly reduced 
crystal (0/U <2.001) (curve 2), an oxidized crystal 
(0/U = 2.06) (curve 3) and a stoichiometric crystal 
(curve 4) as a function of the number of fissions/cm3• 

In all these experiments, the exposures were done at 
reactor temperature (about 90 °C). 

The three main effects on the electrical behaviour 
of uo2 are given below: 

(a) An appreciable decrease in conductivity for 
the non-stoichiometric U02• A constant value of 
about 10·6 ohm·1 cm·1 at 294 °K is reached at an 
integrated thermal neutron flux of about 4 x 1016 

n/cm2 (or 4 x 1015 fissions/ems). The electrical con
ductivity of the stoichiometric crystal (cr = 3 x 10·7 

ohm·1 cm-1 at 294 °K) remained practically unchanged 
after exposures up to 1.6 x 1016 fissions/ems. 

(b) A bending of the curves at low temperatures. 
This bending shifts towards higher temperatures 
with increasing dose, so that finally completely 
curved lines are obtained. 

(c) An increase in activation energy (calculated 
from the slope of the straight parts of the ~onductivity 
curves) with increasing dose. 

The fact that the conductivity of the non-stoichio
metric crystals decreases markedly, shows that the 
defect centres produced by irradiation are mainly hole 
traps, which reduce the initial free hole concentration. 

From the initial change in conductivity one is 
able to calculate the number of charge carriers 
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Figure 7. Bright field image of fission tracks 
in a U02 crystal. The tracks are only 
visible in the needle shaped U,08 precipi· 

tate 

Figure 8. Bright field image of a stoichio- Figure 9. Bright field image of a stoichio
metric U02 single crystal irradiated at metric U02 single crystal irradiated at 
80 oc up to an integrated flux of 1017 nfcm• 300°C up to an integrated flux of 1017 nfcm2 

(thermal). Small loops have been formed (thermal). Numerous clusters of point 
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response. From the sensitivity of the apparatus, this 
indicates that in the whole temperature range (200-
950 °K) the Hall mobility has to be smaller than 
0.06 cm2 V-1 s-1 (p.H<0.015 cm11 V-1 s-1 at room tem
perature). 
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Figure 11. Thermoelectric power of various U02 single crystals 
as a function of temperature 

In order to obtain information about the ongm 
and number of the charge carriers, the thermoelectric 
power of a series of single crystals has been measured 
between 120 and 450 °K. Typical plots ofthe thermo-
electric power as a function of temperature are shown 
in Fig. 11. Below room temperature the variation 
of the Seebeck coefficient with temperature is small. 
Above 300 °K the thermoelectric power decreases; 
this probably corresponds to an increase in the number 
of charge carriers, which can be explained by a change 
in the ratiO Of uo2~U409, the formation Of uo2+X 
being favoured at increasing temperature. A single 
crystal, which was oxidized to an 0/U ratio of 2.11, 
showed n-type conductivity. 

From the thermoelectric measurements the con
clusion can be drawn that the number of charge 
carriers changes only slightly between 120 and 300 °K. 
However, in the same temperature range the conduc
tivity increases exponentially over about 4 decades. 
This behaviour can be explained if one assumes 
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parallel to a [110] direction of the 002 matrix and 
exhibits a characteristic lamellar structure exactly 
perpendicular to the [110] direction (see Fig. 4). 
Selected area diffraction of the needles shows nu
merous additional spots besides the spots of the 002 
matrix and indicates faults in the periodicity of the 
oxygen super lattice of the needle in the [110] direction 
(see Fig. 5). The lamella spacing can be resolved and 
is mostly about 1.5 times the diagonal of the cube 
side of the 0 40 9 superlattice cell. One can conclude 
therefore that the lamellae are due to a shift of the 
oxygen sublattice with respect to the large 0 40 9 unit 
cell which has, apart from the very slight lattice 
contraction, a lattice constant 4 times that of 002. 
The lamellae may thus be regarded as arising from 
antiphase boundaries in the 0 40 9 lattice. 

If one increases the oxygen content of the crystals 
to x = 0.1 or x = 0.2 by oxidizing the as-grown 
crystals at about l 400 °C, the 0 40 9 occupies more 
and more of the volume of the crystal and due to 
intergrowth between the particles of the second 
phase the needle form is lost, also the lamellar 
structure disappears. Figure 6 shows a diffractiol). 
pattern of an area in a crystal with x = 0.17; no 
streaks due to faults are present. It is therefore sup
posed that the lamellar structure of the U 40 9 needles 
is intimately related with a rapid growth process of 
the needles into the uo2 matrix in the [110] direction. 

Fission fragment damage in electron transparent foils 

Irradiation of electron transparent foils at room 
temperature with doses up to 1015 n/cm2 (thermal) 
reveals fission tracks in the uo2 matrix and in the 
needles of U 40 9• Comparison of the observed dif
fraction contrast of tracks in stoichiometric uo2 
with the images to be expected from contrast theory 
on the basis of a radial displacement of cylindrical 
symmetry shows that tracks are only produced in a 
layer of the material close to the surface with a 
thickness less than half an extinction depth. This 
suggests that track formation in 002 only takes 
place by interaction with the surface. 

Fission tracks in the needles of 0 40 9 are much 
more visible as shown in Fig. 7. The tracks show 
up as dark bands with a diameter of about 100-150 A 
if the needle is oriented for maximum transmission 
of intensity. This type of image is due to an absorp
tion effect. It can be explained as follows. The energy 
dissipated in the 0 40 9 lattice by the fission fragment 
is high enough to disorder the ordered oxygen 
sublattice near the tracks. As a consequence the 
local transmitted intensity is lower in these regions. 

Bulk damage in stoichiometric U02 

Damage caused by small irradiation doses like 
1015 n/cm2 consists of some dislocation loops in 
crystal platelets thinned after irradiation. Small 
loops (diameter up to 200 A) are polygonal in shape 
whereas loops of diameters of 1 500 A and more are 
seen as ellipses or near circles. 

P. NAGELS et at. 

Increasing the dose to about 1017 n/cm2 leads to 
a pronounced dependence of the damage on the 
irradiation temperature. Foils prepared from platelets 
irradiated at 80 °C showed a few dislocation loops 
with diameters up to about 100 A (Fig. 8) whereas 
the same dose given to a crystal at 300 °C produced 
a dense pattern of clusters and dark points the smallest 
of which have a diameter of about 30 A (Fig. 9). 
Further investigations are in progress. 

ELECTRICAL PROPERTIES 

Electrical measurements before reactor irradiation [6-8] 
It has been recognized for some time that the band 

theory is inadequate in describing the electrical 
properties of a large number of ionic semiconductors, 
such as the transition metal oxides. In these ionic 
crystals the electron-phonon interaction is so strong 
that small polarons are present. The treatment of 
the small polaron motion has led to a hopping 
model (the carriers move by random jumps) charac
terized by an activated mobility: 

!J.~ e-EikT 

The four probe method of Vander Pauw [9], which 
requires plane-parallel platelets of arbitrary shape 
with four point contacts at the circumference, has 
been used to determine the electrical conductivity 
and the Hall coefficient. The results of the electrical 
conductivity measurements between 90 and 800 °K 
for a number of single crystals with compositions 
between 002.000 and 002•06 are shown in Fig. 10. 
The activation energy deduced from the slope of 
the In a- vs. 1/T curves decreases from 0.33 eV to 0.17 
eV with increasing excess oxygen content. The 0/U 
atomic ratio was obtained by dissolving the specimens 
in orthophosphoric acid and determining polaro
graphically the amount of the U 6+ ions. The sensi;.. 
tivity of this method is limited to 0/U = 2.001. 

The differences in conductivity at a given temper
ature for different specimens are associated with 
differences in excess oxygen content. The addition 
of an interstitial oxygen ion in the uo2 lattice results 
in the creation of two holes on neighbouring UH ions. 
Hence, a linear relationship between the conductivity 
and the excess oxygen content is to be expected. 
However, this is only true as long as there is no 
precipitation of ordered 0 40 9 precipitates. It has 
been found that the conductivity of crystals with 
0/0 ratio smaller than 2.001 have values varying 
from 6 x 10-7 to about 2 x 10-3 ohm- 1 cm-1 at room 
temperature. The latter value is obtained for samples 
having an 0/U ratio equal to 2.001. At still higher 
excess oxygen contents (up to 002•06) no further 
change in conductivity occurs. The feature indicates 
that the Upper limit Of the 002+X phase iS 002.001 
at room temperature, confirming the data obtained 
by recent thermodynamic measurements and the 
electron microscope observations. 

Hall effect measurements by de and ac techniques, 
performed between 200 and 950 °K on low and high 
ohmic crystals of 002, have yielded no measurable 
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Figure 3. Bright field electron transmission microscopic 1mage 
of a thin plate of U02 (0/U = 2.007) showing small coherent 
precipitates of U40 9 with a few much larger precipitates of U40 9 

Figure 5. Diffraction pattern corresponding to Fig. 4 
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Figure 4. Bright field image of a large needle shaped U40 9 

precipitate in U02 obtained after thermal treatment (0/U 
2.007). Note the lamellar structure in the needle 

Figure 6. Diffraction pattern showing the presence of U40 9 in a 
U0,_17 crystal. No indication of disorder is observed as in Fig. 5 
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is that no gas mixtures have to be introduced and 
measured. Only one parameter, the furnace temper-: 
ature has to be controlied. Two procedures have 
been used: 

(a) The constant temperature method, 
(b) The constant pressure method. 

The constant temperature method 
If UO and U30 8 are heated simultaneously in 

vacuum ~p to a fixed temperature, U30 8 will. ~e
compose. The oxygen liberated by the deco.mpositiOn 
of UaOs is distributed between the sohd uo2+X 
phase and its equilibrium gas phase. 

One has: 

a uo2 + b UaOs - (a + 3b) uo24 X + c 02 
The oxygen equilibrium pressures for uo2+X as a 
function of temperature and composition are avail
able from literature. From these data the parameter c 
present in the relation can be found·f~r any value of 
x and T for a given volume of the reactiOn vessel. 

The U0 2 single crystals and a calculated amount 
of U 0 are introduced into the same vacuum furnace. 
The 

3

la~ter is first evacuated whilst heating up to 
800 oc, and next warmed up to I 400 °C, the heating 
rate being about 2 °C/min. 

The constant pressure method 
Two zones of different independent temperature 

are created in a vacuum tube. Zone I (containing 
the U02 single crystal) and zone 2 (containing UaOs 
powder) are outgassed respectively at I 000 °C and 
650 oc. The whole system is then isolated from the 
pumps and the temperature of zone I is raised. to 
I 400 oc. If zone 2 is now slowly heated one attams 
at a certain moment an oxygen pressure which is in 
equilibrium with a crystal of given c~mpositi~n 

uo2+X in the other zone. The system IS .kept I~ 
stationary state as long as necessary to obtam eqUI
librium conditions. 

The main advantage of this procedure is that no 
calculation or weighing of the amount of U30s or 
uo2 is necessary. 

The two methods described above proved to be 
suitable for the preparation of crystals of composition 
up to U0 2.25. The difference between the calculated 
and experimental values of x never exceeded 0.03 .. 

The surfaces of the oxidized crystals were exammed 
under the optical microscope. Figures 2a and b show 
typical micrographs of U0 2-U40 9 samples wit~ dif
ferent oxygen contents. The samples were polished 
and strain-etched according to the method of Ambler 
and Slattery [3]. It should be noted that coherent 
precipitates of U40 9 are distributed homogeneously 
in the uo2 matrix. 

STRUCTURAL INVESTIGATIONS BY ELECTRON 
MICROSCOPY [4] 

Electron-transparent foils were prepared by cutting 
as-grown crystals along predeter~ined crys~allo
graphic planes. These platelets were thmned chemically 
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Figure 2. Polished and strain-etched surfaces of U02 single 
crystals as observed by reflection in the optical microscope 

Dark regions: U,09_ •• ; Bright regions: U02p; a: O/U=2.08; 
b: O/U=2.19. 

in orthophosphoric acid at 200 °C or electrolytically 
at room temperature. 

Precipitation of higher oxides in nearly 
stoichiometric uo2 

Crystals with 0/U = 2.004 to 2.007 invariably 
show a dense pattern of coherent precipitates with 
a mean diameter of about 200 to 250A (see Fig. 3). 
Occasionally one finds bigger non-coherent precipi
tates which appear as crosses if the foil plane is 
parallel to ( 100). . . . 

Different arguments can be put forward 1dent1fymg 
these precipitates as being U40 9 : 

(a) From the contrast theory of Ashby and Brown 
[5] one can deduce the sign of the strain field around 
the small precipitates and obtain also the ord~r of 
magnitude of this strain. The results are consistent 
with the assumption of U40 9 precipitates; 

(b) By measuring the diameters and counting the 
number of precipitates in a given volume, one can 
obtain a fair estimate of the 0/U ratio in the precipi
tates from the over-all chemical analysis. Once 
again no contradiction with the hypothesis of a U409 
composition is found. 

(c) The precipitates are absent in well reduced 
crystals, i.e., in stoichiometric U02. . 

Since a crystal with 0/U = 2.001 d1d not show 
these precipitates the solubility limit of excess oxygen 
in U02+X should be close to X= 0.001 at room 
temperature. This agrees well with the measurements 
of the electrical conductivity on uo2 single crystals. 

From the annealing behaviour of the coherent 
particles one can conclude that they are pro?ably 
nucleated at uranium vacancies and quenched m by 
rapid cooling after the growth process of th~ crystals. 

After annealing as-grown crystals With 0/U 
"" 2.007 above 600 °C one no longer finds coherent 
precipitates and big crosses but needles of U40 9 (see 
Fig. 4). These needles develop from the non-coherent 
crosses by preferential growth in a [I 10] direction. 
The axis of a needle is oriented within a few degrees 
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Preparation and physical properties of U02 single crystals* 

By P. Nagels, W. van Lierde, R. Penninckx, J. Devreese, M. Denayer, L. de jonghe, 
R. de Coninck, R. de Batist, H. Blank, R. Gevers and S. Amelinckx** 

During the past ten years, the importance of ura
nium dioxide as a reactor fuel material has increased 
considerably. The physico-chemical properties of this 
compound have hitherto been studied mainly on 
powders or sintered specimens. However, many of 
these properties can be affected by the intergranular 
boundaries. As a consequence of the availibility of 
uo2 single crystals, an extensive study of different 
fundamental physical properties of uo2 single crystals 
of different composition has been undertaken. In 
order to understand the irradiation behaviour of 
uranium dioxide the properties were studied before 
and after reactor irradiation. 

This work includes the preparation of single 
crystals, the variation of composition of the single 
crystals by controlled oxidation, transmission electron 
microscope observation of thin foils and the measure
ment of the thermal conductivity, the electrical 
conductivity, the thermoelectric power and the 
elastic constants. 

The results obtained up to the present are reviewed 
in this communication; the investigations will be 
continued. 

CRYSTAL GROWTH [1] 

The vapour pressure of U02 is appreciable at 
high temperature, at 2 300 °C it is about I mm Hg. 
The single crystals are prepared by sublimation 
of uo2 from the interior of a cylinder of pressed 
and sintered uo2, followed by condensing the uo2 
vapour on a cooled tungsten sheet. The U02 itself 
is used as a container and as a heating element, 
contamination of the deposit is avoided with this 
arrangement. 

The U0 2 cylinder is 5 em long and 2 em thick. 
It is mounted in a vacuum chamber between two 
cooled electrodes. For the detailed structure of these 
see Fig. 1. Since U02 is a poor conductor at room 
temperature, the uo2 cylinder is preheated to a 
temperature of about I 000 oc with a tungsten 
filament. Subsequent heating is obtained by passing 
a current through the cylinder. Preheating of the 
cylinder can be avoided by applying a sufficiently 
high voltage across the cylinder. This procedure 
considerably shortens the preparation time, but neces-

• Work done under contracts CEN-EURATOM No. 063-
61-10/RDB and 010-63-3/TEEB. 

•• Centre d'etude de l'energie nucleaire (CEN), Mol. 
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sitates the purchase of special equipment. Due to 
the radiation losses at the outer surface, a large 
temperature gradient is set up between the inside 
and the outside of the tube wall (inner part 2 200-
2 500 °C, outer part "" I 000 °C). The material 
sublimes from the inside of the tube and is deposited 
on the cooler electrodes, where it builds' up hemispher
ical deposits, consisting usually of at most three 
single crystals. It is thought that grain boundary 
migration is also partly responsible for the formation 
of large grains. High quality single crystals from 
4 to 15 mm diameter and up to 7 g in weight, can be 
grown. Lately larger cylinders have been tried 
(prepared by a modified slip casting technique), 
large crystals were expected and obtained. 

The excess oxygen content of the U02 material 
of the cylinder has a strong influence on the properties 
of the deposits and on the sublimation-condensation 
process itself. Nearly stoichiometric cylinders, ob
tained by sintering in dry hydrogen (0/U "" 2.003), 
yield the best crystals. The partial pressure of oxygen 
built up by dissociation of the U0 2 tx allows the 
deposition of uo2 without precipitation of free 
uranium. The single crystals obtained in this way 
are nearly stoichiometric. 

CONTROLLED OXIDATION OF U02 TO U02+x [2] 

In order to study the influence of the excess oxygen 
content on the different physical properties, it was 
necessary to use a simple and reliable method of 
preparing single crystals with compositions between 
U02.oo and U02. 25• This was achieved by the con
trolled oxidation of uo2 single crystals in an oxygen 
atmosphere generated by the thermal dissociation 
of U30 8• An important advantage of the procedure 

ELECTRODE AND uo2 CYLINDER ARRANGEMENT 

Figure 1. Scheme representing the U02 single crystal growth 
apparatus 
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.lJ.aHHhlll J!;OKJiai-( IIOCB.flll~CH H3fOTOBJICHHIO TOII
.JIJIBHhiX c6opoK na 19 cTepameii, aaqnaaa c Kepa
MnqecKoro noponma p;ByoKHCH ypaaa. .il.BYOKHCb 
ypaaa roTOBHTCH B paamiqHhiX ycJIOBHHX c nc
IIOJib3oBaaneM raaoo6paaaoro HJIH :mnp;Koro aMMH
aKa HJIH p;pyrnx peareHTOB p;JIJI oca:mp;eHnJI n ny
TeM H3MCHCHHJI YCJIOBHH OKHCJICHHH H BOCCTaHOB
."lCIUIH. 11ayqaJicJI Bhi6op ycJIOBHii p;JIH cHnmeHHJI 
~o MHHHMyMa nnpo<flopaoii TeHp;eHu;nn nopouma n 
;J;OCTHii\OHHH ii\OJiaeMOfO OTHOIIICHHH KOJIHqeCTB 
lillCJIOpop;a II ypaHa. fipOBOJJ;HJIOCh HCCJIOJJ;OBaHHC 
B.lB:IHHHH <flnanqeCKHX CBOHCTB IIOpOIIIKa, TaKHX, 
KaK pa3Mep qaCTI:IIJ;, yp;eJihHaH IIOBOpXHOCTb, 
o6'heMHhiii Bee n o6'heM yTpHCKH, Ha KoHeqHyiO 
nJIOTHOCTh KepaMnqecKoro nopornKa. 

B p;oKJiap;e paccMaTpnBaiOTCJI paaJinqHhie cTa
;~nn Jl3fOTOBJieHnH Ta6JieTOK na p;ByoKncn ypaaa, 
TaKne, KaK rpaHyJIHpOBaHne, CMCIIIHBaHHO, YITJIOT
IlCHHe, p;enapa<fluananpoBaHne n cneKaane. 11ay
•raJinCh BJIHHHUe MaTpuqaoro KOHyca B KOHCTpyi\
IJ;liH MaTpHIJ;hi, ycJioBnH npeccoBaHHJI, EJIHJIHHO 
pa3JillqHbiX aTMoc<fJep (BaKyyM, JJ;BYOKHCb yr.ilepo
~a, aaoT) Bo speMH npou;ecca p;enapa<flniinanpoBa
nnH. CooTBeTCTBeiiHo BaphnpoBaJIHCb ycJioBnH 
CUeKaiiHH B IJ;CJIHX J!;OCTHii\CHJIH BhiCOKOll UJIOTIIO
CTH KepaMUKJI npn B03MOii\HO 6oJiee HH3KOH TeM
JiepaType cneKaHUH. 

CneqeHHhie Ta6JieTKH pacu;eaTpoBI.IBaiOTCH, a nx 
IIOBOpXHOCTb illJIJI<fJyeTCJI p;o c6opKn; 3TH CTa~Hll 
TaK:me KpaTKO o6cy:mp;aiOTCH B JJ;OI\Jiap;e . .lJ.aeTCJJ 
onnca11ne yKJiap;Kn o6pa6oTaHHhiX Ta6JieTOl\ na 
;IBYOKHCli ypaHa B Tpy6Kn H3 CIIJiaBa aJIIOMHHnii: 
l S ( BHyTpeaanii p;naMeTp 14,4 .M.M, TOJiliJ;HHa 
cTeHKn 0, 7 MM n p;JIHHa 2429 .M.M), repMeTnaau;nu 
KOHIJ;OB Tpy6oK IIOCpep;CTBOM p;yrOBOH CBapKH UJia
BJICHHOM B ilTMOC<flepe aproHa U MOHTllpOBaHUO 
Tpy6oK B 19-CTOp:lKHCBbiC TOIIJIHBHbiO c6opKH. 
iloJIHaJI TOITJIHBHaJI aarpyaKa, npep;aaaaaqeaaaJI 
~JIH npoBep;eHHH HCllhiTilHJIH Ha peaKTOpe 
ZERLINA, 6yp;eT roToBa K cepep;nae 1964 rop;a. 

A/751 India 

Fabricaci6n de elementos combustibles de 
6xido de uranio en Trombay 

por S. Fareeduddin et at. 

El oxido de uranio se utiliza en escala creciente 
como combustible, especialmente en los reactores 

S. FAREEDUDDIN et at. 

de potencia, debido a sus excelentes propiedades 
entre las que destacan Ia resistencia a Ia corrosion 
y Ia estabilidad bajo irradiacion, que se traducen 
en un alto grado de combustion. Para obtener una 
potencia especifica elevada, se ha adoptado para el 
prototipo de reactor de potencia NUHMOC un 
conjunto combustible formado por 19 barras. Los 
actuates elementos combustibles se fabricaron para 
estudiar los panimetros fisicos en el reactor 
ZERLINA, de potencia nula. 

En Ia presente memoria se describe Ia fabricacion 
del conjunto de 19 barras a partir de Ia obtencion 
de polvo cenimico de oxido de uranio. El oxido de 
uranio se preparo en distintas condiciones, utili
zando amoniaco gaseoso o liquido para Ia precipita
cion y variando las condiciones de calcinacion y 
reduccion. Se estudio Ia forma de preparar el polvo 
para reducir al minimo su canicter piroforico y 
lograr una relacion conveniente de oxigeno a uranio 
y se investigo tambien el efecto que sobre Ia densidad 
de sinterizacion definitiva ejercen las caracteristicas 
fisicas del polvo, como el tamai'io de las particulas, 
Ia superficie especifica y las densidades del material 
suelto y sometido a vibracion. 

Los autores describen las diversas fases de fabrica· 
cion de las pastillas de oxido de uranio, tales como 
Ia granulacion, mezcla, compactaci6n, eliminacion 
de Ia cera y Ia sinterizacion. Asimismo estudian el 
efecto de Ia conicidad del molde sobre Ia construccion 
del mismo, las condiciones de prensado y el efecto 
de distintos medios, tales como el vacio, el anhidrido 
carbonico y el nitrogeno durante Ia eliminacion de 
Ia cera. Amllogamente, describen como han ido modi
ficando las condiciones de sinterizacion a fin de 
alcanzar elevadas densidades a Ia temperatura mas 
baja posible. 

Despues de discutir brevemente el rectificado 
superficial y sin puntos de las pastillas sinterizadas 
antes del montaje, se describe Ia forma de introducir 
las pastillas de 6xido de uranio maquinadas en tubos 
de aluminio-lS (de 14,4 mm de diametro interno, 
0, 7 mm de espesor de pared y 2 429 mm de largo), 
Ia forma de cerrar los extremos por soldadura al 
arco en atmosfera de argon y Ia forma de montar 
los haces de 19 barras. A mediados de 1964 estani 
terminada una carga completa de combustible que se 
ensayara en el reactor ZERLINA. 
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for integrity of the second weld by X-radiography. 
The pencil was then subjected to a glycol test. After 
approval, 19 such pencils were assembled in parallel, 
by positioning between two machined end plates 
of 2S aluminium and by screwing tight with stainless 
steel screws. Three spacers of perspex were provided 
at equal intervals in order to maintain proper inter
spacing between the pencils. This completed the 
assembly of the 19 rod cluster. 

SUMMARY 

In connection with lattice parameter experiments 
in the zero-energy reactor and keeping in view the 
future requirements, production and fabrication of 
uranium oxide fuel bodies have been investigated on 
a semi-industrial scale. Active uranium oxide powder 
that sinters consistently to 94% theoretical density 
and above has been produced with the use of aqueous 
ammonia within a fairly wide range of production 
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conditions, i.e., precipitation, calcination and re
duction. Some of the variables, though affecting 
powder properties to some extent, are not found to 
influence the final sintered density markedly, perhaps 
because of the introduction of further operations. 
Comparatively, the powders pertaining to runs 56 
and 58 were found to be superior and from them 
two tonnes of sintered pellets were made with a 
density exceeding 94% theoretical which were as
sembled in 19 rod cluster elements for ZERLINA. 
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A/751 lnde 

Fabrication d'elements combustibles d'oxyde 
d'uranium a Trombay 

par S. Fareeduddin et at. 

L'oxyde d'uranium s'emploie de plus en plus 
comme combustible, surtout dans les centrales 
nucleaires, a cause de ses proprietes favorables, et 
plus particulierement a cause de sa resistance a Ia 
corrosion et de sa stabilite sous irradiation permet
tant un taux de combustion eleve. 

En raison de Ia puissance specifique elevee qu'on 
envisage, un type de grappe de 19 barres d'elements 
combustibles a ete prefere pour le prototype envisage 
de reacteur de puissance NUHMOC. Les elements 
combustibles dont il est question ont ete fabriques en 
vue de !'etude de parametres physiques dans le reac
teur de puissance zero ZERLINA. 

Le memoire decrit Ia fabrication des grappes de 
combustible de 19 barres a partir de Ia production 
de poudre d'oxyde d'uranium de qualite ceramique. 
L'oxyde d'uranium a ete prepare dans differentes con
ditions, en utilisant !'ammoniac gazeux ou liquide 
pour Ia precipitation, et en faisant varier les conditions 
de calcination et de reduction. On a etudie le ·condi
tionnement de Ia poudre pour reduire au minimum 
sa tendance pyrophorique et pour obtenir le rapport 
0/U desire. On a etudie egalement l'effet sur les 
densites frittees finales des caracteristiques physiques de 
Ia poudre, telles que Ia grandeur des particules, Ia sur
face specifique, les densites avant et apres le tassement. 

Les differentes etapes, telles que la granulation, le 
melange, le briquetage, le decirage et le frittage, qui 
en trent en jeu dans la fabrication des pastilles d'oxyde 
d'uranium, ont ete examinees. L'effet de la conicite 
des matrices, des conditions de compression, l'effet 
de milieux differents tels que le vide, ou une atmo-

sphere d'anhydride carbonique ou d'azote pendant le 
decirage ont ete etudies. De meme on a fait varier les 
conditions de frittage pour atteindre de hautes densites 
de frittage a une temperature aussi basse que possible. 

Les pastilles frittees sont sans centre et polies a Ia 
surface avant le montage. Ces aspects sont brievement 
decrits. Le chargement des pastilles d'oxyde d'ura
nium usinees dans des tubes d'aluminium-IS (14,4 mm 
de diametre, 0,7 mm d'epaisseur de paroi et 2 429 mm 
de longueur), Ia fermeture de l'extremite par soudure 
a !'arc a !'argon et leur assemblage en grappes de 
19 barres sont egalement decrits. Une charge com
plete de combustible pour des essais sur ZERLINA 
doit etre prete vers le milieu de 1964. 

A/751 i-1HAI1R 

~3rOTOBneHHe TennOBbiAenRIOW.HX 3ne
MeHTOB H3 ABYOKHCH ypaHa B TpoM-
6ee 

C. cPapeeAYAAHH et al. 

B HUCTOHU~ee BJJeMH B Ka'ICCTBC Hp,epnoro TOil

:mna, oco6eHHO B :mepreTJPieci<nx peaKTopax, Bee 

wnpc n mupe HCTIOJibayeTCH ABYOKHCb ypaua 

oJiaro;(apH ee npeBocxop,HbiM CBOHCTBaM, rJiaBHbr-

1Hl Jia HOTOpbiX HBJIHIOTCH KOpp03HOHHaH CTOii-

1\0CTb u CTa6HJibHOCTh B ycJIOBHHX o6JiyqeuHH, 'ITo 

rwanoJIHeT p,o6nBaThCH BhrcoKoro BhrropaHHH. B 
t~eJIHX p,ocTHJK(lHHH BbiCoKoit yp,eJihHO:i-"1 Mo~HOCTU 
;(JIH npep,noJiarae~wro npoToTunuoro aHepreTH'Ie

crwro peaKTopa NUHMOC 6biJI Bhr6pau TeiiJIOBhi

;wJIHIOH(n:ii ;JJICMCHT TJITia c6opKH Jl3 19 TOIIJIIIB

HbiX cTepmneii. HaroTOBJIHCMhJe B uacTOH~ee Bpe

MH TCUJIOBblP,CJJHIOIQIIC 3.JICMCHThl npep,Ha3Ha'ICHhi 

:\JI.II uaytJeHnH <!JnawiecKHX napaMeTpoB B peaKTope 

ZERLINA HyJieBoii: MO~HOCTH. 
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Figure 3. Electronmicrographs of U02 powder 

a: Lot 56, X 4 030; b: Lot 58, X 12 480. 

DEFECTS IN SINTERED U02 PELLETS 

Pf751 

During the production of uranium dioxide pellets, 
cracks and defects can occur at any or all of the 
pressing, sintering and grinding operations. The causes 
of breakages at the pressing stage can be entrapped 
air, poor pressure distribution, poor lubrication 
and/or improper containment of the pellet during 
ejection. The first two depend principally on powder 
characteristics such as the nature of the powder 
particles, their size distribution, etc., though they 
can be mitigated by a slow build-up of pressure 
preferably from both ends. The friction between 
the powder matrix and the die surface is reduced 
by external lubrication of the die wall, while proper 
containment of the pellet during ejection is provided 
by incorporating a suitable taper in the die to allow 
for the expansion of the pellet. Retention of slight 
co-axial pressure on the pellet during ejection is 
found to be of great help in preventing transverse 
laminations. It can be provided by retaining the top 
plunger on the pellet without any load, as the pellet 
is ejected upwards. This was satisfactorily accom
plished during manual operation of the hydraulic 
press but during automatic operation, this did not 
work with equal efficiency, consequently the per
centage breakage during automatic operation of 
the press was higher. 

During sintering the breakages or deformation 
of the pellets can be due to a variety of reasons: 

(a) Rapid generation of gaseous products inside 
the pellets such as hydrocarbons from the residual 
carbon or steam from the excess oxygen; 

(b) Non-uniform density distribution in green 
pellets causing either hour-glassing, or swelling with 
a low density core; 

(c) Impurity inclusions; 
(d) Thermal shock due to faster rates of heating etc. 
The deformations that can occur during grinding 

operations are mainly end-chipping and breakage 
caused either by vibration or mechanical impact. 
It has also been noticed that those defects which 
were due to improper compacting, and that escaped 
notice during the sintering operation, were revealed 
on centreless grinding. Peeling off of top ends and 
surface cracks were traced to pressing being done 
in a worn-out die. 

S. FAREEDUDDIN et a/. 
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Figure 4. Photomicrographs of sintered U02, density 10.84 g/cm3 

a: Unetched, x 154; b: Etched in cone. HN03, x 432. 

MACHINING AND ASSEMBLY OF THE 
COMPONENTS 

The exact dimensional requirements on the sintered 
pellets were met by grinding the surface and the two 
flat ends on centreless grinding and end-grinding 
machines respectively. The centreless grinding machine 
was of conventional type, fitted with a silicon carbide 
grinding wheel (80 grit). The grinding wheel was 
rotated with a surface speed of 28 to 30 m/s while the 
regulating wheel speed was one-seventh to one
eighth that of the grinding wheel. The work travelled 
at a rate of 40 mm/s approximately and the maximum 
material removed per pass was 0.20 mm on diameter. 
An adequate supply of coolant was maintained while 
grinding. A surface finish of 15-20 micro inches was 
obtained with a tolerance of 0.02 mm on diameter. 
Because of the brittle nature of the material, the 
grinding wheel was dressed suitably at the entrance 
and exit ends to eliminate end chipping while feeding 
through. 

Since the pellets were stacked one over the other in 
the fuel tube during assembly, strict orthogonality 
was specified which was achieved on a double disc 
grinding machine. The two silicon carbide wheels, 
rotating on horizontal axis, were independently 
controlled and as they approached each other, face 
to face, grinding of the ends of the pellets was effected. 
About 50 to 70 pellets were loaded at a time and 
ground by an oscillating feed. 

The finished ground pellets were cleaned in an 
ultrasonic cleaner. This was followed by drying and 
inspection. 

The fuel-tubes, made of 1 S aluminium, were first 
sized to accurate dimensions 'of 14.4 mm id with 
0. 7 mm wall thickness, on a draw-bench. They were 
then checked for straightness and cut accurately 
to a length of 2 429 mm. After degreasing in tri
chloroethylene, one end of the tube was closed by 
inserting and welding an end plug in an electron 
beam welding unit. The integrity of the weld was 
checked by X-radiography. Sintered oxide pellets 
were then slipped· inside the tube, one after another, 
to a total stacked height of 2.409 mm. The second 
end plug was then inserted at the open end and sealed 
by welding with an argon arc. The loaded and sealed 
fuel tubes, called "pencils", were once again checked 
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Table 1. Summary of results of sintering of U02 

Cone. of Temp. of Cone. of Rate of addn. Temp. of Temp. of Density of powder 
g/cm' 

Density of pellet 
gfcm' Parameter 

Investigated 
Lot No. U ppt" of NH40H ofNH40H Calcination Reduction 

Pour Packing Green Sintered& gfl ADU °C N cm'/mm °C °C 

Temperature of 
precipitation 

Concentration 
of uranium 

Normality of 
NH,OH 

Rate of addition 
ofNH,OH 

Stabilisation 
atmosphere 

Temperature of 
calcination 

Temperature of 
reduction 

Gaseous NH 3 

41 
42 
43 
30 
40 

39 
47 
46 
52 
48 
56 

66 
54 
50 
64 
65 
63 

57 
58 
54 
68 
69 
70" 

70" 
70& 
70• 
70d 

74• 
58 
74b 
74• 

73• 
73& 
73. 
73d 
73• 

76 

50 
50 
50 
50 
50 

50 
60 
80 
95 

I10 
Ito 
50 
50 
50 
50 
50 
50 

50 
50 
50 
50 
50 
50 

50 
50 
50 
50 

50 
50 
50 
50 

50 
50 
50 
50 
50 

50 

30 
40 
50 
60 
75 

60 
60 
60 
60 
60 
60 

60 
60 
60 
60 
60 
60 

60 
60 
60 
60 
60 
60 

60 
60 
60 
60 

60 
60 
60 
60 

60 
60 
60 
60 
60 

50 

10 300 
10 300 
10 300 
10 300 
10 300 

10 300 
10 300 
IO 300 
10 300 
10 300 
10 300 

9 300 
10 300 
II 300 
12 300 
13 300 

13.5 300 

10 150 
10 200 
10 300 
10 600 
10 900 
10 1 200 

10 I 200 
10 1 200 
10 I 200 
10 I 200 

10 200 
10 200 
IO 200 
10 200 

10 200 
10 200 
10 200 
10 200 
10 200 

3:40 

600 
600 
600 
600 
600 

600 
600 
600 
600 
600 
800 

600 
600 
600 
600 
600 
600 

600 
600 
600 
600 
600 
600 

600 
600 
600 
600 

500 
600 
700 
800 

600 
600 
600 
600 
600 

400 

600 
600 
600 
600 
600 

600 
600 
600 
600 
600 
600 

600 
600 
600 
600 
600 
600 

600 
600 
600 
600 
600 
600 

600 
600 
600 
600 

600 
600 
600 
600 

750 
700 
650 
600 
550 

600 

1.80 
1.80 
1.50 
l.l6 
0.80 

l.l6 
1.00 
l.IO 
l.l9 
1.25 
1.48 

1.43 
1.07 
1.09 
1.47 
1.43 
1.39 

1.49 
1.49 
1.07 
1.31 
1.29 
1.32 

1.32 
1.20 
1.09 
1.27 

1.66 
1.49 
2.15 
2.25 

1.56 
1.45 
1.58 
1.54 
1.50 

2.38 

2.80 
2.80 
2.50 
1.82 
1.32 

1.82 
1.52 
1.70 
1.68 
2.00 
2.60 

2.00 
1.69 
1.75 
2.00 
1.92 
1.85 

2.27 
2.32 
1.69 
2.25 
2.21 
2.56 

2.56 
2.41 
1.97 
2.I7 

2.44 
2.32 
3.28 
3.58 

2.41 
2.50 
2.27 
2.27 
2.27 

3.20 

5.20 
5.30 
5.10 
5.50 
5.20 

5.50 
5.00 
5.00 
5.50 
5.00 
6.40 

5.30 
5.20 
5.20 
5.50 
5.40 
5.48 

5.45 
5.30 
5.20 
5.20 
5.20 
5.45 
5.45 
5.56 
5.48 
5.51 

5.30 
5.30 
5.90 
6.60 

5.50 
5.50 
5.40 
4.50 
5.40 

5.70 

10.10 
9.90 

10.00 
10.00 
I0.10 

10.00 
9.80 

10.00 
I0.25 
10.40 
10.65 

10.30 
10.25 
9.90 

10.50 
10.25 
10.25 

10.40 
10.40 
10.25 
10.25 
10.40 
10.40 

10.40& 
10.40• 
I0.30d 
10.30• 

10.30 
I0.40 
10.20 
10.00 

10.25 
I0.30 
10.25 
10.25 
10.35 

10.201 

• Densities are by dimensional measurements. Lot Nos. 30-43, 46, 47, 50 compacted with binder and lubricant. Lot Nos. 48 and 52 onwards 
compacted without binder but with die-wall lubrication only. b CCI,. • CO,. d CO,+ air. • Partial air oxidation. I Gas-air mixture. 

without any change in their sintering behaviour. 
However, the chloride remained adsorbed on the 
powder surface and was found to cause severe 
corrosion of the mild steel chamber of the sintering 
furnace. In the earlier stages, when mixing of binder 
and lubricant with the powder was being adopted, 
the solvent was changed from carbon tetrachloride 
to alcohol to reduce the chloride content. But this 
only reduced the amount of adsorbed chlorides, 
and the subsequent dewaxing, even up to 700 °C, did 
not eliminate all the chlorides from the charge, 
about 3 000 ppm of chlorides were found to remain 
perhaps as oxychlorides. The corrosion by the chloride 
vapours was noticed even on the stainless steel 
chamber. 

{j) As can be seen from the results presented in the 
Table I, for trials carried out without the use of 
binder, the final density of the uo2 pellets is not less 
than 10.25 gm/cm3 regardless of the conditions of 
ADU precipitation. It seems that differences between 

precipitates disappeared to a large extent during 
subsequent processing. The temperature of calcination 
of ADU appeared to have a greater bearing than any 
other . production variable. Further considerable 
changes in the powder properties might be introduced 
during the granulation and pressing stages which 
are not related to the powder preparation conditions. 

As regards the physical properties of the sintered 
pellets, density measurements (by dimensions and 
by a water displacement method), evaluation of 
closed and open porosities and microstructural 
determinations were made. The density obtained by 
water displacement was higher than that obtained 
by geometric dimensions by 0.1-0.15 gm/cm3

• A sharp 
decrease in the open porosity was observed at about 
92% theoretical density. This decreased to almost 
zero at densities of about 94% theoretical and above. 
A few typical photographs of the powder (electron
micrographs) and the micro-structure of the sintered 
pellets are presented in Figs. 3 and 4. 
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on ejection from the die by 0.2 to 0.3 mm in dia
meter. In general, the compacts made from powders 
of lower packing densities expanded more. Also the 
compacts of the same powder when prepared after 
mixing of binder and lubricant expanded more than 
those compacted without any binder. To allow for 
this expansion, it is essential to provide a taper of 
equal magnitude at the ejection end of the die. A much 
smaller or much bigger taper caused circumferential 
cracking of the pellets. 

The dies and the plungers employed for compaction 
were made of hardened steel with hardness of about 
Rc 60. The die wear was rather fast because of the 
abrasive nature of the powder and the die life was 
only to 3 000 to 5 000 compacts. After this, the region 
where compaction occurred was enlarged by about 
0.1 to 0.2 mm in diameter and good pellets could 
not be produced. In order to increase the die life 
the use of tungsten carbide is proposed. 

DEWAXING AND SINTERING 
The binder added to the powder for compacting 

was removed in the dewaxing operation. This was 
carried out at a temperature of 600 °C for three hours 
in a nichrome heated furnace and the influence of 
different atmospheres such as vacuum, hydrogen, 
carbon dioxide and nitrogen was studied. It was 
observed that in a hydrogen atmosphere, the dewaxed 
pellets got hot on exposure to air resulting in the 
formation of fine cracks. This was probably due 
to the high surface activity of the uranium oxide 
that became stoichiometric during the dewaxing 
operation and tended to oxidise on exposure to air. 

A nitrogen atmosphere was not found to be very 
satisfactory. But either a vacuum or a carbon dioxide 
atmosphere gave satisfactory dewaxing. The charge 
was heated under vacuum at a rate of 60 °C/h to a 
temperature of 600 °C which was maintained for 
3 hours. Since the cooling of the furnace took sub
stantially longer periods under vacuum, it was done 
under an atmosphere of flowing carbon dioxide. 

The dewaxed pellets and later the green pellets 
prepared without addition of any binder, were then 
sintered in hydrogen, in 80 kW batch-type molyb
denum resistance furnaces. To achieve a high sintered 
density, trials were made of sintering at temperatures 
between I 500 to I 800 °C with a soaking time varying 
from I to 8 hours. A sintering cycle consisting of 
heating at a rate of IOO °C/h to I 700 °C, soaking 
for 3 hours, and cooling to room temperature in 
about 15 hours was finally selected. A full furnace 
load consisted of 40-45 kg of U02 pellets arranged 
on molybdenum trays stacked one over other. 

RESULTS AND DISCUSSION 
The results of the investigations made are sum

marised in Table I. The following observations are 
made: 

(a) The use of gaseous ammonia as the precipitant 
produced uo2 powder of a higher packing density. 
yet the sintered densities were lower perhaps due 
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to the spherical shape of the powder particles. Aqueous 
ammonia produced aggregates of much smaller 
particles, which sintered to higher densities. For all 
trial and production runs, therefore, aqueous am
monia was employed. 

(b) The concentration of the aqueous ammonia did 
not appear to have any effect on the powder charac
teristics. 

(c) Different rates of addition of the precipitant 
also did not appear to have any significant influence 
on the final density although the settling rates of the 
ADU slurry were found to decrease markedly with 
faster rates of addition. 

(d) Increasing the concentration of uranium in the 
uranyl nitrate solution at the precipitation stage 
increased the pour and packed densities of the uo2 
powder, the effect being more pronounced at con
centrations above I 00 gm U /litre. 

(e) Increasing the temperature of precipitation 
decreased the packing density of uo2 powder, the 
material becoming more fluffy at higher temperatures. 

(f) The calcination temperature of ADU for con
version to U03 or U30 8 did appear to have a pro
nounced effect on the final powder produced. In 
general, increasing the temperature of calcination 
increased the pour and packing densities of the 
powder, but this was not so with the sintered density. 
For every set of runs there appeared to be an optimum 
calcination temperature that gave rise to a maximum 
sintered density. 

(g) Temperature of reduction of U03 to U0 2 

up to 750 °C, seemed to influence only the physical 
properties of the powder but not the final sintered 
density. Powders produced by reduction at lower 
temperatures exhibited pyrophoricity while those 
reduced at higher temperatures tended to be more 
stable. 

(h) Attempts at activation of the powders by 
oxidation reduction cycles in order to enhance 
sinterability, did not yield any significant change, 
as the powders produced were already of the active 
grade. This was inferred from our densities of less 
than 2 gmjcm3, BET surface areas of more than 
2 m2/g, average particle sizes of less than 5 microns 
and sintered densities of more than I 0 gmjcm3 for 
almost all the batches of powder produced with 
aqueous ammonia. 

(i) The method of stabilization affected the handling 
behaviour of the powder, though not the final sintered 
density. Stabilization by controlled oxidation yielded 
a powder that slowly oxidized with time and changed 
colour from brown to black during storage thus 
necessitating immediate compacting and sintering 
after production or storage under an inert atmo
sphere. The stabilization with a mixture of C02 and 
air gave a product which was stable and could be 
stored for a long time without any danger of re-:
oxidation. The use of carbon tetrachloride as stabilizer 
in quantities up to 1% was favoured since it was 
found to stabilize even highly pyrophoric oxides, 
which could then be stored for an indefinite time 
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With a view to ascertaining the conditions- for pro
duction of uo2 conforming to the above require
ments, . an extensive study was made on a pilot J1lant 
scale. 

The physical characteristics of ADU precipitated 
from uranyl nitrate solution are mostly governed 
by the precipitation conditions such as the concentra
tion of the uranyl nitrate, the type or the form of 
precipitant and its concentration and rate of addition, 
temperature of the reaction and the type of stirring. 
Therefore, in order to establish the optimum con
ditions of preparation of ADU and its subsequent 
conversion to U0 2, the following variables were 
investigated: 

(a) Temperature of precipitation: 30 to 80 °C; 
(b) Concentration of uranium (in uranyl nitrate 

solution): 50 to II 0 g/1; 
(c) Concentration of ammonium hydroxide: 9 to 

l3.5N; 
(d) Rate of addition of NH40H: 150 to I 200cm3/ 

min; 
(e) Temperature of calcination of ADU: 500 to 

800 °C; 
(f) Temperature of reduction of U03 : 550to 750°C. 
The precipitation was carried out in a jacketed 

vessel, having a facility for heating or cooling, with 
the capacity to treat I 000 litres of solution per 
batch. The precipitation could be carried out either 
by adding aqueous ammonia at a predetermined 
rate or by bubbling gaseous ammonia suitably diluted 
with compressed air. The temperature was maintained 
at the desired level and the slurry was agitated by 
a propeller type stirrer. The precipitant was added 
until a pH of 8 was reached, and the slurry was 
filtered on a Nutsche filter. The cake was dried 
on the filter and then loaded in stainless steel tnys 
for calcination in a chamber furnace. The calcimtion 
was done at the required temperature for five hours 
after which the trays were taken out for cooling. 
The calcmed oxide was then passed through a rotary 
tubular furnace where the material was reduced 
by a current of hydrogen-nitrogen mixture, obtained 
by cracking ammonia. The reduced oxide was highly 
pyrophoric, and was, therefore, kept under an atmo
sphere of hydrogen and nitrogen until it cooled to 
room temperature. The oxide was then stabilised 
to facilitate its handling, during the subsequent 
fabricating steps, by one of the following methods: 

(a) Partial reoxidation under controlled conditions; 
(b) Treatment with a mixture of carbon dioxide 

and air in different proportions; 
(c) Treatment with carbon tetrachloride. 
With a view to obtaining activated oxide powder, 

different oxidation-reduction cycles were also at
tempted. 

PELLET FABRICATION 
The uranium dioxide powder was formed into 

pellets by cold pressing and sintering. It is customary 
to add binders and lubricants to the refractory 
powder prior to compaction in order to increase the 
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green strength and to reduce die wear. Successful 
compaction of green pellets depends primarily on 
properties that are inherent to the powder such as 
type and nature of the particles (i.e., spherical or 
fibrous, fluffy or dense, particle size distribution, 
surface area, etc.). However, external factors such as 
binders and lubricants, die design and the compacting 
pressure also contribute significantly. After initial 
trials with several binders and lubricants such as 
polyvinylacetate, methyl cellulose, stearic acid, cam
phor, dextrin and paraffin wax, either singly or in 
different combinations, the following combination 
was selected: 

Camphor: 2% in solution with CC14 or alcohol; 
Stearic acid: 0.5% in solution with CC14 or alcohol. 
However, as the powders prepared under different 

conditions did not compact in identical fashions, 
variations in the quantities of binder and lubricant 
were necessary. In order to eliminate the use of bin
ders and lubricants, attempts were made to produce 
compacts with the use of die wall lubrication alone. 
This proved successful and resulted in elimination 
of the mixing and dewaxing steps. This reduced 
handling breakages and shattering during sintering 
caused by incomplete removal of binder on dewaxing. 
Also the sintered densities were increased repro
ducibly. Consequently, powders of lot No. 48 and 
from lot No. 52 onwards were compacted without 
the addition of any binder or lubricant, using only 
lubrication of the die cavity for which a suitable 
automatic device was incorporated. 

Another problem was the wide variation in the 
pour and packing densities of the powders from 
different experimental runs which resulted in the 
height of the pellets varying considerably for the 
same die-fill. To obviate this as well as to give re
latively a free-flowing powder, granulation was 
attempted. The powder was first compacted at a 
pressure of about 1 tonfcm2 in larger dies and the 
resultant compacts were broken down to minus 
28 mesh in an oscillating granulator. This process 
had the additional advantage of partially de-aerating 
or removing the entrapped air from the powder, which 
was one of the main causes of shattering of green 
compacts on ejection. Thus, compactibility was also 
improved and pellets with good integrity and desirable 
height were pressed from the granulated powder 
with appreciably lower rejection rates. The final 
pressing was carried out on an automatic hydraulic 
press using a floating die assembly. A compacting 
pressure of about 4 t/cm2 was used which yielded 
on average a density of 5-5.5 g/cm3 for the green 
pellets. Application of higher pressures did not 
increase the sintered density appreciably while .it 
caused cup-and-cone-like lamination in pellets of 
certain powders. 

The green pellets prepared were right cylinders 
with a height to diameter' ratio roughly equal to 
unity, the diameter being about 18 mm which reduced 
to 15 mm on sintering. The compacts prepared from 
different experimental lots of powders expanded 
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Fi1ure 2. Uranium oxide fuel bundle assembly 
1: Top plate; 2: Bottom plate; 3: Top plug; 4: Bottom plug; 5: Top screw; 6: Bottom screw; 
U01 pellet; 8: Adaptor; 9: Teflon washer; 10: Spacer plate; 11: Washer; 12: Aluminium tube. 

Dimensions are in mm 
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Fabrication of uranium oxide fuel elements at Trombay 

By S. Fareeduddin, R. K. Garg, U. C. Gupta, S. K. Kantan, R. Rajendran, N. K. Rao, 
K. K. Sinha, G. V. S. R. K. Somayajulu and K. Subramanian* 

Uranium oxide is being increasingly used as fuel 
in power reactors on account of its superior properties, 
chiefly due to its stability under irradiation that leads 
to higher burn-up, its high melting point and resistance 
to aqueous corrosion at elevated temperatures. The 
power reactor at Rana Pratap Sagar (in Rajasthan) 
and the proposed reactor at Kalpakkam (in Madras) 
are to employ natural uranium oxide as the fuel 
with Zircaloy as the sheathing material. A prototype 
power reactor NUHMOC (natural uranium oxide 
heavy water moderated organic cooled) has also 
been proposed from considerations of high specific 
power for which a 19-rod cluster-type fuel element 
is favoured. In order to establish operating conditions 
for manufacture of uo2 fuel and for studying the 
physics parameters in the zero-energy reactor 
ZERLINA (zero energy reactor for lattice investiga
tion and new assemblies), production of 19-rod 
cluster type elements with aluminium as a cladding 
material was undertaken. Two tonnes of U02 fuel 
elements were fabricated and the observations made 
during its fabrication are presented. 

• Atomic Energy Establishment, Trombay. 

Concentrates of 
uranium Nitric acid 

t 
Dissolution 

Filtr~tion 
Aging uo2 powder 

The scheme of production of the uranium oxide 
fuel element bundle is presented in Fig. 1 while the 
assembly is shown in Fig. 2. The uranium oxide 
powder was prepared by the ammonium diuranate 
(ADU) route consisting of precipitation, calcination 
and reduction steps. The powder was cold pressed, 
sintered and ground to finished pellets which were 
subsequently loaded into 1 S-aluminium tubes 
(14.4 mm id, 0.7 mm wall thickness and 2 429 mm 
length) and the two ends closed by welding the 
end-caps. The first end-cap was welded by electron 
beam-welding while the second end, after filling the 
pellets, was sealed by argon-arc fusion welding. 
Nineteen such pencils were assembled between two 
end plates of 2S aluminium to form the fuel bundle. 
Intermediate spacers of perspex were employed to 
maintain the inter-spacing between the pencils. 
Each fuel bundle contains 74.0 kg of U02 pellets. 

PRODUCTION OF U02 POWDER 
The essential quality requirements of U02 specified 

for the stated fuel application, are: (a) adequate 
stability in air for handling; (b) amenability to cold 
pressing; and (c) sinterability to high densities. 
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Figure 1. Scheme offabrication for uranium oxide fuel element 
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ABSTRACT -RESUME-AHHOTAL..tiiiJI-RESUMEN 

A/700 Y ougoslavie 

Combustible ceramique obtenu a partir de Ia 
poudre de uo2 de qualite metallurgique 

par D. S. Jovanovic et at. 

On a etudie Ia possibilite d'utiliser de Ia poudre de 
uo2 de qualite metallurgique pour obtenir uo2 fritte 
de haute densite. Une des caracteristiques de Ia 
poudre de U02 est Ia taille moyenne des particules, 
qui a ete determinee par analyse de sedimentation. 
En accord avec les travaux anterieurs, theoriques et 
experimentaux, on montre que le diametre moyen 
pondere de Ia poudre de U02 est une fonction lineaire 
de Ia concentration dans Ia suspension, permettant 
!'extrapolation a Ia valeur zero, ce qui definit le para
metre caracterisant Ia poudre. 

La poudre d'oxyde d'uranium de qualite metal
lurgique a ete frittee a 1 300 °C pendant deux heures 
dans une atmosphere de gaz carbonique, de vapeur, 
d'argon ou d'azote. Les resultats indiquent que par 
frihage dans les trois premieres atmospheres on peut 
obtenir des densites depassant 96% de Ia valeur 
theorique. On a constate toutefois, par des obser
vations de microstructure, que les meilleurs resultats 
sont obtenus par frittage dans une atmosphere de 
gaz carbonique. 

A/700 IOrocnaBHR 

nonyYeHHe HepaMHYeCHOrO TOnnHBa 
H3 nopowHoo6paaHo~ UOz ,MerannH
YecHoro HaYecraa" 
,D,. C. l-'loBaHOBH'-1 et a/. 

l Jay•IeHhi B03MOiKHOCTH HCIIOJih30BaHHH l10-

pOUIIW06pa3HOii U02 «MeTaJIJIHqeCKOro KaqeCTBa>> 

~JIH IIOJiylfeHUH cneqeHHOH U02 BJ>ICOKOii DJIOTHO

CTII. 0,~J;Hoii ll3 xapaKTCpHI>IX OC06eHHOCTCH IIO

pOIIIKa U02 HBJIHCTCH cpe,~J;HHU pa3Mep qacTIIIJ;, 

OIIpCACJieHHhiii MeTO,!J;OM CC,!J;HMCHTaiJUOHHOfO aHa

JIU3a. CornacHo rrpeAJ>IAYIIJIIM TeopeTnqecKHM II 

;mcnepiiMeHTaJihHhiM pa6oTaM aBTOpOB YCTaHOBJie-

no, 'ITO cpe,~J;Hnil AUaMeTp qacTH'IeK ABYOKIICH 

ypaHa HaXO,!J;liTCH B JIIIHeKHOH 3aBHCHMOCTH OT 

IWHIJCHTpaiJllll B cycrreH3Hll II MOiKeT 6LITh 31\C

TpaUOJillpOBaH ,!1;0 HYJIH, qTo II COCTaBJIHeT xapaK

TepHCTH'ICCKIIti rrapaMeTp DOpOIUKa. 

IIopolllOK ABYOKHCH ypaHa «MeTaJIJIH'IecKoro Ka

•reCTBU crreKaJin npn TeMnepaType 1300° C B Te

lfeHne ABYX qacoB B aTMoc!f>epe BOAHHoro napa, 

yrJieKIICJioro raaa apr'oHa HJIH aaoTa. PeayJihTaThi 

IIOKa3hiBaiOT, 'ITO UpH CIIeKaHIIH B rrepBhiX Tpex 

cpe,~J;aX MOiKHO IIOJIY'IHTh DJIOTHOCTh, ,!J;OCTHraro

IIJYIO 96% TeopeTH'ICCKOH BCJIH'IUHhl. 0AHaKO Ha-

6JIIOACHHHMII 110,!1; MliKpOCKODOM YCTaHOBJICHO, qTo 

HanJiyqmne peayJihTaThi nonyqaiOTCH npn cneRa

HHH B aTMoc!f>epe yrneKncJioro raaa. 

A/700 Yugoslavia 

Combustible ceram1co obtenido a partir de 
polvo de uo2 de "grado metalico" 

por D. S. Jovanovic et at. 

Se ha estudiado Ia posibilidad de utilizar polvo 
de uo2 de (( grado metalico)) para obtener uo2 
sinterizado de gran densidad. Una de las carac
teristicas del polvo de uo2 es el tamafio medio de 
las particulas, el cual se ha determinado por amilisis 
de sedimentacion. De conformidad con nuestro 
anterior trabajo teorico y experimental se demuestra 
que el diametro ponderal medio del polvo de uo2 
depende linealmente de Ia concentraci6n en Ia suspen
sion y que se puede obtener por extrapolacion a 
concentracion cero, pasando a ser asi el parametro 
caracteristico del polvo. 

El polvo de dioxido de uranio de « grado metalico » 
se sinterizo a 1 300 °C durante dos horas en atmosfera 
de dioxido de carbono, vapor de agua, argon o 
nitr6geno. Los resultados obtenidos muestran que 
por sinterizacion en las tres primeras atmosferas 
se pueden obtener valores superiores al 96% de Ia 
densidad teorica. Sin embargo, las observaciones 
microestructurales indican que se logran los mejores 
resultados mediante Ia sinterizacion en atmosfera 
de di6xido de carbono. 
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Figure 4. Electron micrograph of U02 
sintered in an atmosphere of C02 

Figure 5. Polyhedra formation in pores in Figure 6. Electron micrograph of U01 
U02 which was sintered in an atmosphere sintered in an atmosphere of steam 

of co. 
discern inter-granular fractures with a lot of displaced 
grains (Fig. 8) and occasional intra-granular fractures. 
This is probably the results of the fast grain growth. 

Analysing the results we come to a conclusion that 
the choice of atmosphere is very important in the 
production of a high density sintered fuel from 
metallic grade uranium dioxide. Starting from the 
basic requirements related to the characteristics of 
fracture and microstructure, it is evident that sintering 
in carbon dioxide gives the best results. However, 
one should point out that satisfactory results are 
obtained by sintering in a steam atmosphere, as 
was previously reported [2]. 

CONCLUSION 

The possibility of using metallic grade U02 for the 
production of a high density fuel has been studied. 
To determine powder characteristics the method of 
sedimentation analysis has been employed. Taking 
the earlier theoretical and experimental studies as 
a base it has been found that the average charac
teristic magnitudes can be determined regardless of 
orthokinetic flocculation. It has also been shown that 
metallic grade uo2 powder can be sintered. 

By sintering U0 2 compacts in carbon dioxide, steam, 
argon and nitrogen at 1 300 °C for two hours, high 

Figure 7. Electron micrograph of U01 sintered in a nitrogen 
atmosphere 

densities have been achieved in the first three atmo
spheres. However, from microstructural investigations 
it is evident that the most favorable medium is 
carbon dioxide. The facts reported above show that 
high density fuels of good quality can be obtained 
from metallic grade uo2 powder. 
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Figure 1. Dependence of the weight mean diameter of U01 

powder on its concentration in suspension 

Table 2. Sintered U02 densities 

Atmosphere 

Carbon dioxide 
Steam 
Argon 
Nitrogen 

Density (g/cm') 

10.56 ± 0.01 
10.53 ± 0.01 
10.51 ± 0.02 
10.30 ± 0.09 

that carbon dioxide, steam and argon can be con
sidered as favorable media for sintering metallic grade 
uranium dioxide. However, it should be pointed out 
that the highest densities were obtained by using 
carbon dioxide. 

Microstructure of sintered U02 compacts 

To find the characteristics of sintered U0 2 we 
carried out several ceramographic and electron 
micrographic investigations. At the same time grain 
and pore sizes were observed and fractures analysed. 
These investigations were done with a Reichert MF 
metallographic microscope and a Zeiss electron 
microscope. 

·c 

10 (hl 

Figure 3. Temperature-time sintering programme for UO, 
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Figure 2. Dependence of the ideal specific UO, powder surface 
on the concentration of the powder in suspension 

Table 3. Average grain size and pore distribution in 
sintered uo2 

Microstructural Atmosphere 

characteristic -- --------·----
co, Steam Ar Ns 

Average grain size ([L) •..• 10 10 14 10 
Pore size distribution: % % % % 
0-0.5 [L . ··············· 71 79 76 74 
0.5-1 [L ••••••••••••••• 0 20 15 15 13 
1-2 [L ................. 9 3 5 9 
2-3 [L . ················ 3 4 3 
3-4 [L . ················ 1 

Table 3 shows the results for average grain sizes 
and pore distributions. It is evident that the largest 
average grain size resulted from sintering in argon, 
and the smallest pore size was obtained after sintering 
in carbon dioxide. 

Examination of fractured surfaces in sintered U0 2 

also gives interesting information about the effect of 
the atmosphere on the sintering of metallic grade 
uranium dioxide. 

Carbon dioxide atmosphere. A-characteristic fracture 
through grains with pronounced river lines occurs in 
samples sintered in carbon dioxide (Fig. 4). A great 
number of pores have undergone transformations, 
which is indicated by the presence of growth steps 
(Fig. 5). Details of this phenomenon are the subject of 
a separate paper [6]. 

Steam atmosphere. Electron micrographs of samples 
sintered in this atmosphere show that these fractures 
are a combination of inter-granular and intra
granular elements, the latter being prevalent (Fig. 6). 
Observations also show that polyhedra grow in 
the pores. 

Nitrogen atmosphere. Electron micrographs of 
fractured surfaces produced in this atmosphere 
indicate that they are intra-granular fractures (Fig. 7). 
Early stages of polyhedra growth are noticed in 
pores. 

Argon atmosphere. By sintering in this atmosphere 
the fastest grain growth is achieved, the most numerous 
are grains of 25 !J.· In electron micrographs one can 
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Ceramic fuel obtained from metallic grade U02 powder 

By D. S. Jovanovic, E. M. Kostic, I. G. Momcilovic, V. J. Petrovic and M. M. Ristic* 

The development of technical methods for ob
taining sintered uo2 has been the subject of extensive 
studies. However, in most cases investigations are 
concerned with the ceramic grade U02 powder. 
Since a considerable amount of U02 is produced 
as an intermediate product in the process of ob
taining uranium metal, the problem of using this 
powder for the production of high density fuel 
naturally occurs. 

Bel and Carteret [I] sintered metallic grade U02 

and obtained 90% of the theoretical density. Our 
previous investigations showed that markedly higher 
densities can be obtained if agglomerate fractions 
exceeding 60 fl. were removed prior to sintering [2]. 

The objective of this report is to contribute to 
study of the possibility of using the metallic grade 
uranium dioxide powder with special reference to: 

(a) The study of the effect of futnace atmosphere 
on the sintering of metallic grade uo2 powders, and 

(b) The determination of possible characterizations 
of uo2 powders by sedimentation analysis and by 
the technique earlier described [3, 4] regardless of 
orthokinetic flocculation. 

The results prove that the metallic grade U02 
powder can be used for the production of high 
density ceramic fuels. 

EXPERIMENTAL 
Powder characteristics 

In our experiments we used the metallic grade U02 
obtained from ammonium diuranate via U03 [2]. 
We took the fraction below 60 fl. with 0/U = 
2.08±0.01. The chemical analysis of the powder 
is given in Table 1. Its specific surface area, which 

• Boris Kidric Institute of Nuclear Sciences, Beograd
Vinca. 

Table 1. Impurities contained in U02 powder 

Element ppm 

Cd 0.1 
B 0.6 
Fe 95 
Mn 5 
Pb 5 
Cr 20 
AI 130 
Ti 7.5 
Zn 20 
Co 2 
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was determined by the dynamic absorption method, 
was 4.02 m2/g. The characteristic temperature dif
ference determined by differential thermal analysis 
was 234 °C. 

The characteristics of the powder were also de
termined by sedimentation analysis to obtain an 
average particle size and a factor of roughness. 
Sedimentation was carried out on a Sartorius sedi
mentation balance, in a room which was thermostatted 
at 22 ± 1 °C, at a constant temperature of 25 °C. 
As a medium for sedimentation n-hexyl alcohol 
was used to compensate with the higher viscosity 
of the fluid for the rapid sedimentation caused by 
the high specific weight of the powder. The results 
show (Figs. 1 and 2) that the weight mean diameter 
and the ideal specific surface vary appreciably with 
concentration in the suspension. This indicated 
that the flocculation of the metallic grade uo2 is 
greater compared to other powders which are not 
liable to flocculation [3]. According to investigations 
made up to the present this is probably due to the 
presence of large particles ranging from 1 to 60 fl. [4]. 

The experimental results prove that the weight 
mean diameter of the metallic grade uranium dioxide 
is 18.70 fl. (Fig. 1) and that the ideal specific surface 
is 550 cm2/g (Fig. 2). Accordingly, the factor of 
roughness of the powder is 73 which indicates a 
very rough surface. 

Pressing and sintering 

The material was prepared for pressing by mixing 
uo2 powder with 4 wt% of water in a stainless 
steel mixer. This mixture was pressed in a hydraulic 
press under a pressure of 4 t/cm2 [5]. Green compacts 
were dried in vacuum at 80 °C. The green compact 
density was 5.95 ± 0.20 g/cm3 

The samples were sintered in a silit resistance 
furnace in atmospheres of carbon dioxide, steam 
(cooled and heated in argon), argon or nitrogen at 
1 300 °C for two hours. Taking as a base our earlier
investigations [2] we selected a time and temperature 
which showed that these conditions may be con
sidered to be the optimum. A precise temperature
time sintering program is presented in Fig. 3. 

RESULTS AND DISCUSSION 
Sintered density of uranium dioxide 

Results of measurements of the densities of sintered 
002 compacts are shown in Table 2. These illustrate 
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Los experimentos de irradiaci6n con ftujos esen
cialmente termicos han demostrado que Ia estabilidad 
bajo los efectos de los productos de fisi6n es excelente 
basta valores de 2 X 1021 fisionesfcm3 de particulas 
de combustible, a temperaturas desde 600 a 850 °C 
y esfuerzos termicos basta de 30 000 lbfpulg2• 

EI daiio causado por los neutrones rapidos es un 
problema mas serio porque en dosis elevadas pro
vocan Ia pulverizaci6n de Ia matriz de 6xido de 
berilio (Ref. [6] de Ia memoria). A temperaturas 
de basta 800 °C se ha demostrado que el fen6meno 
obedece al desplazamiento de atomos que origina 
un crecimiento anis6tropo de cristales, asi como 
tambien a grandes esfuerzos intergranulares y, a 
veces, a microfracturas. Estas microfracturas de Ia 
matriz del combustible deben evitarse porque son 
causa de disminuci6n de resistencia y conductividad 
termica y aumento del escape de productos de 
fisi6n. Su iniciaci6n se ha demostrado que depende 
de Ia estructura del material, particularmente del 
tamaiio de grano, asi como de Ia temperatura de 
irradiaci6n, dosis e intensidad de Ia misma. Sobre 
Ia base de los resultados obtenidos, se han deducido 
expresiones analiticas para poder predecir los cam
bios que cabe esperar en las propiedades del 6xido 
de berilio bajo diferentes condiciones en el reactor; 
segun estas expresiones, un 6xido de berilio con 
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tamaiio de grano inferior a 5 micrones deberia 
soportar una dosis de 2 X 1021 nfcm2 (neutrones 
rapidos) a 400 °C y mayor de 1022 nfcm2 (neutrones 
rapidos) a temperaturas de 800 oc y superiores, lo 
cuallo capacitaria para ser empleado como matriz de 
combustible en dispersi6n, aunque no como modera
dor fijo que pueda durar lo que Ia vida del reactor. 

Se describen en Ia memoria diversas tecnicas de 
elaboraci6n para obtener contexturas de alta densidad 
y grano fino con Ia adecuada resistencia a los esfuerzos 
termicos y condiciones satisfactorias de retenci6n 
de los productos de fisi6n, asi como posibles tecnicas 
para el tratamiento del combustible. Las perdidas 
por corrosi6n basta temperaturas de 1 000 °C debidas 
al vapor de agua contenido en el refrigerante resultan 
casi despreciables. 

Los resultados de los trabajos preliminares indican 
que las propiedades del combustible ceramico con 
matriz de 6xido de berilio resultan satisfactorias, 
siempre que se utilice en formas simples que faciliten 
las operaciones de elaboraci6n y manejo y que conven
gan a Ia naturaleza intrinsecamente quebradiza del 
material. El autor informa, por ultimo, acerca del 
progreso de los trabajos en curso para valorar todos 
los aspectos tecnicos de los elementos combustibles 
esfericos destinados a un nuevo reactor del tipo 
lecho de bolas. 
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TOnJIHBHhiX li,HKJIOB, HO 3KCnepnMCHTaJILHbJC 

pa60Thl orpaHIPICHhl fJiaBHhlM o6pa30M ll;HKJIOM 

U 235/Th H )lHCIICpCHhiMH BH,rJ,aMM TOIVIMBa, COCTOH

U~11MM 113 •JaCTHII, roMorermoro TOIIJIHBa ( UTh) 0 2 

H MaTpiiiJ,e 113 BeO . .il.JIH aTHX pa6oT UCIIO.'Ih3YCTCH 

TOIIJIHBO, COCTOHliJ,CP Ha 3-:30 06. % H3 'IaCTJH~ 
Hell paBHJihHOii JIJIH ccl>epJPICCIWii cPOPMhl pa3!1H'

)lOM 10-200 .ltr.:. 
B JlOKJia,rJ,e paccMaTpnsaiOTCH BhllloJIHHeMhie n 

A BCTpamur pa6oTLI, u;eJILIO KoropLrx HBJIHCTCH 

YHCHCHHC H OIJ;CHI\a liOBCP,CHHH 01\HCH 6ep11JIJJJf H 

H TOnJIHBa Ha OCHOBC OKHCII 6epUJIJIIIH B TCX yc

J[()BJIHX, B KOTOpbiX OHM MOfYT HCIIOJib30BaThCH B 

11 pep,noJiaraeMoii peaKTopnoii cncTeMe. Ocnosnoe 

BHJtMaHHC HanpaBJICHO Ha JI3Y'ICHHe npo6JICM CO

IIIJOTHBJICHIUI TCpMJt'ICCKOMy HanpHiRCHHIO, y,a;ep

ii\3HHH npoAYKTOB ,a;eJieHnH, Koppo3uonnoii CToii

KOCTH, nOBC,[l;CHHH 11pii o6JiyqeHHH, XHMH'ICCKOii 

nepepa60TKM, o6w.ej[ CTOHMOCTH TOIIJIHBHOfO ll;HK

.'Ja 11 ee 33BHCI1MOCTH OT YCJIOBHM l13f0TOBJICHHH, 

MHKpOCTpyKTyphi, TCMJJepaTypHbiX H HCMTpOHHLIX 

xapaKTCpUCTHK. 

8KCIICpHMCHThi no o6Jiy'ICHUIO nOTOKaMU no cy

li.J,CCTBY TCIIJIOBhiX HCMTpOHOB IIOK33aJIJI IIpCBOC

XO,[l;HyiO ycToiiqnsocTL npu nospem,a;ennn, CBH3aH

HoM C BhiCB060iR,[l;CHifCM npo,a;yKTOB ,[l;CJICHUH, ,[1;0 

2 · 1021 i}e.Jtenuii/cM3 TOIIJIUBIIOM 'laCTHIJ;hl IIpU TCM

HepaTypax 600-850° C If TCpMli'ICCRHX HaiipHiRC

InHJX ;~o 2100 r.:dcM2• 

BoJiee cepLC3HaH npo6JieMa CB.II3ana c o6Jiyqe

nneM 6hiCTIJhiMif HCii:TpOHaMH MaTpHIJ;hl H3 ORHCll 

6epnJIJIHH, 'ITO npn 6oJILIIInx ,a;o3ax npnsop,nT t..: 
IIpespaiiJ;CHHIO ee B nopOIIIOK ( 6n6JI.(6)AOKJia,a;a). 

lloKa3aHo, 'ITO npn TeMnepaTypax ,a;o 800° C no 

o6'bHCHHCTCH CMCIIJ;CHUCM aTOMOB, Bhl3hiBaiOIIJ;UX 

UHif30TpOnHLIH poeT RpHCTaJIJIOB, 60JihllllfC MC/R

cfla30BhiC HaiipHiRCHUH, nOHBJICHUC MHKpOTpCIIJ;HH. 

06pa3oBaHHC MHRpOTpCIIJ;IfH B TOIIJIHBHOI-i MaTpii

IJ;C UpliBO,[l;IIT R nOTCpe npO'IHOCTII, CHH/RCHHIO 

TCnJionposo,a;nocTn n yseJIII'ICHIIIO Bhl,[l;CJieHIIH 

npop,yRTOB ,D:CJICHHH. 8TOfO CJIC,[l;yeT H36eraTL. 

floRa3aHO, 'ITO Ha'laJIO noHBJICHIIH MIIKpOTpCIIJ;JIH 

3aBHCIIT OT CTpyRTyphi MaTepnaJia, B 'laCTHOCTII 

OT pa3Mepos 3epen, a TaKme OT TeMnepaTypLr 

o6Jiy'ICHJIH, o6IIJ;eii ,[1;03hl 06JJy'ICHIIH H MOIIJ;HOCTII 

,n:o3LI. Ha ocnosannn :nnx pe3yJILTaToB 6Lrmr 

COCTaB.liCHhl aHaJIIITM'ICCRHC 3aBHCIIMOCTII, 1103BO

JIHIO~HC rrpep,cRa3LIBaTh Te li3MenennH csoiicTB 

ORliCH 6epHJI.i:JIIH, ROTOpbiC CJie,n:yeT 0/RH,IJ:aTI. 

npu pa3JIH'IHLIX ycJioBnHx pa6oTLI peaRTopa. Ton

K03epnncTaH OKUCh 6epuJIJIHH (pa3Mep 3epen Me

nee 5 Mr.:) AOJimna BhiAepmnsaTh o6Jiy'lenne )J,0-

30ii 6hiCTpblX HCHTpOHOB 2 • 1021 neiirp/cM2 npn 

TeMnepaType 400° C n 6oJiee 1022 neiirp/cM2 rrpn 

TCMnepaType 800° C II BhiiiiC; <ITO ,IJ:OJI/RHO II03BO

JIJITh HC110Jlh30BaTh ORliCh 6epHJJJIMH B Ra'ICCTBl' 

pa36aBJITCJIH ,n:ucnepcnoro TOIIJJHBa, no ne B xa

•recTBe cfJHRCIIpoBaHHOfO 3aMCP,JIHTCJIH, ROTOphlii 

;~oJimen rrpopa6oTaTL B TC'ICHIIC scero cporm 

cJiym6LI peaRTopa. 

Coo6ru;aroTCH MCTOiJ.hi H3rOTOBJICHHH TOHRORpn

cTaJIJIH'ICCRHX H3,[l;CJIHII BhiCOKOli IIJIOTHOCTif C CO

OTBeTCTByiOIIJ;liM COIIpOTHBJICHHCM TCpMH'ICCROMY 
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nanpHmenuro, y,a;oBJICTBOpuTeJILHhiM y,n:epmanne11r 

Hpof~YRTOB ,D:CJICHHH, a TaR/RC B03MO/RHhiC MCTOP,bi 

XHMH'ICCROH nepepa6oTRH TOBJIUBa. IloRa3aHO, 'ITO 

1Wpp03HOHHLIMH nOTCpHMH npn TCMnepaTypax ,'1,0 

1000° C, Bhi3hisaeMhiMII uaJJH'IHCM BOAHHhiX na

poB B TCnJIOHOCllTCJie, 1110/RHO no'ITJI npene6pC'Ib. 

Ilpe,a;sapHTCJihHhiC pa60Thl AaiOT OCHOBaHHH BC

pHTh B XOpOIIIHC TCXHH'ICCRIIC CBOiiCTBa IJ;CJihHO

RCpaMU'ICCROfO TOIIJIHBa Ha OCHOBC ORHCll 6epHJI

JIHH npn ycJIOBHH, 'ITO ono 6y,n:eT ucnoJih30BaTLCH 

B BH,'J,C H3,D:CJIHH npoCTOii: cPOPMhi, KOTOpaH ynpo

IIJ;aCT rrpo6JJCMbl H3fOTOBJJCHHH II pa60Thi C HIIM, a 

TaRme COOTBCTCTBYCT npnpo,n:e <lTOfO xpynRoro 

MaTepnaJJa. llpnso,n:HTCH ,a;annhle o xo)J,e pa6oT 

l!O 6oJICC nOJIHOH TCXHH'leCROii OIJ;CHRC TCnJIOBhi

;.(CJIHIOIIJ;HX <!JICMCHTOB ,IJ:JIH peaKTOpa C rpany.'III

pOBaHHbiM TOIIJIJIBOM. 

A/543 Australia 

Combustibles con matriz de 6xido de berilio 
para los reactores de alta temperatura refri
gerados por gas 
por R. Smith 

Como parte del anteproyecto de un reactor de 
alta temperatura refrigerado por gas estudiado por 
la Comision de Energia Atomica de Australia, se 
ha venido desarrollando desde 1958 un programa 
de investigacion de materiales encaminado a estimar 
el valor potencial del oxido de berilio como elemerito 
matriz de combustible en dispersion y tambien como 
moderador. El programa ha sido aplicado a un 
reactor refrigerado por anhidrido carbonico con 
nucleo de material ceramico constituido por com
bustibles de gran calidad, alto grado de combustion, 
buenas propiedades de retencion de productos de 
fision y una temperatura superficial maxima de 
l 000 °C. Aunque son varios los ciclos de combustibles 
que se estan considerando, el trabajo experimental 
se ha dedicado principalmente al ciclo de 235U-Th 
y al combustible formado por particulas ~omogeneas 
de (U,Th)02 dispersas en una matriz de BeO. La 
proporcion de particulas de combustible, de forma 
irregular o esferica, oscila entre el 3 y el 30% en volu
men y sus tamaiios estan comprendidos entre 10 y 
200 micrones. 

La memoria describe los trabajos realizados en 
Australia para llegar a comprender y valorar el 
comportamiento del oxido de berilio y de los com
bustibles dispersos en este material en las condiciones 
en que se utilizarian en el reactor propuesto. Los 
problemas que han solicitado mayor atencion han 
sido la resistencia a los esfuerzos termicos, la reten
cion de productos de fision, la resistencia ala corrosion, 
el comportamiento bajo irradiacion, el tratamiento 
quimico y el costo total de los ciclos de combustible, 
ademas de la relacion de todos estos problemas con 
las variables de elaboracion, la microestructura, la 
temperatura y el medio neutronico. 
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ABSTRACT -RESUME-AHHOTA~111JI-RESUMEN 

A/543 Australie 

Mise au point de COillbUstibles a base de 
glucine pour reacteurs a haute temperature 
refroidie par un gaz 

parR. Smith 

Un programme de recherche sur les materiaux est 
en cours depuis 1958, en vue d'evaluer les possibilites 
qu'offre l'oxyde de beryllium comme diluant dans les 
combustibles en dispersion et aussi comme modera
teur. Ce programme fait partie d'une etude sur Ia 
possibilite de realisation de reacteurs a haute tempe
rature refroidis par un gaz, faite par !'Atomic Energy 
Commission de l'Australie. On a envisage un creur 
entierement ceramique refroidi au gaz carbonique, et 
des combustibles a puissance specifique elevee, a haut 
degre de retention des produits de fission, permettant 
d'atteindre des taux de combustion eleves avec une 
temperature maximale a Ia surface du combustible de 
1 000 °C. Bien que divers cycles de combustibles 
soient examines, le travail experimental sur les mate
riaux a ete limite principalement a un cycle 235U/Th 
et a des combustibles en dispersion composes de 
particules de combustible homogenes (U, Th)02 dans 
une matrice de BeO. Ce travail a porte sur des com
bustibles contenant de 3 a 30% en volume de parti
cules irregulieres ou spheriques variant en grandeur 
de I 0 a 200 microns. 

Le memoire passe en revue les travaux australiens 
visant a elucider et a evaluer le comportement de Ia 
glucine et des combustibles a base de glucine compte 
tenu des conditions dans lesquelles on peut les 
employer dans le reacteur envigase. On a etudie sur
tout les problemes de resistance aux efforts ther
miques, de retention des produits de fission, de 
resistance a Ia corrosion, de comportement sous 
irradiation, de traitement chimique du combustible 
irradie, et de cofit global du cycle de combustible en 
relation avec les variables de Ia fabrication, Ia micro
structure, Ia temperature et le milieu neutronique. 

Les experiences d'irradiation dans des flux essen
tiellement thermiques ont montre que Ia stabilite 
dans les cas de degats causes par les produits de 
fission est excellente jusqu'a 2 x 1021 fissions/cm 3 de 
particules de combustible a des temperatures de 600 
a 850 °C avec des contraintes thermiques pouvant 
aller jusqu'a 30 000 lbjin 2• 

Un probleme plus important est celui des degats 
causes par les neutrons rapides a Ia matrice de glucine, 
qui donnent lieu a Ia formation de poudre aux doses 
elevees (ref. [6] du memoire). On a montre qu'a des 
temperatures allant jusqu'a 800 °C, ce phenomene est 
dfi a des atomes deplaces causant une croissance 
anisotropes des cristaux, des contraintes intergranu
laires elevees et finalement des microfissures. Les 
microfissures dans Ia matrice du combustible doivent 
etre evitees parce qu'elles causent une perte de resis
tance, une reduction de Ia conductivite thermique et 

une liberation accrue de produits de fission. On 
montre que !'apparition de microfissures depend de 
Ia structure du materiau, en particulier de Ia taille 
du grain aussi bien que de Ia temperature d'irradia
tion, de Ia dose et du debit de dose. Sur Ia base des 
resultats acquis, on a etabli des expressions analy
tiques pour Ia prevision des changements de proprietes 
auxquels on peut s'attendre pour Ia glucine, dans 
diverses conditions demarche du reacteur. La glucine 
a grains fins (grains inferieurs a 5 microns) devrait 
resister a une dose de 2 X 1021 njcm2 (rapides) a 
400 °C eta une dose superieure a 1022 n/cm2 (rapides) 
a 800 °C et au-dessus. 

On pourrait done utiliser Ia glucine comme diluant 
satisfaisant dans les combustibles en dispersion, mais 
non comme moderateur fixe destine a durer pendant 
toute Ia vie utile du reacteur. 

On decrit le mode de fabrication employe pour 
obtenir des materiaux a grains fins de haute densite 
possedant une resistance suffisante aux contraintes 
thermiques et une retention satisfaisante des produits 
de fission, ainsi que les techniques possibles de traite
ment chimique du combustible irradie. On montre 
que Ies pertes par corrosion a des temperatures allant 
jusqu'a I 000 °C dues a Ia presence de vapeur d'eau 
dans le refrigerant sont presque negligeables. 

Le travail preliminaire a donne confiance dans les 
caracteristiques techniques d'un combustible entiere
ment ceramique a base de glucine pourvu qu'on 
I'emploie sous des formes simples qui permettent de 
resoudre plus facilement les problemes de fabrication 
et de manutention et qui conviennent a Ia nature 
intrinsequement fragile de ce materiau. Le memoire 
indique aussi l'etat d'autres travaux ayant pour but 
une evaluation technique plus complete d'elements de 
combustible a forme spherique pour un reacteur a lit 
de boulets. 

A/M3 AscTpa1111.R 

Paapa60TKa TOnflHB Ha OCHOBe OKHCH 
6epHnnHH AflH a~coKoTeMneparypH~X 
peaKropos c raaoabiM oxnamAeHHeM 

P. CMHT 

l\a I{ 'HlCTh liCCJICJI;OBaHlfli BLICOKOTCMIIepa TY p
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panneM n MaKcnMaJihHoii TeMnepaTypoii nonepx

HOCTII 1000° C. XoTH paccMaTpunaiOTCH necKoJILKo 
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purified by a process similar to that adopted for 
producing sulphate-derived BeO. Any heavy metals 
which dissolve in the sulphate solution are extracted 
by a suitable amine together with as much of the 
fission product content as possible; these can then 
be directed back into the nitric acid stream by extrac
tion from the organic amine phase. 

CONCLUSION 

Although considerable progress has been made 
towards our aim of understanding and evaluating 
beryllia as a reactor material, it is premature to 
predict that it will have widespread application in 
HTGC reactor systems. A prime factor in this 
respect is the cost of the raw material which, at the 
present price of about 15 dollars per pound, is a 
severe limitation. There are indications however 
that this could be reduced substantially if the demand 
were to increase [41]. On the technical side there 
are still many gaps in our knowledge and further 
tests must be made before reactor engineers will be 
convinced that beryllia can maintain adequate 
properties in a reactor environment. In particular 
more work is required to show that fuel element 
shapes can be fabricated economically to yield 
products of uniform properties with high strength, 
fine grain size, and high density; also further data 
are required on fission product release and the 
change in mechanical properties as a function of 
irradiation dose at high temperatures. However 
the progress, which has been summarized in this 
paper, is sufficiently encouraging to warrant the 
continuation of the research programme. A more 
realistic assessment should be available towards the 
end of 1965. 
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BERYLLIA-BASED FUEL ELEMENTS 
FOR THE 

AUSTRALIAN HTGC REACTOR SYSTEM 

The above results allow reasonable confidence in 
the technical performance of beryllia-based fuels in 
HTGC reactor systems. Consequently, during 1963, 
the Australian AEC decided to make a detailed 
study of a pebble-bed HTGC reactor concept [2] 
employing dispersion fuel in which the fissile material, 
plutonium, and the fertile material, thorium, are 
dispersed uniformly through all of the moderator. 
The approximate composition of the core and the 
fuel elements is Pu02 : Th02 :Be0 = I: 10: 2 000. 

With an all-ceramic core, the fuel element shapes 
and core designs which can be considered are seriously 
limited by the intrinsically brittle nature of ceramic 
materials, the high cost of fabricating anything but 
simple shapes, and the fact that with the proposed 
fuel cycle, particularly if the fuel is to be re-cycled, 
the fuel elements will have to be fabricated remotely. 
These were major considerations in the choice of 
spherical balls as the most practical shape of fuel 
element. On the basis of present results, it is hoped 
to achieve over-all power densities of 15 W/cm3 

with a ball diameter approaching 2.5 em. Initially 
the fuel is to be dispersed uniformly throughout the 
beryllia ball as 150-200 micron particles of a solid 
solution of (Pu,Th)0 2, apart from a fuel-free layer 
at the surface for fission-product retention. The 
volume percentage of fuel particles in the structure 
will be approximately 1.7%. 

It is expected that a density of greater than 96% 
will be achieved in both the fuel particles and matrix 
and that the matrix will have a grain size of less than 
5 microns with a strength of greater than 25 000 psi 
at operating temperature. 

Hot-pressing as a process for fabricating beryllia 
shapes has not been found satisfactory from the 
point of view of either cost or the properties at
tainable [28]. Present practice in producing fuelled 
beryllia is. to produce the fuel particles in the required 
size range by cold-pressing a homogeneous mixture 
of fissile and fertile materials at 20 tsi and then 
crushing and sieving: Then they can be rounded 
by a self-abrading process [33], if desired, but before 
incorporation in the beryllia powder, partial or full 
sintering is necessary to provide sufficient strength 
during mechanical mixing. Preliminary compaction 
and shaping of the dispersion fuel mixture into 
spheres is then proposed, by isostatic pressing in 
flexible dies or by extrusion followed by injection 
moulding. 

Several processes have been investigated to yield 
a fuel-free layer of beryllia at the surface. Coating 
of both fuel particles and fuel shapes by the vapour 
deposition method developed at Battelle Memorial 
Institute has been investigated [34]. This method, 
which relies on hydrolysis of beryllium chloride, 
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appears impractical on the grounds of expense and 
the difficulty in producing a thick impervious fine
grained coating. Coatings of the surface of shapes 
with ceramic glazes is also not feasible [35], because 
of reaction between the fuel particles and the coating. 
Attention is therefore being concentrated on two 
proeesses, both of which are relatively cheap, but it 
has yet to be demonstrated that they will provide 
fission-product retentive coatings. One is to produce 
a relatively thick coating of beryllia on the fuel 
particles by the roll-up process developed at Oak 
Ridge National Laboratory [36], prior to incorpora
tion of the particles in the matrix beryllia; the other 
is to form a slip of beryllia on the spherical shape 
and consolidate this by isostatic pressing prior to 
final sintering. 

In the long term, a more attractive process for 
production of dense fine-grained shapes may be a 
form of sol-gel process [37] as developed for re
constitution of thoria-urania particles. This could 
be considered not only for production of fuel particles 
but also as a means of producing the desired prop
erties in the beryllia itself. 

The need for chemical reprocessing ofberyllia-based 
fuels is dictated by the need to conserve the materials 
and by the need to improve the fuel cycle economics 
compared with the use of new material in each 
reactor charge. At present the relative importance 
of these factors cannot be defined. If very high burn
ups could be achieved (e.g. 3 fissions per initial 
fissile atom), it would be more economic to discard 
the spent fuel [38]; however until such high burn-ups 
are shown to be possible, it is necessary, owing to 
the high cost of materials involved, to study processes 
for recovering both beryllia and the fissile material 
in an attempt to improve the fuel-cycle economics [39]. 

Ceramic beryllia-based fuels present a difficult 
reprocessing problem because the fissile-fertile fuel 
particles are effectively locked within a chemically 
refractory material. Various processing methods are 
technically feasible [39], but the unknown and limiting 
factor in each method is the cost of recovery. 

The process which has been chosen for detailed 
study at Lucas Heights is not necessarily the one 
considered to have the greatest ultimate potential 
but rather the one where there is sufficient back
ground data to ensure that a practical design can be 
produced and a cost estimate made in a time which 
is matched to the remainder of the reactor feasibility 
study. Sufficient information now exists to show 
that this process is chemically feasible but no cost 
estimates are yet available. Briefly the process [40) 
consists of leaching the crushed fuel in nitric acid 
to dissolve 90-95% of the fuel particles leaving 90% 
of the beryllia as residue. The nitric acid solution 
is treated in a conventional Thorex-Purex liquid/ 
liquid separation process and the BeO in the waste 
discarded. The BeO residue from the crush-leach 
step is dissolved in sulphuric acid and eventually 
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CORROSION OF BeO BY WATER VAPOUR 

At high temperatures, water vapour reacts with 
beryllium oxide to form a gaseous product. Some 
work has been done to elucidate certain aspects of 
the reaction and to provide confirmation of work in 
other laboratories that corrosion losses at temper
atures up to 1 000 °C are very low. 
. Ste~dy-state equilibrium tests have been made [26] 
m whtch steam and moist gases were passed through 
a bed of sintered beryllia chips under conditions 
in which the flowing gas was saturated with the 
gaseous complex. The number of moles of BeO, 
nBeO, lost from the bed was measured as a function 
of nH.o• the moles of water passed. Weight losses 
of BeO were a function solely of water throughput 
and ~emperature, and could be described by the 
equatwn: 

1 - 1 62 8.8 X 1Q3 
og nBeO - . - ToK + log nH,O 

This equ~tion gives an estimate of the upper limit 
for corrosiOn losses in any particular system. Estimates 
confirm that corrosion of BeO is not a serious problem 
at temperatures below 1 000 oc. 

Some results have also been obtained from mass 
transfer studies [27] at 1 000 °C to 1 400 oc in a 
dynamic loop using carbon dioxide containing up 
to 12 vol % water vapour. These studies indicate 
that at 1 000 °C, a Reynolds number of 104, with 
330 ppm water vapour in carbon dioxide at 30 atmo
spher~s pressure, the corrosion rate is approximately 
2.5 m1crons per year. 

MECHANICAL AND THERMAL PROPERTIES 

A major consideration in the design of ceramic 
fuel elements is the possibility of thermal-stress 
fracture of the brittle material. In any fuel, the 
thermally-induced stress is given by: 

cr- rxE ll2 
- K(l-"f)) q. ' 

where rx = coefficient of thermal expansion, 
E = Young's modulus, 
K =thermal conductivity, 
"fJ = Poisson's ratio, 
q = internal heat generation rate, and 
d =a dimensional term varying with the 

shape being considered. 

Because of the relatively high present-day cost 
of b~ry~lia, simple economic arguments [28] show 
!hat It IS essential to achieve high power densities 
m reactor cores employing beryllia. Most of the 
terms in the thermal stress equation are fundamental 
properties of beryllia and high power densities can 
be ac?ieved only by increasing the strength of the 
berylha or by reducing the size of section. There is 
considerable incentive therefore to improve the 
strength of beryllia by producing a uniform flaw-free 
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microstructure with minimum grain size and porosity. 
Such a structure requires very close control of 
sintering conditions and although considerable pro
gress has been made, further improvements are 
desirable. In modulus of rupture tests, average 
strengths of 33 000 psi have been achieved in beryllia 
with individual values up to 45 000 psi, by fabrication 
techniques of cold-pressing and sintering [29] and 
extrusion and sintering [30]. However the scatter in 
values has been unacceptable at about ± 8 300 psi 
for 95% confidence. Figure 8 shows average values 
for modulus of rupture and Young's modulus as 
a function of temperature for extruded and sintered 
beryllia tested in the as-sintered condition. Although 
these results look promising, a factor which requires 
further investigation is the influence of surface 
condition on strength; preliminary tests [31] have 
shown that the strength of as-sintered specimens is 
reduced from 33 000 to 24 000 psi when surface 
flaws are introduced by grinding the sintered surface. 

A further factor which must be considered in fuelled 
beryllia is the influence of the fuel particles on 
strength. Preliminary tests [32] indicated that the 
particles behaved as pores and that the strength 
was given by: 

S = S0 exp.-2.7V, 
where S0 is the strength with no fuel addition and 
Vis the volume fraction of fuel particles. 
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annealing tests on lightly irradiated fuel particles and 
fuel compacts, but in-pile tests are planned. 

Values of the release rate parameter D' [based on 
the equivalent sphere model where the fraction of 
diffusing species released f = 6(D't/7t)''•] have been 
determined [22] for xenon-133 from two grades of 
(U,Th)0 2 particles of particle size 100-200 microns. 
The results are shown in Table 3. A more systematic 

I 

Table 3. Release rate parameter D' (sec-1) for (U,Th)02 
fuel particles 

I 200 •C I 300 °C I 400 °C 

Hot-pressed material 
(density <94%) ......... 5.7 X JO-ll 5.3 X I0- 10 3 X I0- 9 

Cold-pressed and sintered 
material (density >98%) . . 5 X J0- 13 4 X I0-~2 5 X I0-11 

investigation of the effect of density on release rate 
of fission gases from (U,Th)0 2 fuel particles is in 
progress. 

Figure 7 shows results [23] for the permeability 
of cold-pressed and sintered BeO as a function of 
density. A marked decrease in permeability is ob
served beyond densities of 95% of theoretical 
(2.86 gfcm-3); in fuelled beryllia the density of the 
BeO matrix must be greater than this value for 
effective fission-product retention. 

No figures are yet available for the release of 
fission products from dense compacts of fuelled 
beryllia but some measurements [24] have been 
made on hot-pressed compacts which included the 
hot-pressed particles referred to in Table 3. Values 
of D' of 2 x 10·14 sec·1 and 5 x 10·13 sec-1 were 
obtained at l 200 °C an<;l l 400 °C respectively for 
release of xenon-133 during post-irradiation annealing 
tests. These results, although high, show promise that 
adequate fission-product retention will be achieved 
in beryllia-based fuels. However tritium produced 
in the beryllia will be released [25]. 
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are yet available. Based on existing information, 
analytical expressions have been developed [11] to 
allow predictions of the property changes to be 
expected in beryllia under a variety of conditions 
for purposes of reactor design. The basis of this 
analysis is that the variation of any property change 
with temperature can be adequately described by 
assuming competition between production of defects 
and removal of defects by annealing processes. 
Although they involve considerable extrapolation 
the predictions for the onset of micro-cracking, 
Fig. 4, indicate that fine-grained beryllia (grain size 
less than 5 microns) should withstand a dose of 
2 x 1021 n/cm2 at 400 °C and greater than 1022 n/cm2 

at 800 °C and above; thus, for the proposed reactor 
conditions, beryllia would be suitable as a fuel diluent 
in dispersion fuels but not as fixed moderator to have 
a life of20 years. 

It should be emphasized that once micro-cracking 
has occurred, measurements of properties after 
higher doses may have little meaning. Information 
available on the change of properties during irra
diation before the onset of micro-cracking is still 
limited. 

Volume changes as a function of dose for tem
peratures of 75-100 °C and 500-700 °C are shown 
in Fig. 5. There is practically no difference between 
di.fferent materials and different structures and the 
main factor affecting the volume change is the 
temperature. 

At temperatures of 500-700 °C the growth is a 
factor of 3-5 less than that at 100 °C; this is reflected 
in the increased dose which the material will withstand 
before micro-cracking at higher temperatures. 
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and grain size for cold-pressed and sintered beryllia 

No measurements of thermal conductivity have 
been made at elevated temperatures after irradiation. 
However from a detailed investigation of the irradia
tion-induced thermal defect resistance at low tem
peratures, predictions have been made of the likely 
changes at elevated temperatures [11]. These are 
shown in Fig. 6 up to the dose at which micro
cracking would be expected. 

The limited results on the effect of itradiation on 
mechanical properties [20] agree with those obtained 
from General Electric Laboratories [21] and indicate 
that there is little change in strength up to doses 
at which micro-cracking is first observed. 

FISSION-PRODUCT RELEASE 

Lattice diffusion in ceramics such as (U,Th)02 
and BeO is extremely small at temperatures below 
I 000 °C and could be neglected if ceramic bodies 
could be made completely impervious. With com
mercial processes, however, it is unlikely that this 
can be achieved and some release of fission products 
through open pores must be expected; this release 
must be kept to a minimum if an essentially inactive 
circuit is to be achieved with all-ceramic fuel elements. 
In a dispersion fuel, therefore, both the fuel particles 
and the matrix must be as dense as possible, con
sistent with economic fabrication processes, and 
impermeability must be maintained during the fuel 
lifetime. Also recoil of fission products from the 
surface of the fuel must be prevent~d by separating 
particles from the surface with a dense layer of BeO. 

Experiments to date have been limited to measure
ments of fission-gas release during out-of-pile 
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Table 2. Influence offabrication route, density, grain size and temperature on the dose 
to produce micro-cracking 

Dose at which 
Material Fabrication Material Density Grain micro-cracking is 

No. route (% theor.) size first observed n/cm' 

Hot-press Beryllco 99.5 
grade I 

2 Pechiney 97-98 
grade EY40 

3 Brush UOX 97-98 
4 Brush UOX 94-97 
5 Cold-press Brush UOX 96-98 

and sinter 
6 95-96 
7 95-91 
8 91-94 
9 72-75 

of the clusters requires an annealing temperature 
I 00 to 200 °C higher than that required to remove 
the expansion of the c parameter. Further work is 
needed to obtain an adequate understanding of 
the process which gives rise to the c parameter 
expansion. 

The number of defects present in the beryllia 
under any set of conditions is a balance between 
the production rate of defects and the rate at which 
they are annihilated. Similarly the number and size 
of defect clusters will be determined by this balance, 
and also the balance between the number of simple 
defects which are removed by annihilation processes 
and those which condense into the clusters. It follows 
that there will be less displacement damage remaining 
in the beryllia the higher the irradiation temperature. 

Property changes 
The properties which must be considered when 

assessing beryllia as a reactor material are dimen
sional changes and integrity, thermal conductivity, 
mechanical strength, coefficient of thermal expansion, 
and elastic moduli. Elastic moduli are not expected 
to change and X-ray measurements [9] have shown 
that the coefficient of thermal expansion is un
affected by irradiation. 

In a polycrystalline aggregate, anisotropic growth 
of individual grains is restrained by neighbouring 
grains, and intergranular strains are set up. With 
increasing fast neutron dose, these strains become 
large enough to cause micro-cracking around and 
through the grains, and, eventually, crumbling and 
powdering of the material [10]. Metallographic tech
niques can be used to detect the onset of micro
cracking as well as measurements of open porosity 
and dimensions as both of these increase when micro
cracking occurs. However a more convenient tech
nique is to measure the incremental X-ray line 
broadening of reflections from (h k 0) planes as a 
function of dose. Reflections from these planes, 
which are parallel to the c axis, are not broadened 
by irradiation-induced defects, and broadening is a 
direct result [9] of grain boundary micro-strain due 

(microns) ----·----· 
1s-1oo •c s00-100 •c 

25-30 2.s x 10•• 5-7 x to•• 

12-15 2.5 X 1020 5-7 X 1020 

10-12 3 X to20 

3-5 >3 X to20 

8-12 s x to•• 9-12 X 1020 

15-20 5 X 10"" c-J2x to•• 
2-3 15x to•• 
1-2 t4 x 10•• 
I >5 X 1020 

to anisotropic crystal growth. Thus any decrease in 
broadening at higher doses can be used as an indica
tion of the onset of micro-cracking and the extent 
of the decrease is a measure of the extent of micro
cracking . 

. The dose required to initiate micro-cracking has 
been investigated [II] as a function of a number of 
variables, with results as in Table 2. The main con
clusions were: 

(a) Cold-pressed and sintered material of grain 
size 15-20 microns withstood somewhat higher 
doses without micro-cracking than hot-pressed ma
terial of similar grain size. This difference was 
attributed to micro-cracks in the hot-pressed mate
rials before irradiation. 

(b) Fine-grained material was markedly superior 
to coarse-grained material. At an irradiation temper
ature of 100 °C the dose for the onset of micro
cracking was 1.4 x 1021 n/cm2 for material of 2-3 mi
cron grain size but was 5 x 1020 n/cm2 for similar 
material with a grain size of 8-12 microns. The 
results are consistent with a proposal by Clarke [19] 
which suggests that the strain to produce micro
cracking should be inversely proportional to the 
square root of the grain _size. 

(c) Observed effects due to differences in the starting 
material or the density were insignificant. 

(d) At higher temperatures, the dose to produce 
micro-cracking is considerably greater than that to 
produce micro-cracking in similar material at 100 °C. 
This is due to the fact that for an equivalent dose, there 
is less damage remaining the higher the irradiation 
temperature. 

Figure 3 shows the (h k 0) X-ray line broadening 
of three of the materials listed in Table 2 to illustrate 
the relief of micro-strain associated with micro
cracking. 

The onset of micro-cracking has been shown to 
be dependent on material structure, in particular the 
grain size, as well as the irradiation temperature 
and dose. Other factors which must be important 
are the dose rate and the degree of preferred orienta
tion in the material, but no results on these effects 
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Figure 1. Changes in the a and c parameters and the volume of 
single crystals as a function of fast-neutron dose 

volume change (calculated from the lattice para
meters) and the macroscopic volume change. The 
volume change also shows an increased rate of 
expansion above 1 to 2 x 1020 nfcm2, Fig. 1. 

(d) These observations, taken together with others 
[9, 10], show that there must be an anisotropic 
growth of crystals during irradiation and that this 
is identical with the anisotropic lattice expansion 
as measured by X-ray diffraction techniques. X-ray 
techniques can therefore be used as a powerful tool 
in studying the phenomenon. 

(e) Post-irradiation annealing experiments showed 
that the expansion of the a parameter recovers steadily 
as the temperature is increased and recovery is 
essentially complete by 800 °C. The recovery of the 
c parameter is a function of the irradiation dose but 
compared with the a parameter it always requires 
higher temperatures for equivalent recovery and is 
not completely recovered until 1 200 - 1 400 oc. 

(f) The changes in macroscopic volume as a 
function of annealing temperature are shown in 
Fig. 2, for crystals irradiated to various doses. After 
doses of 2.2 and 5.8 x 1019 n/cm2 the recovery curves 
coincide and the recovery rate is fairly steady over 
the temperature range 200 - 1 100 °C, being domplete 
at 1 100 °C. At 1.4 x 1020 n/cm2 the proportion of 
the damage which. anneals below 800 °C decreases 
and most of the . annealing occurs in the range 
900-1 200 °C. As the dose is increased the effect 
becomes more marked and higher temperatures are 
required to remove all the damage. Comparison of 
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the macroscopic and X-ray volume changes shows 
that up to I to 2 x 1020 n/cm2 there is close agreement 
between the recovery of the two properties. . 

All the X-ray observations on single crystals were 
duplicated in polycrystalline materials [9] when care 
was taken to grind the material after irradiation 
to remove any effects due to interaction between 
grains. 

Mechanism of damage-The defect structure 
From the above observations and from specific 

experiments designed to establish the nature of the 
defect structure, the following qualitative explanation 
of the damage process has been developed [11] . 

Irradiation by fast neutrons at 100 °C (the temper
ature of most of the irradiation experiments), results 
in large numbers of atom displacements by collision 
processes. Even at this temperature most of the defects 
anneal out [12, 13], presumably by annihilation of 
vacancies with interstitials, but approximately I 0-20 
defect pairs/neutron collision remain in the structure 
[14, 15]. These defects are considered to have an 
initial period of existence as simple structures [15] 
such as single defects, defect pairs, or small clusters of 
defects. In this form they produce a small expansion 
of the lattice which is observed as the increase in 
the a parameter. Their annealing behaviour depends 
on the complexity of the defect arrangement but 
above 800 °C there is very little of this type of damage 
remaining. They are the major manifestation of 
damage at doses up to about 1 x 1020 n/cm2• 

At higher doses, a second form of defect structure, 
large planar clusters of defects parallel to the basal 
plane [10-16] becomes more prominent. These clusters 
are assumed to nucleate and grow from the simpler 
defect arrangements, reaching a size of at least 50A 
diameter [15, 17] and containing about 103 de
fects [15]. Compared with the simple defects, the 
large clusters are relatively stable and do not anneal 
appreciably below 900 °C but require temperatures 
up to I 400 °C before they are completely removed. 
It is attractive to associate the expansion of the 
c parameter with the basal plane clusters, but no 
satisfactory explanation for such an association 
has been developed; also recent evidence [ 18] from 
X-ray line broadening studies indicates that removal 
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Table 1. Typical results of irradiation tests on fuelled beryllia 

Mean 
irradiation Thermal 

Burn-up Increase 
of heavy in bulk 

Fuel 
content 

-vol% 
(U, Th)02 

U02/Th0 2 
Molar 
ratio 

Fuel 
particle 

size 
(microns) 

temperature stress atoms volume 

A. Hot-pressed compacts 

4.4 1.3 100-200 
15.7 1.3 
25.8 1.3 
4.4 1.1 
4.4 4.1 
4.4 1.3 <50 

B. Cold-pressed and sintered compacts 

5 1.3 100-200 
15 1.3 
15 3.1 
30 1.3 
15 3.1 <20 

particles. Burn-ups of heavy metal atoms ranged 
up to 7 atomic percent; peak thermal stresses cal
culated from elasticity theory were between 3 000 
and 32 000 psi. The results are presented in Table I. 

Although there was no apparent correlation 
between behaviour and the different variables, the 
over-all performance of the fuel was excellent. In the 
coarse dispersions the maximum volume change was 
I% and no specimen failed due to thermal-stress 
fracture. Metallography revealed little change in 
microstructure apart from some cracking in the 
fuel particles and evidence of pull-out of BeO grains 
from the matrix during polishing. X-ray diffraction 
studies showed some evidence of strain in the matrix 
probably induced by fuel-particle swelling. 

Further experiments are in progress to test fuels 
to higher burn-up in a fast neutron flux which will 
more closely simulate reactor conditions. 

RADIATION DAMAGE IN BERYLLIA 

The purpose of these studies was to define the 
limiting conditions of temperature, dose, and dose
rate as a function of material variables for the use 
of BeO as moderator or matrix for dispersion fuels 
in HTGC reactor systems, but considerable emphasis 
has been placed on the mechanisms of irradiation 
damage. This approach was considered desirable 
because any experimental programme cannot cover 
all conditions and results must be extrapolated to 
cover likely combinations of the important parameters. 
To extrapolate with confidence it is necessary to 
understand the mechanisms of irradiation damage 
and the way in which the damage varies with changing 
conditions. Also, with this knowledge, it may be 
possible to minimize or eliminate undesirable changes 
in physical and mechanical properties. 

The scope of the investigation to date has covered 
material fabricated by different routes to give a 
range of grain sizes and densities, as well as single 
erystals. Fast neutron doses* have ranged up to 

* Quoted doses are integrated fission doses; doses above 
I MeV will be 0.7 of the quoted values. 

(•C) 

610 
620 
750 
690 
670 
600 

610 
670 
725 
730 
720 

(psi) 

3 800 
8 300 

19 600 
9 200 

12000 
3 850 

3 000 
12000 
24000 
32000 
24000 

(at.%) 

3.5 
3.0 
2.4 
6.1 
7.5 
3.1 

2.7 
2.4 
5.2 
2.0 
4.8 

% 

0.35, 0.4 
0.65, 0.4 
0.5, 0.3 
0.45, 0.8 
0.75, 0.65 
0.85, 1.1 

0.35, 0.6 
0.45, 0.65 
0.9, 1.0 
0.6, 0.75 
1.1, 1.3 

1.4 x 1021 nfcm2 at temperatures from 75 to 700 °C. 
Up to 700 °C, no effects aue to helium- and tritium
producing reactions have been observed and the 
property changes have been explained in terms of 
atomic displacements. By far the most significant 
effect from a technological point of view is the 
anisotropic growth of individual crystals; in poly
crystalline materials this can lead to micro-cracking 
of the aggregate. This form of damage is particularly 
detrimental as it not only leads to marked decreases 
in mechanical properties and thermal conductivity, 
but also to increased release of. fission products 
in fuelled beryllia. The phenomenon of irradiation
induced anisotropic growth has received particular 
attention. 

Single crystal studies 

The results of studies on single crystals [8] illustrate 
unambiguously the irradiation damage effects which 
influence the properties of polycrystalline aggregates. 
Single crystals (supplied by · S. B. Austerman of 
Atomics International) were irradiated to fast neutron 
doses from 8 x 1018 n/cm2 to 6.5 X 1020 n/cm2 at a 
temperature of 75-100 °C. [Beryllia has a hexagonal 
crystal structure made up of alternate close-packed 
layers of beryllium and oxygen atoms such that the 
bonding is tetrahedral. The lattice is described by a 
c axis perpendicular to the layer planes (basal planes) 
and three a axes of equal length at 120° to each other 
in the basal plane.] 

The main results and conclusions from irradiation 
and annealing experiments were as follows: 

(a) With increasing dose there is an expansion of 
the a and the c parameters but the expansion of c is 
many times that of the a parameter (Fig. 1). At a 
dose of 6 x 1020 nfcm2 the increase. in the c axis is 
2% but that of the a axis is only 0.1 %. 

(b) With increasing dose, the expansion of the a 
parameter tends to saturate, but there is an increased 
rate of expansion of the c axis above about I to 
2 x 1020 n/cm2• 

(c) There is close agreement (within I to 2 parts 
in 105 for doses up to 1020 n/cm2) betwee11 the X-ray 
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The development of beryllia-based 
reactor systems 

fuels for HTGC 

By R. Smith* 

The intrinsic nuclear and physical properties of 
beryllium oxide which makes it attractive as a mode
rator material in nuclear reactors are well known. 
In fact the first reactor system proposed for electricity 
production, the Daniel's pile, was based on the 
use of beryllia as moderator. However this project 
was abandoned in 1947 [1] partly because of in
sufficient knowledge of the technology of the material. 
Recently there has been a renewed interest in the 
utilization of beryllia as cheaper, more sinterable 
grades of beryllia have become available and tech
nological advances have yielded a material with 
reasonably well characterized properties. 

The Australian Atomic Energy Commission is 
interested in the potential of beryllia in high-temper
ature gas-cooled reactor systems, particularly when 
employed as a matrix for dispersion type fuels and 
as a moderator. Serious study of these systems began 
in 1960 with effort concentrated initially on materials 
problems. ' 

The materials research programme has been 
centred around a reactor concept with an all-ceramic 
core, cooled by carbon dioxide, employing highly
rated, fission-product-retentive, high burn-up fuels 
with a maximum fuel surface temperature of 1 000 °C. 
Although various fuel cycles are being considered, 
experimental work on dispersion fuels has been 
confined to homogeneous fuel particles of (U,Th)0 2 

in a matrix of BeO. 
This paper surveys the Australian work directed 

towards understanding and evaluating the behaviour 
of beryllia and beryllia-based fuels under conditions 
which might obtain in the proposed reactor system. 
Attention is confined mainly to the problems of 
irradiation damage, fission-product retention, resist
ance to thermal stress, and corrosion resistance, 
and their relation to fabrication variables, micro
structure, temperature, and neutron environment. 

Preliminary work has given confidence in the 
technical performance of all-ceramic beryllia-based 
fuel provided it is used in the form of simple shapes 
which facilitate fabrication and handling problems 
and which suit the intrinsically brittle nature of the 
material. During 1963 it was decided to make a 
detailed study of a particular HTGC reactor project 

• Materials Division, Australian Atomic Energy Commission, 
Research Establishment, Lucas Heights, NSW. 
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based on an all-ceramic pebble-bed concept; this is 
described elsewhere [2]. A brief report is given of 
some aspects of materials work directed towards a 
more complete evaluation of spherical-shaped beryllia
based fuel elements for this system. 

RADIATION DAMAGE IN BERYLLIA-BASED FUELS 

The general theory of dispersion fuels has been 
treated by Weber [3], and the particular case of 
beryllia-based fuels by Hickman [4] and Hanna [5]. 
Apart from the improved heat generation capacity 
of the fissile material by increasing the heat-dissipating 
surface per unit volume of fuel, dispersion fuels have 
promise of good radiation stability since intense 
fission fragment damage is localized in or near the 
small fuel particles, leaving the matrix substantially 
free from fission fragment damage. The radiation 
stability of the dispersion fuel is then determined 
primarily by the stability of the matrix to irradiation 
by fast neutrons. This has been assumed in our 
work on fuelled beryllia, particularly since early irra
diation results on beryllia [6] showed that crumbling 
occurred after a dose of 3 x l 020 nfcm2 ( > l MeV) 
at 100 °C. Accordingly most of our radiation
damage studies have been devoted to the behaviour 
of the beryllia itself, with studies on fuels limited 
to the effects of fission fragment damage in essentially 
thermal neutron fluxes. 

Minimum fission-fragment· damage in the matrix 
requires a proper balance between the particle size 
of the fuel phase and its volume fraction in the 
composite fuel. For most of our work a fuel particle 
size of 150-200 microns diameter has been chosen; 
at this particle size, 70% of the matrix is undamaged 
when the volume fraction of fuel phase is 0.3, and 95% 
remains undamaged for a volume fraction of 0.05. 

Studies of fission fragment damage in thermal 
fluxes have been made [7] on hot-pressed, and cold
pressed and sintered, dispersions of (U,Th)0 2 in BeO. 
The specimens were in the form of cylindrical com
pacts of approxima,tely 1 em diameter by 2 em long. 
The density of hot-pressed compacts was between 
94% and 99% of theoretical and that of cold-pressed 
and sintered compacts between 98% and 99.3%. 
Most specimens were coarse dispersions containing 
3-30 vol % of 100-200 micron particles; however 
a few fine dispersions contained minus 50 micron 
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A/530 Checoslovaquia 

Desarrollo de combustibles nucleares cera
micos en Checoslovaquia 

por D. Jakes y H. Landspersky 

El desarrollo de materiales nucleares ceramtcos 
en Ia Republica Socialista Checoslovaca comenz6 a 
prop6sito del proyecto de reactor moderado por agua 
pesada y refrigerado por org{mico (DOR). Se estudi6 
el polvo de di6xido de uranio como materia prima 
para Ia preparaci6n de combustibles ceramicos densos. 
Se dedic6 atenci6n a su densificaci6n por medio 
de las tecnicas normales de metalurgia de polvos y a 
las relaciones entre las propiedades fisicas de dis
persion del polvo y su comportamiento durante Ia 
fabricaci6n. 

Se estudiaron con detalle todas las etapas basicas 
de preparaci6n del polvo, empezando por Ia precipi
taci6n del poliuranato de amonio, secado, calcina
ci6n a U03 6 U30 8, asi como Ia reducci6n a U02• 

Se encontr6 una correlaci6n entre las propiedades 
del producto pulverulento y una serie de factores 
relativos a Ia preparaci6n. Las relaciones, halladas 

en estas investigaciones, entre Ia estructura de los 
agregados, superficie especifica y reactividad quimica 
proporcionan un facil control en un proceso tecno-
16gico de preparaci6n y correcci6n de propiedades 
indeseables. 

Muestras de polvo de U02 con areas superficiales 
especificas comprendidas entre unos 2,5 y 13 m2/g, 
se compactaron por prensado en frio. Se encontr6 
que Ia facilidad de compactaci6n del polvo de U02 se 
puede expresar matematicamente. Sobre Ia base de Ia 
relaci6n existente entre Ia estructura fina y Ia com
pactibilidad de los polvos, su puede hacer una estima
ci6n de Ia densidad resultante del prensado o de Ia 
presion necesaria para alcanzar una densidad deter
minada. Se estudi6 Ia sinterizaci6n de los comprimi
dos, especialmente en atm6sferas reductoras de 
hidr6geno en el intervalo de temperaturas de I 200 
a I 800 °C y se averiguaron sus caracteristicas de 
sinterizaci6n en este proceso. Partiendo de las medidas 
fisico-quimicas se pueden estimar las densidades 
resultantes con una exactitud del I% y a su vez deter
minar las condiciones 6ptimas de prensado )' sinteri
zaci6n. 

Se investigaron los cambios de estructura del 
poliuranato de amonio durante Ia precipitaci6n. 
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A/530 Tchecoslovaquie 

Mise au point de combustibles ceramiques en 
Tchecoslovaquie 

par D. Jakes et H: Landspersky 

La mise au point de combustibles cerainiques 
a commence en Tchecoslovaquie avec !'etude du 
reacteur modere a l'eau lourde avec refroidisseur 
organique (DOR). On a etudie la po~ibilite d'utiliser 
de la poudre de bioxyde d'uranium comme matiere 
premiere pour Ia fabrication d'un combustible cera
mique dense. On s'est occupe de la densification par 
les methodes classiques de Ia metallurgie des poudres, 
et des relations qui existent entre les proprietes phy
siques et les proprietes de dispersion de Ia poudre, 
d'une part, et le comportement de cette poudre pen
dant Ia transformation d'autre part. 

On a etudie en detail toutes les phases principales 
de Ia preparation de la poudre d'U02 : precipitation 
de polyuranate d'ammonium, sechage, traitement 
thermique en vue d'obtenir U03 ou U30 8 et reduction 
donnant U02• On a pu etablir une correlation entre 
les proprietes de Ia poudre et plusieurs des facteurs 
qui jouent un role dans cette preparation. Les rela
tions entre la structure des agregats, la grandeur de la 
surface .specifique et Ia reactivite chimique trouvees 
au cours des recherches permettent de contr61er 
facilement le processus technologique de preparation 
et de corriger certaines proprietes defavorables. 

Des echantillons de poudres d'U02 ayant une aire 
specifique allant d'environ 2,5 a environ 13 m2/g ont 
ete moules par compression a froid. On a constate 
que Ia compressibilite de la poudre d'U02 peut etre 
exprimee mathematiquement. En se fondant sur Ia 
relation qui existe entre Ia finesse de Ia poudre et sa 
compressibilite, on peut evaluer Ia densite apres com
pression ou Ia pression necessaire pour obtenir une 
densite determinee. On a etudie surtout le frittage de 
Ia poudre comprimee dans une atmosphere d'hydro
gene reductrice a des temperatures allant de I 200 
a I 800 °C et on a determine les proprietes de frittage 
de Ia poudre dans ce procede. 

En se fondant sur des mesures physico-chimiques, 
on peut estimer Ia densite des produits frittes avec 
une precision meilleure que I% et determiner·les con
ditions optimales de pressage et de frittage. 

On a etudie les modifications structurales que 
subit le polyuranate d'ammonium lors de sa 
precipitation. 

A/1)30 4exocnoBaKHR 

Paapa6oTKa KepaMH4eCKoro HAepHoro 
roptOYero s LlexocnosaKHH 

,ll.. f!Kew, X. naHACnepCKHH 

Paapa6oTKa KepaMH'leCKoro Hf~:epuoro ropiO'lero 
B qeXOCJIOBaKHH Ha'laJiaCb B CBH3H C rrpOeKTHpo
BaHlleM TH)I\eJIOBOfl:HOrO peaKTOpa C OpraHH'leCKHM 
TenJioHOCHTeJieM. B Ka'leCTBe cblpbH fl:JIH HaroToB
JieHHH IIJIOTHoro KepaMII'lecKoro ropiOqero IICIIOJih
aonaJIH ABYOKHCb ypaua. Oco6oe BHHMaHIIe YAeJIH
JIOCh yrrJioTHeHHIO cTaufJ:apTHhiM MeTOfl:OM rroporn
Konoii MeTaJIJiyprHll II COOTHOIIIeHIIIO Mem)J,y 
ljJH3H1IeCKIIMH fl:IICIIepCIIOHHbiMII CBOHCTBaMH IIO
pOIIII\a II ero cnoiicTnaMH rrpii naroTOBJieHIIII. 

IloAp06Ho IICCJiefl:OBaJIIICb OCHOBHbie CTafl:IIII 
rroJiy'leHIIH rropornKoo6paauoii ABYOKHCII ypaua, 
Ha'liiHaH C ocamfl:eHIIH IIOJIIIypaHaTa aMMOHHH, 
cyrnKn, TepMoo6pa6oTKII AO TpexoKHCH HJIH aaKHCh
oKHCn ypaua ll BOCCTaHOBJieHHH fl:O ABYOKHCH ypa
na. Haii)J,eHo COOTHOIIIeHHe MelliAY CBOHCTBaMII 
uopornKoo6paauoru upOAYKTa H pHAOM cpaKTopon, 
BJJJJHIO~ux ua rrpo~ecc. CooTnorneHHH lltem)J,y ar
peranwii cTpyKTypoii, neJIH'lHHoii y)J,eJihHoii rro
nepxuocTu ll XHMif'leCKOii peaKTHBHOCTbiO II03BO
J)}liOT JierKo KOHTpoJinponaTh TexuoJioruqecKuii 
rrpo~ecc u BHOCIITh n nero ueo6xo)J,HMbie KoppeK
THBLI. 

IlopornKoo6paanyiO ABYORHCb ypaua c YAeJILHoii 
IIOBepXHOCTbiO OT 2,5 )J,O 13 M 2/z yiiJIOTHHJIU XOJIO)J,
IILIM rrpecconauueM. Y CTaHOBJieHo, 'lTO YIIJIOTHHe
:'lfOCTh IIOpOIIIIW06paanoii: UQ2 MOlliHO OIIUCaTh 
MaTeMaTII'leCKH. Ha ocuonaunn cnHau MemAY TOH
Koii CTPYKTypoi"I rropornKa H ero yrrJIOTHHeMoCTLIO 
yp,aeTCH aapaHee YCTaHOBHTb IIJIOTHOCTL IIOCJie 
npecconaHnH HJJH p,anJieHHe, ueo6xop,uMoe )J,JIH 
AOCTHmenuH aa)J,aHuoii nJioTHOCTH. CrreKauue 
npeCCOBOK IIpOBO/],llJIOCh B BOCCTaHOBHTeJILHOH aT
liiOC<fJepe Boll,opo;:J,a n HHTepnaJie TeMnepaTyp 
1200-1800° C. CnoiicTna rropornKa rrpH crreKanuu 
naiip,eHLI H p,JIH aToro upo~ecca. llcxop,H H3 cpHaH
Ro-xuMH'leCKHX ll3MepeHHH, MO)KHO rrpell,CKa3aTL 
IIJIOTIIOCTb CIIe'leHIIbiX li3)J,eJIHii C TO'lHOCTbiO 
± 1% H 0/],HOBpeMeHIIO Bhi6paTh OIITHMaJihllbie 
ycJIOBHH rrpecconaHHH H crrei\aHHH. 

lfayqaJIIICh CTpyKTypHble ll3MeHeiiHH IIOJIHypa
HaTa aMMOHHH Hpll ocamp,eHHH. 
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In our sintering cycle, diffusion of the nonstoi
chiometric oxygen is not the only process, but its 
contribution to the presence of a maximum at 1 450 °C 
is apparently considerable (Fig. 9). Above this tempera
ture, self-diffusion in the stoichiometric compound 
is the main process influencing the densification. 

These studies permit the selection of the correct 
sintering cycle and the control of fluctuations in 
raw material properties. 
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Figure 10. Sintered density and 0/U ratio as functions of heat 

treatment in the temperature range of 500-1 600 oc 

The use of activation additives 

As previously stated, UO~ powders can be sintered 
into pellet shaPes under suitable conditions (1 450 °C). 
To complete the investigations the preparation of 
powders containing additives and their effect on 
sintering was studied. As a detailed report [27-29] 
by Japanese research workers has been published 
since the work started only a brief statement of the 
results is given. The possibility of using co-precipita
tion with homogeneously dispersed additives for the 
preparation of uo2 [30] was studied. 

U0 2 specimens with 1% of Al20 3, CaO, and 
V 20 5 additives, resp., seems to have convenient 
sintering properties [31]. The addition of Mo02 

which has similar atomic radii to U02, did not give 
good results. The pellets did not compact well and 
did not sinter. X-ray analysis [32] also showed that 
the presence of Mo in the lattice gives extreme 
tension. Moreover even small amounts of additives 
considerably influenced oxidation activity of uo2 
surface. 
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35 40 45 so 
Figure 7. Relationship between sintered density of U01 pellets 

d. and green density d1 for 5 types of U01 powders 

specimens the following relation proposed by Ivensen 
was used: K = dt (dt _ dJ 

d. (£4- dl) 
where d1 is the green density, ds the sintered density 
and t4 the theoretical density. Ivensen found out 
that for a great number of samples investigated, 
K remained constant and did not depend on the green 
density at constant sintering conditions. The applica
tion of this relation to our samples showed that K 
did not remain constant, but depended on compacting 
pressure. In all cases, curves with a minimum were 
obtained. The minima corresponded to the optimum 
sintering conditions. If the coefficient ~ is compared 
with the minimum K values for. different specimens 
we obtain a smooth curve that corresponds to the 
decrease of sintered density with increasing~ [12, 14]. 

The main conclusion from the sintering experiments 
is that the usual comparison of the sintering activity 
of powders of various origins and dispersion pro
perties under constant compacting and sintering 
conditions is incorrect. For each microagglomerate 
state a different compacting pressure must be used 
to obtain maximum sintered density (Fig. 8). This 
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Figure 8. Optimal pressure, green density d1 and slntered density 
d., vs. coefficient 8 

conclusion was confirmed on 26 specimens with 
different coefficients, ~- Compacting pressure and 
relative green and sintered densities were calculated 
beforehand from Fig. 8. Sintering was carried out 
at I 600 °C for 4 hours in H 2• The absolute error 
of the method for the determination of green density 
did not exceed 4%, for the determination of sintered 
density 2%. 

The relationship between sintering temperature and 
sintered density is not continuous, but in the tempera
ture range up to 1 800 °C a maximum was found 
(Fig. 9) for ~ = 2.05, surface area 8.2 m2/g., optimum 
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Figure 9. Sintered density d, vs. sintering temperature 

compacting pressure 2.5 tonjcm2 and time at maximum 
sintering temperature 4 hours. At present there is 
no explanation for this maximum. Specimens sintered 
at 1 450 °C had the highest sintered density (95.4% 
theoretical), but specimens sintered at 1 800 °C had 
the most distinct grains. In this specimen, a con
siderable part of the pores are located on the grain 
boundaries [26). Pore coalescence is distinct even 
at I 600 °C. 

The curve relating compacting conditions to the 
coefficient K showed a minimum. At 1 450 °C both 
branches of the curve are close together and optimum 
cop1pacting conditions must be kept to very exactly. 
In this experiment with a hydrogen sintering at
mosphere the U0 2 specimens contained 0.028-0.038 
mole of excess oxygen. To determine the influence 
of this on the diffusion processes, under these con
ditions, the changes in the density with excess oxygen 
were studied [26]. During sintering, specimens were 
heated to tlie selected temperature at a rate of 400 
deg/hour and immediately after reaching the selected 
temperature quenched. The changes in relative 
density of the pellets and in the oxygen content 
are given in Fig. 10 for the sample described above 
for Fig. 9. The bend in the curve of relative density 
increase is in good agreement with the Tamman 
temperature (I 150 °C). At temperatures in the range 
of 500-1 000 °C neither an increase in density nor 
crystallite growth was observed. At higher tempera-

. tures crystallite growth up to 0.1-1 !L takes place, . 
i.e., the main diffusion process, volume diffusion 
becomes apparent. Close to this temperature the only 
diffusion process is probably surface diffusion. The 
pellets become more firm as interagglomerates arise, 
but no densification takes place. 
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in chemical reactivity and therefore, also in the 
surface area, occurs up to about 700 °C. On the other 
hand, at higher calcination temperatures and longer 
calcination periods, the decrease in chemical reactivity 
does not stop, which suggests that volume diffusion 
is the controlling process. 

For a comparison of relation between surface 
area S, and chemical reactivity ll.T, the ll.T/S ratio 
was used [5]. 

Basic types of U02 and their characteristics 

Optimization of the different stages of a production 
cycle depends particularly on the possibility of using 
suitable physico-chemical characteristics of powders 
as single-value criteria. The best results were achieved 
by the help of a criterion defined as the ratio duET I drt, 
where duET is the mean particle size calculated from 
the relation duET= 6/pS where S is. the surface 
area in m2/g, p the density in gfcm3, and dm is the 
crystallite size determined by standard X-ray analysis 
from line-broadening. This dimensionless criterion ~ 
characterises the structure of the crystallite agglo
merate according to the size of the contact areas. 
uo2 prepared by direct reduction of ammonium 
polyuranate gives a dependence of ~ on reduction 
temperature as shown in Fig. 5. The form of this 
dependence in different cases varies with the reduction 
process conditions. If reduction periods longer than 
30 minutes are used, the minimum at 700 °C gradually 
disappears. 

8 
dBET 

drtg 
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/_____. 
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600 700 800 900 ° c 
Figure 5. Temperature of reduction vs. coefficient 8 of U01 

Uranium dioxide compacting 
The dependence between compressibility and U02 

samples prepared in different ways and having 
different values of~ was studied. For the evaluation 
of compaction Balshin's modified equation was used 

log p = - m log ~ + C 
where p is the compacting pressure in tonfcm2, ~ is 
the relative volume and m and C constants. The 
applicability of this equation over the pressure range 
1-6 ton/cm2 was confirmed. The relation between C 
or m and ~ shown in Fig. 6 enables the optimum 
pressure to be calculated without performing com
pacting experiments. 

The validity of these results was corroborated 
on a large number of specimens. C and m values 
were read from Fig. 6. Good agreement between 
calculated and experimental values was obtained 
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Figure 6. Constant C and compressibility modulus, m, from the 
Balshin equation vs. agglomeration coefficient of U01 

(Table 4). The mean relative error in the deter
mination of the compacting pressure was within 
± 2.1%, and the determination of green density 
obtained after compacting at a given pressure was 
within ± 0.8%. 

Table 4. Comparison between calculated and experi
mental values of compacting pressure needed for 
reaching given green density of some uo2 specimens 

Compacting pressure p Relative (t/cm') error Cocff. W.> a m c B Calculated Experimental 

1.51 4.00 2.00 2.146 4.72 4.50 4.7 
1.55 4.43 2.02 2.336 2.44 2.50 2.4 
1.55 4.43 2.02 1.965 5.20 5.00 4.0 
1.67 4.92 2.06 2.416 1.51 1.50 0.6 
1.67 4.92 2.06 2.320 1.84 1.80 2.2 
1.67 4.92 2.06 2.183 2.49 2.50 0.4 
1.67 4.92 2.06 2.092 3.07 3.00 2.3 
1.67 4.92 2.06 2.092 3.07 3.20 4.1 
1.67 4.92 2.06 2.129 2.88 3.00 0.7 
1.91 5.23 2.15 2.137 2.69 2.70 0.4 
1.96 5.28 2.17 2.155 2.60 2.60 0.6 
2.26 5.60 2.28 2.196 2.45 2.50 0.4 
2.70 5.85 2.42 2.207 2.56 2.70 5.2 

Uranium oxide sintering 
Studies on sintering [21-26] were a continuation 

of the work described above. For the investigation 
of the dependence of the sintering density on the 
compacting pressure, the coefficient ~. etc., a sintering 
temperature of I 600 °C was chosen, at which rela
tively high densities for all types of uo2 specimens 
investigated were reached. Hydrogen was used as 
the sintering medium. The relationship obtained 
for sintering (Fig. 7) shows that there is a maximum 
sintered density for various specimens with different 
values of ~ which correspond to different green 
densities and therefore also to different compacting 
pressures. Hence, the optimum compacting conditions 
must be determined for each specimen in relation 
to its own state of agglomeration (i.e. the coefficient~). 
For a comparison of sintering results of different U02 
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of physical mixtures of· the two components. At 
present this cannot be explained. 

The surface area of the U03 increases with in
creasing calcination temperature up to 350 °C and 
then decreases (Table 3). 

Table 3. Influence of ammonium polyuranate calcina
tion temperature on surface area of U03 

Temperature oc 

200 
300 
350 
400 
450 
500 

Time of calcination h 

20 
20 
20 
20 
20 
20 

Surface area U03m'/g 

49 
70 

66- 120 
66 
45 
35 

uo2 prepared from these samples has twice the 
surface area of that prepared directly from the 
polyuranate. The results are affected by the geo
metrical arrangement of the calcination experiment 
and the poor thermal conductivity of U03 may 
explain this result. 

As is known from the literature [1, 2], changes in 
structure occur during the hydration and dehydration 
of U03, which can result in the formation of amor
phous U03• We tried to use this process to improve 
the U0 2 preparation [19]. If ammonium poly
uranate which will yield highly disper;se powders 
after thermal decomposition is the starting material 
in the U03 preparation, there is no increase of surface 
area during hydration-dehydration cycling, on the 
contrary the surface area of the final material is 
8-10 times lower [22]. The decrease of surface area 
during hydration is considerable and can be probably 
explained by crystal growth of the U03 hydrate. 
The decrease in the surface area during dehydration 
probably has its origin in spontaneous U03 sintering. 
The final result is considerably influenced both 
by the hydration conditions (H 20 vapor pressure, 
contacting method), and especially by the calcination 
temperature of the starting polyuranate. At a U03 

calcination temperature > 400 °C, hydration activity 
decreases and the effect of the hydration-dehydration 
cycle is weak. At these temperatures, U03 recrystal
lisation and surface area decrease do not take place. 

The influence of ammonium polyuranate calcination on 
U30 8 properties 

The dependence of the degree of spontaneous 
sintering of U30 8 on the time and temperature of 
heating of the polyuranate was investigated [5]. 
U02 samples prepared by reduction of U 30 8 calcined 
at various temperatures form a special group, as .far 
as the dispersion properties are concerned. 

The surface area of U30 8 decreases with increasing 
temperature in the way shown in Fig. 3 [5]. After 
a standard reduction of U30 8 the surface area decrease 
is reproduced in the uo2 phase, even though the 
kink near 700 °C is smoother (Fig. 3). 

The investigation of the chemical reactivity of 
the uo2 by the thermogravimetric method showed 
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Figure 3. Surface areas of U30 8 and U02 and chemical reactivity 
of UO.(fl. T) vs. calcination temperature of U30 8 phase. Starting 
material: ammonium polyuranate from continuous process 
(curve 1) and ammonium polyuranate from batch process 

(curve 2) 

[6, 7] that there is a dependence of /j.T (defined as 
the temperature difference between the first · and 
second oxidation step of U02 to U 30 8) on the cal
cination temperature of U30 8 (Fig. 3). 

The course of the fj.T vs. calcination tem~rature 
curves approximately repeats the analogous de
pendence of the surface area. A comparison of curves 
1 and 2 in Fig. 4 shows that if the calcination time 
is extended by about· 4 hours, no substantial change 

200 
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100 

600 700 800 900 1000° c 
Figure 4 . .6. T of U02 as a function of temperature and time of 
calcination of U30 8 phase [5]; Curve 1: U30 8 heated for short 
period (exact conditions of heating are presented in [5]); Curve 2: 

U30 8 heated approximately 4 hours longer 
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Table 2. Relationship between temperature and final pH of ammonium polyuranate 
suspension 

Analysis of precipitate wt % 
Precipitation temperature 

pH 
40 °C 

%U01 %NH1 %H20 %U03 

3 87.8 2.53 9.67 88.2 
4 86.1 2.39 11.51 87.1 
5 85.6 3".43 10.97 87.7 
6 85.3 3.65 11.05 87.0 
7 86.8 3.89 9.31 86.7 
8 85.5 3.98 10.52 84.6 
9 85.7 6.71 7.59 87.2 

studies a larger amount of NH40H may be present 
which increases the ammoniacal groups in the pre
cipitate. Therefore the presence of ammonia in the 
precipitate, identified as U032H 20, can be explained 
(see Table 2). 

Studies of the influence of precipitation conditions 
on the final uo2 dispersion properties were carried 
out [11, 14]. The final pH of the solution influenced 
the surface area to a certain extent, the result also 
depended on the initial concentration of the uranyl 
nitrate solution. The average surface areas obtained 
were 9.0, 11.0 and 13.0 m2/g at pH 7, 8 and 9 respec
tively for a U0 2(N03h concentration of 15% and 
13.5, 11.7 and 9 m2/g respectively for a 25% U0 2 
(N03) 2 solution. 

It is difficult to explain the decrease in surface 
area with increasing pH in the 25% solution, but 
some connection with changes in the mechanism of 
crystal nuclei formation or recrystallization of 
polyuranate phases may occur. 

Oxides of relatively high surface area can be 
prepared by the methods described. 

The temperature of precipitation influences the 
surface area of the final U0 2• The surface area is 
6.5 m2/g for precipitation at 40 °C and 9.6 m2/g 
for precipitation at 60 °C, for a 20% U02(N03) 2 
solution at pH 9. Raising the temperature to 70 °C 
does not alter the surface area. 

No direct relationship can be found between the 
particle size, determined by sedimentation methods, 
of the polyuranate or uo2 and the compacting 
and sintering behaviour [I I, 15]. 

Direct reduction of ammonium polyuranate with 
hydrogen, hydrogen/nitrogen mixture and carbon 

monoxide 

A relationship between the reduction temperature 
and the surface area of the uo2 was found for 
reduction in hydrogen or hydrogen/nitrogen mixtures 
(see Fig. 2). The maximum observed is due to struc
tural changes in the crystallite aggregates at this 
temperature. Sedimentation analysis showed no 
disintegration of the aggregates [11, 14]. The decrease 
in surface area above 700 °C is due to spontaneous 
sintering occurring at these temperatures. At 500 °C 
the reproducibility of the surface area was poor. 

Mole ratio 
U03/NH 3 

Precipitation 
temperature 

600C 
40 oc 600C 

%NH3 %H20 

2.12 9.68 2.24 2.46 
3.02 9.88 2.14 1.71 
3.24 9.06 1.48 1.61 
3.90 9.10 1.39 1.32 
4.00 9.30 1.32 1.28 
4.60 10.80 1.27 1.09 
4.73 8.07 0.75 1.10 

uo2 specimens prepared by direct reduction contain 
excess oxygen (up to OJU = 2.04) [I6]. This oxygen 
is present either as a U03 (or U03 hydrate) surface 
layer or sometimes as a second U40 9 phase [17]. 
The uo2 +X solution which is characterized by a 
lattice contraction was not found under production
scale reduction conditions. 

The reduction of ammonium polyuranate with 
carbon monoxide gave U02 with very variable 
physical and chemical properties. If the ammonium 
polyuranate is dried with alcohol or U30 8 or U03 

are used, the results are much more reproducible. 
No marked changes were observed in the U0 2 

properties when a hydrogen/nitrogen mixture was 
used for the reduction. The use of a mixture is 
important on the production scale as it reduces the 
danger of the ammonium polyuranate agglomerating. 

Influence of calcination conditions on the properties 
ofU03 

The conditions of thermal decomposition of the 
ammonium polyuranate influence the properties of 
the U03 powder and therefore can be used to adjust 
the ~tarting material. There is no information on 
this problem and so the relationship between cal
cination temperature and surface area of the U03 

product were studied [18]. At the same time changes 
in the infra-red and visible spectra and in the X-ray 
crystallographic spectra of the U03 were studied. 
No unique dependence between reflection spectra 
and preparation methods was obtained. The infra
red spectra of U0 2•9 and ~-phase U03 prepared by 
pyrolysis of the polyuranate differ from the spectra 
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Figure 2. Surface area, S, and crystallite size, d, of U02 vs. 
temperature of reduction with hydrogen 



P/530 Czechoslovakia 

Development of ceramic nuclear fuel in Czechoslovakia 

By D. Jakes and H. Landspersky* 

The Czechoslovakian programme on the peaceful 
use of atomic energy supposes a DOR type reactor 
(organic cooled, heavy water moderated) as a power 
reactor variant. 

A ceramic fuel was chosen for this type of reactor 
and in the first stage of this project uranium dioxide 
was the subject of development. 

Powder metallurgy was chosen as a technological 
basis and the investigation was aimed at the deter
mination of such criteria as would enable a correlation 
between the various stages of the fabrication process. 

In this work, the preparation of a dense uranium 
dioxide [I, 2] was based on the precipitation of 
ammonium polyuranate, calcination to U03 or 
U30 8, reduction to U0 2, compacting of U0 2 powder 
and sintering of the pressed pellets. 

The following physical and chemical properties 
were investigated: (a) surface area [3] by the BET 
method, Carman's permeability method and Nelsen 
and Eggertsen's gas sorption method with chromato
graphic detection, (b) crystallite size from Debye 
line broadening [4], (c) lattice parameters [4], (d) par
ticle size distribution by sedimentation analysis [5], 
(e) the temperature difference between the first and 
second uo2 oxidation stages, determined by thermo
gravimetric analysis [6, 7], (f) chemical composition, 
especially the 0/U ratio, determined by chemical 
analysis [8, 9, 10]. 

Other U0 2 preparation problems, the reduction 
of the polyuranate with CO, the influence of the U03 

hydration-dehydration cycling, the influence of addi
tives on the sintering process, methods of reducing 
the uo2 pyrophoricity and the use of a flocculant 
for improving filterability were studied. 

The influence of precipitation conditions on the dis
persion properties of ammonium polyuranate and on 

the uo2 reduced from it 
The precipitation process was studied in relation 

to the surface area and crystallographic structure of 
the resulting precipitate under conditions close to 
those of a production plant [11]. Interesting effects 
were found for variations in pH between 3 and 9 
and a partial correlation between structural changes 
and surface areas was obtained [12]. 

• The Nuclear Research Institute of the Czechoslovak 
Academy of Sciences, Rez by Prague. Including work by 
J. BEcvat, P. Imris, D. Imrisova, D. Jakes, L. Jakesova, 
H. Landspersky, M. Podest, F. Pour, L. Sedlakova, J. Sulc, 
Z. Urbanec and J. Wolf. 
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Fig. 1 shows the dependence of the surface area 
on pH of the precipitation. The dependence is more 
complicated than is usually reported in literature. 
The minimum at pH 6 can be explained as a change 
in the structure of the precipitate (Table l ). The 

Table 1. Crystallographic structures of ammonium 
polyuranate precipitated at different pH• 

Types of crystallographic lattice (this work) 

pH Precipitation temperature 
60 •C 

3 ..... Type I orthorhombic 
4 ..... Type I orthorhombic 
5 ..... Mixture with high content 

of type I 
6 ..... Unidentified mixture 
7 ..... Type III hexagonal 
8 ..... Type IV hexagonal 
9 ..... Type IV hexagonal 

Precipitation temperature 
40 •C 

Type I orthorhombic 
Type I orthorhombic 
Type II orthorhombic 

Unidentified mixture 
Type III hexagonal 
Type IV hexagonal 
Type IV hexagonal 

• Types I-IV are used as described by Cordfunke [19]. 

results show that the factor determining the existence 
of a maximum is the transition from an orthorhombic 
structure to a hexagonal one. At a higher tempera
ture the range of pH for structural changes, increases 
in agreement with the data presented by Cord
funke [13]. At a higher temperature Table 1 shows 
that the type II structure did not occur and type I 
was still found at pH 5. 

The ammonia content of the precipitates pre
pared in these experiments is very much higher 
than that obtained by other workers in potentiometric 
studies of the precipitation. 

Since the precipitating solution has a higher 
concentration than that used in the potentiometric 

s 40~----------~ 
m2/g 

30 

20 

10 

3456789 
pH 

Figure 1. Surface area of ammonium polyuranate as a function of 
final pH of suspension at 40 •c and 60 •c ( x -precipitation 

temperature 40 •c, a-precipitation temperature 60 •q 
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estudio de los metodos de sinterizacion, fusion y 
moldeado de combustibles de UC-PuC. 

La produccion y el ensayo a escala experimental 
de elementos combustibles de oxidos mezclados 
ha puesto de manifiesto ciertos problemas relaciona
dos con el uso de los equipos industriales corrientes; 
en algunos casos, las impurezas introducidas durante 
el proceso industrial debido a deficiencias de los 
equipos mencionados han provocado fallos de los 
elementos combustibles. Ultimamente se ha adelan
tado mucho en cuestion de almacenamiento, perdidas 
y control de Ia criticidad del combustible. 

Cada vez despierta mayor interes Ia posibilidad 
de adaptar las mas modernas tecnicas de elaboracion 
a los combustibles de uranio-plutonio irradiados 
y parcialmente descontaminados, asi como de hallar 
nuevos elementos combustibles que puedan enri
quecerse reiteradamente, o ser rejuvenecidos y vueltos 
a irradiar sin pasar por un tratamiento quimico 
completo de regeneracion. Ademas, se estudian 
sistemas para prolongar Ia duracion del elemento 
combustible, por ejemplo, utilizandolo alternada
mente en un reactor termico y rapido; los primeros 
resultados obtenidos son alentadores. 

Aunque el estudio de otros compuestos distintos 
de los oxidos ha sido fructifero, el acopio de datos 
sobre Ia elaboracion, irradiacion y caracteristicas 
fundamentales de los oxidos ha sido mas rapido. 
Por ejemplo, en el curso del ano pasado, se irradiaron 
toneladas de mezclas de oxidos de plutonio-uranio, al 
!ado de solo algunas decenas de kilogramos de 
carburos mezclados y de apenas algunos kilogramos 
de otros compuestos. 

E. A. EVANS et at. 

Se conocen parcialmente los efectos que Ia adicion 
de plutonio ejerce sobre las propiedades de los 
compuestos de uranio y, en general, parece que los 
oxidos de uranio-plutonio son capaces de compor
tarse satisfactoriamente en las centrales equipadas 
con reactores termicos o rapidos actualmente en 
proyecto. Se ha irradiado el oxido de plutonio a 
mas de 66 x 1020 fisionesfcm3 (200 000 MWd/t), 
con regimenes de generacion de calm' que exceden 
a los previstos en los reactores rapidos. La mezcla 
de U02 con 20% en peso de Pu02 se irradio con 
exito hasta 33 x 1020 fisionesfcm3 (100 000 MWd/t) 
y se obtuvieron importantes datos acerca del des
prendimiento de gases de fision y de Ia redistribucion 
del combustible. Tambien se realizaron pruebas 
transitorias con potencias varios cientos de veces 
mayores que las de regimen. Todavia es preciso 
continuar estudiando los efectos de Ia temperatura 
sobre Ia reactividad, Ia segregacion de combustibles, 
los efectos de su fusion y el movimiento de los pro
ductos de fision. 

En diversos Jugares de los Estados Unidos se han 
llevado a cabo con exito ensayos de irradiacion de 
carburos de uranio-plutonio mezclados, alcanzandose 
en algunos de ellos mas de 13 X 1020 fisiones/cm3 

(43 600 MWd/t). En otros ensayos en curso, se ha 
fijado como meta exposiciones que superan a las 
27 x 1020 fisionesfcm3 (91 000 MWd/t). Como com
plemento de estos experimentos con combustibles 
encaminados a desarrollar Ia tecnologia de los reac
tores refrigerados por sodio, se realizan estudios 
sobre sus propiedades fisicas y termicas y sobre su 
compatibilidad con los materiales de revestimiento. 
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B 1\0TOpbiX llJIYTOHHJi HBJIHCTCH CriCQHtPHqecKllM 
npOAYKTOM, ueJiornqno nacTannaTb na cmnrannu 

nJiy'roHnH in situ HJIH BbilJ.epmnnaTh ero B xpamt

JJH~ax neonpeAeJienno p_oJiroe npeM.H. 

TexnoJJoruH naroTOBJJenna KepaMwH~CIWro Ton

mma paapaoaTblBaCTCH pa3JlJ1qHhiMif HlJ.CpHbiMH 
I\CHTpaMH B 3UBJICIIMOCTH OT CllCQiftPHKII Kall\)lOI'O 

l~CHTpa. llpor~eCCbi, DpHMCH1IeMble l\ TOllJIIIBY 11:-1 

;~BYUKHCeii ypana J1 llJIYTOHJIH, BKJJIO'IalOT COBMC

CTHOC ocamlJ.eHne, MexannqecKoe cMernnnan~te, 

npecconaune n cneKanne, ropaqyro mTaMnOBI\y, 

nn6pall,nonnoe yuJioTnenne n YAapuoe B03AeiicT

nue OOJihlliUii aneprnn. nocJIC)lHUii cnoco6 .HBJI.HCT

CH OlJ.HliM na noneiimnx n uan6oJiee yconepmen

eTBOBaHHhJx MCTOlJ.OB llOJJyqeHliH CMClllaHHMX 

01\liCeii BbiCOKOii IIJIOTHOCTll, a TaKII\C MCTaJIJIOKC

paMuqeCKHX II l1,pyrnx COClJ.HHeHnii: C 3al1,aHHJ.IM 

cocTanoM. Paapa6aTbiBaJOTCH TaKme MeTOlJ.bi cne

Nanna, nJiaBim n JJIIThH Kap6n,L\OB ypana n nny

TOHUH. 

lfaroTOBJICHlle B OllblTHOM MaCIUTaoe Jf liCllhiTa

lliiC TeJWOBhll1,eJIHIOIII,liX JJieMCHTOB 113 CMeillaU

UhiX oxnceii BhilJ.BliiiYJIO ua nepBhiii HJJau npo6· 

JICMhi, cnaaaiiiiLJe c npnMenenneM oohiqnoro npo

MhJIHJiennoro o6opyl1,onanna. B ueKOTOpbiX 

CJiyqaJIX 3arpR3HCHHH, BBClJ.CHHbiC B IIOTOK II3fO

TOBJIHCMOfO TOllJIHBa TaKIIM o6opyl1,0BaHHCM, npu

llOlJ.IIJIJf J\ paapymeHUJO TCllJIOBhllJ.CJIHIOIIJ,HX JJIC

MCHTOB. B nacToaiiJ,ee npeMJI nonpochi YlJ.epmanua 

TOllJIHBa, llOTCpb H U3MepeHHH KpHTHqUOCTH pa3-

pa6oTaHbl lJ.OBOJILHO xopomo. 

llonhlrnennoe BIUIManne YlJ.CJIHCTCH npnMeue
nnro IIOBhiX MCTOlJ.OB H3rOTOBJICHHH TOllJIHBa, K 

qacTnqno oqniiJ,enuoMy n o6JiyqenuoMy TOIIJIHBY 

H3 ypaHa H llJIYTOHHH, a TaKme K paapaOOTKe HO

BhiX TCllJIOBhllJ.CJIHIOIIJ,HX JJICMCHTOB, HanpnMep, 

TaKnx, KOTOphle MoryT ohiTh nonTopno o6oraiiJ,e

Hhi, o6nonJieiihi n rrepeo6Jiyqenhl 6ea ueo6xol1,HMo
cTn llOJIHOH XHMUqeCKOH nepepaoOTKH. IloMHMO 

aToro, ceifqac H3yqaJOTCJI CllOCOOhl npOlJ.JICHHH IIO

JIC3HOrO cpoKa CJIYIRObl TCIIJIOBhi,!J,CJIHIO~UX aJie

MCHTOB nyTeM qepel1,0BaHHH HX YCTaHOBKH B pe
aKTOpax na TenJioBbiX n 6LICTpbiX neiiTpoHax. 

,[(ocTnrHyThi 6JiaronpnaTHhie npelJ.BapnTeJibHhie 

pe3yJILTaThi. 
HapRlJ.Y c ycnemHhiM nccJielJ.OBaHneM lJ.pyrnx, 

KpOMC OKHCH, TOllJIHBHbiX KOMll03HIJ.IIU l1,allllblC 

fiO :U:3rOTOBJICHHJO, OoJiyqeJIHJO H tPYHlJ.aMeHTaJib

HbiM HCCJIClJ.OBaHHHM OKHCeii pa3BHBaJIHCh Ha

MHOrO 6hiCTpee. TaK, 3a 1963 ro71. 6hiJIH o6Jiyqeuhi 

6yKBaJihHO QCJlhiC TOHHhl CMCCCH OKHCH DJIYTO

HIIH H ypaua lll) cpaBIICHHIO C HCCKOJihKHMH lJ.C

CHTKaMH KIIJIOrpaMMOB CMCIUaHHhiX Kap61Il1,0B IIJIU 

TOJihKO HCCKOJibKHMH KHJIOrpaMMaMH p,pyrnx 

COCTaBOB. 

Bmtanne A06anoK nnyTOHJJH ua cnoiicTna ypa

ua qaCTJiqHo H3BCCTHO. llO-BHlJ.HMOMy, 01\lfCU 

ypaHa II TIJJYTOHIIH B o6~eM npnrOl1,llbl lJ.JJH IIpli

MCHCIIHH Ha aTOMHLIX 3JICKTpOCTaHQIIHX KaK C 

peaKTopaMH Ha TCllJIOBbiX, TaK H Ha 6biCTpblX 

neiiTpoHax. 0Imch nnyToHnH no.a;neprann o6Jiyqe

unro CBbiiUe 66 · 1020 8e.ttenuii/c.M3 (200 000 MBr X 
X cyn•u/r) npn MO~IIOCTH BhilJ.eJieuna TenJia, 3Ha

'IHTCJILIIO IIpCBhllliaJO~eif MOIIJ,HOCTb TCllJIOBhllJ.C-
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JJeuna B peaKTopax na ohiCTpblX neiiTponax. 

JJ:nyoKIICh ypaua, colJ.epmaiiJ,yJO 20 nee. % Pu02, 

IIOlJ.BepraJJn o6Jiyqeunro 71.0 33 · 1020 8e.ttenuii/c.u3 

(100 000 MBr · cyr~'>it/r), B peayJihTaTe qero ohlmt 

mmyqeHLI namnhle lJ.aHHLie o BhiAeJiennu raso

o6paaiiLIX IIpOlJ.YKTOB lJ.CJICHHH II 0 nepeMe~eHIIU 
TOllJIUBa. llpOBCACHhl IICnhiTaHliH nepCXOlJ.HblX 

:mepreTnqecKnx yponneii, npeBLimaro~nx B ne

CKOJihKO COT pa3 HOpMaJihHYJO pa6oqyro JHeprnro. 

lf3MCHCIIHH palJ.UOaKTifBHOC'i'U DOA BJJH.HHliCM TCl\1-

nepaTyphl, cerperan.nJI TOIIJIIIBa, lJ.Bnmeune npo

~YKTOB lJ.CJICIIIIH II atf>tf>eKTbl paCIJJJaBJICHIIH CIIW 

Tpe6yJOT lJ.aJihneiimero n3y<IeJina. 
11cnhiTaHnH c o6nyqeuneM cMecu Kap6nP.a ypa

Ha H DJJYTOHIIJI 6hiJJH ycneiUHO IIpOBClJ.CHbl Ha 

pa3JinqHhJX HAepHhiX ycTaHOBI<ax CiliA, nei<oTo

pLre ua nux xapaKTepnaonaJinch BLrropauneM 

CBbiiUe 13 ·1020 8e.ttenuii/c.M3 (43 600 MBT · cyr
~'>U/r). ,[(pyrue DpOBOlJ.UMhle B HayTOJIIIJ,ee BpCMH 

ncnhiTaHnH npecJiep,yJOT QCJih o6Jiyqemm TaKoii 

cMecn p,o 27 ·1020 8e.ttenuii/c.M3 (91 000 MBr X 
X cyr-,.u/r). ihn OllhiThl c TOTIJIIIBOM P.JJR coBep

meHCTBOBaJinH TCXHOJIOfHH peaKTOpa C JiaTpneBhUl 

oxJiaml1,euneM conponomp,aJIIICh u3yqeuneM ero 

~Hl3HqeCKHX II TCIIJIOBhiX KaqeCTB II COBMCCTU

MOCTll c MaTepnanaMn o6oJioqKn. 

A/236 Estados Unidos de America 

Combustibles ceramicos de uranio-plutonio 

por E. A. Evans et a/. 

Los estudios sobre elaboracion e irradiacion de 
combustibles cenimicos de uranio-plutonio para 
reactores termicos y nipidos han cobrado consi
derable impulso en estos ultimos afios. La cantidad 
de dichas combustibles irradiada en los Estados 
Unidos durante el afio 1963 fue el doble de Ia de 
1962 y se espera que vuelva a duplicarse en 1964. 

Se ha demostrado que los elementos combustibles 
que contienen plutonio pueden elaborarse en instala
ciones a escala experimental, en condiciones de segu
ridad y a un coste poco superior al de Ia fabricaci6n 
de los elementos de uranio. Por ejemplo, el coste de 
produccion de elementos combustibles de uo2 con un 
1% en peso de Pu02 es menos del 10% mayor que el 
de los elementos de U02• Por lo tanto, para· aquellos 
reactores en los que el plutonio ofrece ventajas exclu
sivas, ya no es logico discutir si el plutonio debe irra
diarse siempre in situ o almacenarse indefinidamente. 

En diversas instalaciones se trata de perfeccionar 
Ia tecnologia de Ia fabricacion de acuerdo con sus 
respectivos intereses especificos. Los procesos aplica
dos en Ia fabricacion de los combustibles de U02-Pu02 

incluyen Ia coprecipitacion, mezcla mecanica, pren
sado y sinterizacion, estampado, compactacion por 
vibracion y por impacto a alta energia. Esta ultima 
tecnica constituye el medio perfeccionado mas 
reciente para obtener mezclas de oxidos de Ia mayor 
densidad, asi como otros compuestos y cermets de 
composicion conocida. Actualmente se prosigue el 
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A/236 Etats-Unis d'Amerique 

Combustibles ceramiques uranium-plutonium 

par E. A. Evans et at. 

Les etudes concernant Ia preparation et l'irradiation 
des combustibles ceramiques uranium-plutonium 
destines a des reacteurs thermiques et rapides ont 
rapidement pris beaucoup d'ampleur au cours des 
dernieres annees. La quantite de combustible de ce 
type irradiee aux Etats-Unis en 1963 a ete le double 
de Ia q uantite irradiee en 1962 et I' on pense que ce 
volume doublera encore en 1964. 

On a montre qu'il est possible de fabriquer a I'echelle 
pilote des elements combustibles contenant du plu
tonium, en toute securite eta un prix a peine superieur 
a celui de Ia fabrication d'elements a l'uranium. Par 
exemple, Ia fabrication d'elements combustibles a U02 

con tenant I% en poids de Pu02 coute moins de I 0% 
de plus que pour U02• Pour les reacteurs dans les
quels le plutonium presente des avantages particuliers, 
il ne semble done plus logique de continuer a pre
tendre que Ie plutonium doit toujours etre brUle 
in situ ou stocke indefiniment. 

La technologie de Ia fabrication est mise au point 
en plusieurs endroits, en fonction de preoccupations 
particulieres. Les procedes utilises pour U02-Pu02 

comprennent Ia coprecipitation, le melange meca
nique, Ia compression et le frittage, le martelage, le 
compactage par vibration, et l'impact a haute energie. 
La derniere technique constitue Ia methode Ia plus 
recente pour preparer les oxydes mixtes les plus denses, 
d'autres composes et des cermets de composition 
connue. On etudie le frittage ainsi que Ia fusion et Ia 
coulee de UC-PuC. 

La production a I'echelle pilote et les essais d'ele
ments combustibles a oxydes mixtes ont mis en evi
dence les problemes poses par I'utilisation d'instal
lations industrielles classiques. Dans quelques cas les 
impuretes introduites par ces installations au cours de 
Ia fabrication du combustible ont provoque des 
incidents sur les elements combustibles. Le combus
tible retenu dans I'appareillage, les pertes et les 
mesures de contr6le de criticite sont maintenant bien 
au point. 

On s'efforce d'adapter les recentes methodes de 
fabrication a des combustibles uranium-plutonium 
irradies et partiellement decontamines, et de mettre au 
point de nouveaux elements combustibles tels que 
ceux que l'on peut reenrichir a plusieurs reprises ou 
rajeunir et irradier a nouveau sans traitement chi
mique complet. De plus, on etudie differentes possi
bilites de prolonger Ia vie utile d'un element com
bustible, par exemple en l'utilisant alternativement 
dans des reacteurs thermiques et rapides. Les pre
miers resultats sont encourageants. 

Malgre Ies resultats interessants obtenus avec des 
composes autres que Ies oxydes, les donnees de fabri
cation et d'irradiation et Ies resultats des etudes fon-

damentales sur les oxydes ont ete reunis et examines 
plus rapidement. Par exemple, on a irradie l'annee 
passee des tonnes d'oxyde mixte plutonium-uranium, 
mais quelques dizaines de kilogrammes seulement de 
carbures mixtes et quelques kilogrammes au plus 
d'autres composes. 

On connait partiellement l'effet sur les proprietes 
des composes d'uranium d'additions de plutonium, et 
les oxydes uranium-plutonium semblent, d'une fa9on 
generale, capables de fonctionner correctement dans 
les reacteurs thermiques ou rapides des centrah!s 
actuellement etudiees. On a irradie de l'oxyde de 
plutonium a des taux depassant 66 X 1020 fissions/ 
cm3 (200 000 MWj/t), a des flux thermiques depassant 
ceux que I'on pense atteindre dans les reacteurs 
rapides. De I'U02 contenant 20% en poids de Pu02 

a ete irradie avec succes jusqu'a 33 X 1020 fissions/ 
cm3 (100 000 MWj/t) et on a obtenu des renseigne
ments importants sur le degagement des gaz de fission 
et le reamenagement du combustible. On a fait des 
essais d'excursions a plusieurs centaines de fois Ia 
puissance normale de fonctionnement. Les effets de 
reactivite en fonction de Ia temperature, Ia segregation 
du combustible, le deplacement des produits de fission 
et les effets de fusion doivent encore etre etudies. 

Des essais d'irradiation de carbure mixte uranium
plutonium ont ete realises avec succes dans differents 
centres aux Etats-Unis, certains a plus de 13 X 1020 

fissionsfcm3 (43 600 MWj/t). D'autres essais en cours 
doivent atteindre des irradiations depassant 27 x 1020 

fissionsfcm3 (91 000 MWj/t). Ces etudes de combus
tible, dans le cadre de Ia technologie des reacteurs 
refroidis au sodium, sont completees par I'etude des 
proprietes physiques et thermiq,ues et de Ia compati
bilite avec les materiaux de gainage. 

A/236 CWA 

KepaMHYecKHe ronnHea H3 ypaHa H 
nnyTOHHR 
a. A. SBaHC et al. 

3a llOCJJeAHife rOAhl 6hiCTpO pa3BifBaJIUCh npo

Jf3BOACTBO If HCCJieAOBaHue llOA o6JiyqeHHeM Repa

;o.mqeCRHX TOllJIHB H3 ypaHa H llJIYTOHifJI AJIJI pe

aRTOpOB Ha TellJIOBhiX II 6hlCTphiX Heii:TpOHaX. 

1\oJiuqecTBO TaKoro TonJinBa, o6JiyqeHHoro B CiliA 
B 1963 rOAY, 6biJIO B ABa pa3a 60Jihiiie, qeM B 

1962 rOAY· OmnAaeTeJI, 'ITO B 1964 rOAY oHo CHo-

Ba YABOHTCR. • 

11oKa3aHo, qTo TenJIOBhiAeJIJIIOI.Qne aJieMeHThl, 

COAepmai.Qne IIJIYTOHIIH, MOiKHO lf3rOTOBJIJITh Ra 

OllLITHOll YCTaHOBRe llO CTOifMOCTH HeCKOJJhi<O 

BLIIUe CTOIIMOCTII lf3J'OTOBJieHHJI TeiiJIOBLIAeJIJIIO

l.QifX aJieMeiiTOB 113 ypaHa. TaR, CTOIIMOC.TL H3ro

TOBJieiiuJI TeiiJJOBLIAeJI.JIIOI.QifX aJieMeHTOB 113 U02, 
co~epmai.Qnx 1 see. % Pu02, MeHee 'IeM Ha 10% 
~opome CTOifMOCTII ll31'0TOBJJeHII.JI TeiiJIOBhiACJI.HIO

I.QIIX aJieMeHTOB 113 ·uo2. IToaToMy AJI.JI peaRTopo». 
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Technology is developed for preparing sintered 
uranium-plutonium oxide and carbide pellets. Mechan
ically packed particle, uranium-plutonium oxide and 
carbide fuel elements are both technically and 
economically feasible. Statistically significant numbers 
of large, power-reactor size, swaged or vibrationally 
compacted uranium-plutonium oxide fuel elements 
were operated successfully to more than 1.7 x 1020 

fissionsjcm3• Tests of deliberately defected elements 
and in-service failed elements revealed no catastrophic 
washout or waterlogging problems. 

Novel uranium-plutonium fuel element concepts 
now being explored promise radically reduced 
fabrication costs and unique fuel performance advan
tages. Preliminary irradiation tests on alternate fuels 
such as nitrides, sulfides, borides, ~Pu 203, and refrac
tory cermets are encouraging. 

Irradiation of uranium-plutonium ceramic fuels 
to more than 24 x 1020 fissions/cm 3 revealed no 
unique fundamental problems. 

Additional studies are being emphasized, par
ticularly of fast reactor ceramic fuels at high exposure, 
to determine the extent and effect of fuel relocation 
at high temperature and the chemical and mechanical 
effects of continued operation after cladding failure. 

Fabrication and irradiation of these fuel elements 
was completed without a serious contamination 
incident at any USA site. 
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IRRADIATE:D FUEL 
ELEMENT 

Figure 7. Fuel element rejuvenation concept 

Although unirradiated uranium, thorium, and 
plutonium carbides hydrolyze readily and thus are 
not ordinarily suggested for water cooled reactors, 
recent tests indicate that irradiated fuel is nearly 
unreactive in water at 25 to I 00 °C [26]. (U 0•8Pu0• 2)C 
irradiated to 7.5 x 1020 fissions/cm3 was nearly 
passive in 80 °C water. PuC irradiated to 0.4 x 1020 

fissions/cm3 was passive in water and for 2 h in 
refluxed 13.2 molar HN03• 

Effect on fuel element design 

The excellent performance of uranium-plutonium 
ceramic fuels leads to novel fuel element designs. 
Computer studies show that more effective utilization 
of plutonium and uranium can be achieved in thermal 
reactors by extensive dilution with non-fissionable 
material [27]. The high self-shielding of plutonium 
in thermal environments is reflected in fuel elements 
being evaluated in which plutonium is simply added 
to compacted particle or hollow-pellet fuel rods as 
an axial Pu-Zr alloy wire [28]. The alloy wire reacts 
with the surrounding oxide without melting or 
slumping, and the plutonium becomes uniformly 
distributed throughout the molten central zone. 

Separation between old plutonium used in the 
fuel and the new plutonium generated during irra
diation is achieved in a uo2 fuelled, internally 
cooled, multi-tube fuel element with recycled Pu02 
contained in rods inserted axially in each of the 
cooling tubes [29]. An additional advantage is a 
moderate hardening of the spectrum in which the 

rods are irradiated that may provide enhanced 
Phoenix effect* and longer useful life. 

Uranium-plutonium ceramic fuel, irradiated in a 
thermal reactor until its reactivity is limited by 
burn-up of the fissionable atoms and accumulation 
of neutron poisons, can be rejuvenated by irradiation 
in a fast reactor blanket to increase the fissionable 
content of the fuel [30]. Subsequently it can be 
re-irradiated in the thermal reacto:-. Tests of this 
concept are under way. 

Another tested fuel element rejuvenation concept 
is shown in Fig. 7. 

SUMMARY AND CONCLUSIONS 
Safe fabrication of uranium-plutonium ceramic 

fuel elements for thermal reactors has been demon
strated with multi-tonne quantities. The incremental 
fabrication cost due to the use of plutonium is 
sufficiently small that arguments for using plutonium 
only in the fuel element in which it was formed, or 
for storing it indefinitely, have become less convincing. 

Uranium-plutonium oxide fuel elements for thermal 
reactors are now routinely fabricated on a semi-works 
scale with nominal care taken to avoid most impurities 
other than halides, moisture, and hydrocarbons 
(a situation not unlike that existing in the fabrication 
of uranium oxide fuels). Improved analytical methods 
for impurities were developed. More studies are 
needed. 

* Exploitation of ""Pu as a fertile poison for reactivity 
control. 
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Figure 6. (U0 •8Pu0 . 2)C0 .95 microstructure. Left : t're-irradiation, 
(200 x) 2 000-4 000 ppm oxygen; Right: Post-irradiation, (200 x) 

5.0 X 1020 fissionsfcm 3 

diated to 1.63 x 1020 fissions/cm3, maximum, at 
rod powers to 950 W/cm [11]. Increased plasticity 
over that of (U,Pu)0 2 was observed. As much as 
70% of the fission gases was released. One capsule 
failed during irradiation by expansion caused by 
melting of 20% of the fuel. No evidence of reaction 
between the cooling water and the fuel was observed. 

Sintered Mg0-2.71 wt% Pu0 2 and Mg0-12.95 
wt% Pu0 2 pellets (86-92% TD) were irradiated to 
1 x 1020 fissionsfcm3, maximum, at rod powers to 
l 650 W /em [II]. Because of the relatively high 
thermal conductivity and reduced thermal gradient, 
Mg0-Pu0 2 does not crack as extensively as does 
(U,Pu)0 2, and is capable of higher heat ratings 
without excessive center temperatures. Rejection of 
fission products and plutonium from the large 
columnar grains occurred in specimens irradiated at 
the higher heat ratings. 

Sintered Th0 2-Pu0 2 • pellets (2.33 to 18.48 wt% 
Pu0 2) were irradiated to 2.3 x 1020 fissions/cm3, 

maximum, at rod powers between 500 and 1 200 
W fern [II]. Center temperatures ranged between 
l 800 and 2 800 °C, well above the 2 260 °C melting 
point of ·some specimens. ·Microstructures after 
irradiation suggest that the effective thermal con
ductivity of Th0 2-8.8 wt% Pu0 2 is lower than that 
of U02• 

Post-failure behaviour 

The post-failure behaviour of uranium-plutonium 
fuel rods under prototype power reactor conditions 
appears to be no different than that of similarly 
irradiated U0 2 fuel elements [24]. Thirty particle
containing U0 2-Pu0 2 fuel rods of more than 2 100 
irradiated in the PRTR failed by severe localized 
hydriding, embrittlement and loss of Zircaloy cladding 
fragments. These incidents were directly traceable 
to impurities in the fuel. -No significant loss of fuel 
into the reactor primary coolant was observed and 
no reactor operating difficulties were reported. In 
many instances the release of fission products was 

first observed during post-reactor-shutdown de
pressurization. 

Studies of deliberately defected, particle-containing 
fuel rods in the PRTR Fuel Element Rupture Test 
Facility were initiated in early 1964. Previously 
irradiated fuel elements, deliberately defected with 
0.16-cm-diameter holes, lost no significant amount 
of fuel when pressure and power cycled during 
irradiation. Steady state fission product release was 
comparable with that observed earlier from a defected 
Al-Pu spike element, but power cycling bursts were 
approximately 25 times greater. Washout of particles 
was not severe partly because in-reactor sintering 
occurred during early irradiation. Sintering at bulk 
fuel temperatures of only 300 to 400 °C is apparently 
caused by the cumulative effects of repeated, very 
high local temperatures associated with individual 
fission events. 

Tests of (U 0 •8Pu0 •2)0 2 fast reactor fuels in de
liberately defected cladding indicate that sodium 
logging is not a serious problem [25]. A non-defected 
capsule containing sintered pellets in which a 0.14 em 
diameter center void was filled with sodium suffered 
no change in dimensions during irradiation at 
820 W fern. An initial excursion to 908 W fern may 
have caused fuel melting. Evidence of a sodium-fuel 
chemical reaction was found near the cladding. 
There were no detectable changes in a non-defected 
control specimen other than a typical central void, 
and columnar and equiaxed grains. A similar capsule, 
deliberately defected with a 0.013 em diameter hole, 
was power cycled 100 times to 820 W/cm in sodium. 
.Slight expansion of the cladding was the result of 
fuel ratchetting. Entrance <.1f sodium into the capsule 
enhanced heat transfer and lowered fuel temperatures, 
only equiaxed grains were formed. Sodium-fuel 
interaction was again observed. However, out-of
reactor exposure of inadiated samples to static 
sodium at 650 °C caused only slight grain boundary 
attack. Fuel containing excess oxygen is more readily 
attacked. 
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127 U0 2-Pu0 2 elements, 68 U0 2 elements, and 
75 spike assemblies of nonsegmented, 2.45 m long, 
AI-2%Ni-1.8%Pu alloy rods in nonbonded Zircaloy 
cladding. Performance of these elements was excellent 
at rod powers to 490 Wjcm, and to maximum bum-ups 
of 0.76 x 1020 fissionsjcm3 of AI-Pu and 1.7 x 1020 

fissions/cm3 of swaged U0 2• On March 3, 1962, 
gradual conversion to a uniform loading was 
begun by introducing four I 9-rod clusters containing 
swaged, incrementally loaded U0 2-0.48 wt% Pu0 2• 

Gamma scanning assured that no local plutonium 
concentration was sufficient to cause hot spots in 
exce!>s of the permissible maximum point surface 
heat flux (126 Wjcm2). 

Fuel elements containing vibrationally compacted, 
incrementally loaded U0 2-0.48 wt% Pu0 2 were 
later introduced into the PRTR. Other elements 
included several pellet rods. Two mixed oxide elements 
currently in the reactor contain recycled Pu0 2 

recovered from irradiated Al-Pu elements. 
Fuel elements now being charged into the PRTR 

contain swaged or vibrationally compacted, impacted 
U0 2-l wt% Pu0 2 particles. Exposures of the mixed 
oxide elements currently in the PRTR are 1.7 x 1020 

fissions/cm3, maximum, and 1.0 x 1020 fissions/cm3, 

average with rod powers to 490 Wfcm. 
A plutonium recycle fuel element test was con

ducted in the VBWR as part of the EuratomfAEC 
Program [20]. The bottom quarter of a 16-rod fuel 
element contained sintered pellets of U0 2-1.5 wt% 
Pu0 2 (I7%240Pu, 3%241 Pu). The center of this fuel 
successfully achieved 1.5 x 1020 fissionsfcm3• 

Fuels tested under advanced conditions 

Pelleted and particle-containing mixed oxide fuel 
capsules were irradiated to as much as 24 x I 020 

fissionsjcm3, at rod powers to I 650 W fern [II, 19]. 
Few differences were observed from the performance 
of uo2 fuels operated under similar conditions. 
Fission gas release data (Fig. 5) indicate no obvious 
correlation with composition or burn-up, but a 
rising trend is noted at greater rod powers. Values 
are more scattered for low density swaged fuel than 
for pelleted fuel, and an improvement at high heat 
ratings is apparent. No major discontinuity in fuel 
performance was noted as a function of increasing 
burn-up or power density. 

Transient overpower tests of (U,Pu)0 2 were 
conducted in the TREAT reactor [13-14]. Pellets clad 
in 0.64 em od with 0.038 em wall stainless steel, 
preheated to 430 °C and subjected to two transients 
to approximately l 750 °C and 2 700 °C developed 
no cladding distortion. A second specimen reached 
3 600 ± 280 °C, peak, (3 300 °C average) with only 
a slight bow and no significant diameter increase. 
Extensive center void formation, axial fuel movement, 
and bridging of the molten fuel occurred. A gross 
damage threshold due to fuel vapour pressure was 
estimated at 3 900 °C peak fuel temperature. 

Irradiation performance of pelleted or vibra
tionally compacted uranium-plutonium carbides is 
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encouraging. Dimensional changes are small, fission 
gas release is low, and there are no significant changes 
in microstructures. High power, high burn-up 
irradiations were conducted only in thermal fluxes. 
A few low-power capsules were irradiated in the 
fast flux of EBR-1. 

Irradiation of arc-cast mixed carbides (17-28 wt% 
Pu, 4.2-5. 7 wt% C) has been limited to 0.25 x I 020 

fissionsfcm3 at low rod power. Pellets, NaK bonded 
in stainless steel cladding, survived irradiation at 
a maximum fuel temperature of 490 °C with less 
than 1.6% density change and less than 0.24% fission 
gas release [21 ]. 

High density, sintered (U0 •8Pu0 • 2)C0 •95 was irra
diated to 12 x 1020 fissionsfcm3, maximum, at peak 
rod powers of 760 W fern [17]. Pellets made with 
carbon-reduced (U-Pu)C were stable in thermal 
reactors at 935 to I 175 °C fuel centerline tempera
tures, at rod powers between 330 and 535 W fern. 
Fuel density changes ranged to 5.1 %, and fission gas 
release was less than 1.5%. One specimen, a portion 
of which melted, released 12.7%. No fuel-cladding 
reactions were noted with helium bonded niobium 
or type 316 stainless steel cladding. Reactions were 
observed with 316 stainless steel opposite fuel cracks 
and pellet interfaces where sodium had penetrated 
cladding failures. Changes in the fuel microstructure 
were few (Fig. 6) with slight porosity increase noted 
at high burn-up. Slight redistribution of higher 
carbides could not be correlated with experimental 
conditions. Density of 96% TO pellets made with 
nickel sintering aids decreased l. 7% at 330 to 350 
W/cm and 5% at 400 to 450 Wfcm. Density changes 
appeared independent of burn-up. Additional sintered 
specimens are being irradiated to 24 x 1020 

fissionsfcm3• 

Vibrationally compacted UC-20 wt% PuC was 
irradiated to 6.2 x 1020 fissionsjcm3

, maximum, at 
350 W fern, peak, in type 304 stainless steel and in 
Nb-1% Zr cladding alloys of EBR-II fuel pin diameter 
(0.442 em) [21]. Post-irradiation examination revealed 
negligible dimensional changes. Fission gas release 
was highly dependent on stoichiometry, overshadow
ing any effect of temperature. Mixtures containing 
PuC with 3.4 wt% carbon released 21% of the fission 
gases and those containing PuC with 6.42 wt% 
carbon released less than 5%. Six additional capsules 
are being irradiated to 27 X 1020 fissionsfcm3• 

Few irradiations of plutonium-containing cermets 
have been reported. Pu0 2-stainless steel and (U,Pu)0 2-

stainless steel cermets are being irradiated [22]. 
Other plutonium-containing cermets being evaluated 
include PuN-Pu, PuN-W, and PuS-W. Such fuels 
are of interest for advanced high temperature reactor 
applications. 

Plutonium-bearing oxide glass fibres or micro
spheres have been considered as potential fuels for 
chemo-nuclear reactors. However, low temperature 
irradiation was rapidly destructive [23]. 

Sintered Zr02-1.93 wt% Pu0 2 and Zr02-9.76 
wt% Pu0 2 pellets (91% TO) were successfully irra-
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Figure 4. PRTR fuel element history 
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Figure 5. Fission gas release from uranium-plutonium oxides 

PuC-TaC, PuC-ZrC, and PuC-WC. Impacted 
(U,Pu)0 2-stainless steel cermets are being irradiated, 
as well as PuN-Pu, PuN-W, and PuS-W [18]. 

Figure 3 summarizes irradiation tests of uranium
plutonium ceramic fuels in the United States [11, 17, 
19]. The bulk of this experience was acquired in the 
Plutonium Recycle Test Reactor (PRTR) where 
more than 7 200 kg of U02-0.48 wt% Pu0 2 and 
U0 2-l wt% Pu02 have been irradiated. An additional 

35 kg of mixed oxides is represented as capsules and 
small test elements. A smaller quantity, approx
imately I kg of mixed uranium-plutonium carbides 
and other uranium-plutonium compounds, is included. 

Fuel element performance under 
current power reactor conditions 

More than 270 Zircaloy-clad fuel elements have 
been irradiated in PRTR (Fig. 4). These include 
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Simultaneously Clad and Impacted 
U02-Stainless Steel Cermet 
Fuel Pins, 0.51 em Diameter 
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Transverse Section 
of Fuel Rod 

5X 

Long Fuel Pin Assembled by Magnetic Force Butt Welding 

Stainless Steel Clad, U02-Stainless Steel Cermet 
Four Rod Cluster Element Fabricated in One Operation 

Figure 2. Stainless steei-UO, cermet fuel elements made by high energy impaction 

Figure 3. Uranium-plutonium ceramic fuel irradiation tests in the United States of America 
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arc and induction coupled plasmas. Stoichiometric 
particles without internal voids are obtained [7]. 

Loading of U02-Pu02 mixtures into fuel rods 
risks axial and radial segregation of the Pu02. 
Gross segregation can be minimized at low cost by 
an incremental loading technique [8]. Local segrega
tion that ordinarily occurs within increments can be 
accommodated in the thermal design of the fuel rod. 
More uniform enrichment is desirable to permit 
greater rod power within a given surface heat transfer 
limit. 

Coprecipitated (U,Pu)0 2 or U0 2-Pu02 can be 
densified by high energy rate impaction [9]. As much 
as 2 x 1012 dyne em is expended in impacting approx
imately 6.8 kg of fuel to greater than 99% theoretical 
density (TD). A major advantage is the fixing of 
the plutonium distribution established in the blended 
powders. Segregation during later comminution, 
sieving, and swaging or vibrational compaction is 
minimized or avoided. More than 1 500 kg of U0 2-

Pu02 containing 0.5 to 1.5 wt% Pu02 were fabricated 
by impaction, as well as smaller amounts of Pu0 2, 

other refractory compounds, and cermets. 
Tools for impaction comprise punch and die sets 

to 4 inch diameter made of H-13 tool steel or cobalt
bonded tungsten carbide. Fuel to be impacted is 
double canned to avoid equipment contamination. 
Although cans occasionally break, only minor 
decontamination is required. Cans of blended U0 2-

Pu02 powders are welded shut and outgassed through 
a porous metal filter while being heated to I 200 °C 
for impaction at approximately 17 500 kg/cm2• Fuel 
is then broken from the container, crushed, and sized 
to provide the optimum particle size distribution 
for compaction in cladding assemblies. 

Impaction provides a superior method for making 
cermet or dispersion fuelled bodies of a variety of 
shapes difficult or impossible to fabricate by other 
methods. Through proper die design, pellets, cylinders, 
grids, tubes, etc. can be simultaneously clad and 
compacted to near theoretical density. This appears 
particularly adaptable to fabricating fuel pins for 
fast reactors (Fig. 2). 

Uranium-plutonium carbides 

The principal methods of fabricating (U,Pu)C 
in the United States are carbon reduction of oxides 
followed by cold pressing and sintering, and arc 
melting of elements or carbides followed by casting 
or by crushing and vibrational compaction [5]. 

Carbon reduction appears adaptable to economical 
mass production using low cost raw materials. Good 
plutonium homogeneity and control of carbon 
content are achieved. Plutonium losses during 
fabrication are not yet consistent. The easily oxi
dizable pyrophoric product requires special care in 
fabrication. 

Arc melting requires less stringent atmosphere 
control, involves higher cost raw materials, and 
produces a larger grain size than that achieved by 
sintering. Oxygen levels are 0.025 to 0.2 those found 
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in sintered pellets. Carbon content is difficult to 
control and plutonium losses are high in vacuum 
at the high melting temperatures. 

Addition of carbon to a solution of uranium 
in liquid alloys of zinc and magnesium precipitates 
the carbide [10]. Unresolved problems exist in the 
coprecipitation of uranium and plutonium carbides. 

Powders from any of the three processes can be 
cold pressed and sintered to make pellets. Three 
important factors in achieving high densities are 
small particle size, oxidant-free atmosphere, and 
the use of nickel sintering aids. 

EVALUATION 
Although many out-of-reactor studies of plutonium 

fuels are being conducted, relatively few advanced 
irradiation test results are available. Most advanced 
in-reactor evaluations have involved small capsules. 
Sorely needed are more extensive performance tests 
of plutonium-bearing fuel elements under proto
typic power reactor conditions, including those of 
fast reactors. 

Uranium-plutonium oxide has received more 
attention than any other plutonium-containing 
ceramic because of the anticipated similarity with 
the widely used uo2 and because of its utility in 
both thermal and fast reactors. No experimental 
evidence indicates significant change of the irradia
tion behaviour of U0 2 as a result of adding Pu0 2 [II]. 
Fission gas releases and irradiation induced micro
and macro-structures, cracking patterns, porosity, 
relocation, and metallic inclusions are comparable. 
Minor differences in irradiation behaviour of U0 2 

and mixed oxide fuels of higher plutonium concentra
tions should be expected because of the alteration 
of radial temperature profiles caused by the pluto
nium self-shielding. There is evidence of greater 
plasticity of (U,Pu)0 2 during irradiation. Although 
sophisticated experiments are lacking, the addition 
of Pu0 2 appears to have no serious effect on the 
effective thermal conductivity of U02. Interdiffusion 
forms solid solutions between U0 2 and Pu0 2 particles 
during irradiation. Contrary to earlier reports [12], 
more recent, improved analyses indicate only minor 
or undetectable migration of plutonium during irra
diation [13-15]. Gross migration of the more volatile 
fission products occurs during high temperature 
irradiation. 

Irradiations of Pu02 in combination with zirconia 
or magnesia demonstrated satisfactory performance 
of these spike-enrichment fuels. Thoria-plutonia is 
being evaluated for crossed progeny thermal reactor 
cycles [II]. 

The advantages of other oxides of plutonium 
such as ~Pu 203 are being investigated [II]. 

Of the alternative uranium-plutonium ceramic 
fuels, (U,Pu)C has been examined most extensively 
[16-17]. It has greatest potential utility in liquid 
metal cooled fast breeder reactor systems. Pre
liminary irradiation tests are being ·conducted on 
other refractory fuels, including UN-PuN, ThN-PuN, 
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Uranium-plutonium ceramic fuels 

By E. A. Evans:* W. E. Roake,* F. j. Leitz** and A. Strasser*** 

The purpose of this paper is to review the status 
and trends of uranium-plutonium ceramic fuel 
technology in the United States. 

Test of uranium-plutonium ceramic fuels to 
e~posures in excess of 24 x 1020 fissionsfcm3 reveal 
no fundamental limitations unique to plutonium
containing ceramic fuels. Little experience has been 
obtained with fuels other than oxides; however 
the number of experiments is rapidly increasing. 

Although plutonium fuel technology is still em
bryonic, plutonium-containing power reactor fuel 
elements are being routinely fabricated by new and 
unique processes at costs less than 10% more than 
equivalent enriched uranium fuelled elements [1]. 

Fabrication processes for particle-containing fuel 
elements, originally inspired for plutonium ceramic 
fuels, are being rapidly adopted for ·uranium and 
thorium ceramic fuels. Conversely, the extensive 
technology developed for uo2 permits extrapolation 
and more· rapid development of plutonium-bearing 
fuels through their similarities. 

Although the critical masses and health hazards 
associated with plutonium fuels are well known, the 
often. overlooked, significant point is that contem
porary instruments detect quantities of plutonium 
orders of magnitude smaller than permissible body 
burdens. Approximately 14 metric tons of plutonium
bearing fuel elements have been fabricated in· the 
United States with no serious contamination of 
operating personnel. 

FABRICATION 
The principal difficulties encountered in semi-works

scale fabrication of uranium-plutonium oxide fuel 
elements were such commonplace events as the in
advertent introduction of water, halides, and hydro
genous organic impurities. With carbides, control 
of carbon content and oxidation can be troublesome. 
Extensive development of analytical and nondestruc
tive testing methods was closely integrated with 
fabrication studies [2). 

Uranium-plutonium oxides 

Plutonium fuel fabrication capabilities in the 
United States were recently summarized and details 
of the processes reviewed [3-4]. 

• Hanford Laboratories, Richland, Washington. 
•• General Electric Company, San Jose, California. 
••• United Nuclear Corporation, White Plains, New York. 
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Methods are developed for fabricating uranium
plutonium oxide sintered pellets from both physical 
mixtures and coprecipitated fuels [5-6]. Coprecipita
tion provides sinterable (U,Pu)0 2, but has cost 
disadvantages and requires precise control over 
many variables. Physical mixtures, less expensive 
to prepare, reduce the amount ot plutonium fuel 
that must be handled through the entire process 
by allowing addition of the plutonium component 
to the U0 2 just prior to final fabrication steps. This 
is of lesser importance with fast reactor fuels of 
high plutonium content. Segregation of the uranium 
and plutonium in pellets sintered from physical 
mixtures is not easily controlled. Thus, unresolved 
fast reactor control requirements may dictate that 
pellets originate with coprecipitated mixed oxides. 

Most of the uranium-plutonium ceramic fuel 
fabricated to date is in particle-containing fuel 
elements of several designs· developed for thermal 
reactor studies (Fig. 1). Packed-particle fuel element 
fabrication methods are particularly amenable to 
uranium-plutonium ceramics because of versatility 
and low risk. 

To obtain high bulk densities in swaged or vibra
tionally compacted fuel rods, dense particles of proper 
shape, size and frangibility are required. 

Preparation of dense (U,Pu)0 2 particles by bulk 
fusion suffers from redistribution caused by the 
different vapour pressures of the two components, 
the tendency for U0 2 to reduce Pu0 2, the addition 
of impurities from the fusion equipment, and the 
safety problems of an inherently dusty process. 
U0 2-20 wt% Pu02 has been fused successfully in both 

Figure 1. Uranium-plutonium ceramic fuel elements for thermal 
reactors 
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A/154 Reino Unido 

Monocarburos como combustibles 
para reactores 

por L. E. Russell et a/. 

El estudio de Ia preparaci6n de U-C y (UPu)-C 
por reducci6n carbotermica de U02 y (UPu)02 en 
vacio han llevado al desarrollo de nuevos procesos 
para Ia producci6n de carburos. Uno de ellos, que 
se ejecuta en corriente de argon, parece particular
mente adecuado para Ia fabricaci6n continua de un 
producto a partir del cual se pueden elaborar 
diversas formas de combustible por una variedad de 
tecnicas. 

En la actualidad es posible obtener pastillas de 
combustible de elevada densidad sinterizando car
buros pulverizados, en atmosfera de argon o en 
vacio, a temperaturas pr6ximas a I 500 °C, siempre 
que el polvo sea suficientemente fino y se impida 
que reaccione con el agua o con el oxigeno. Si se 
vigila meticulosamente los materiales empleados, 
se mezclan polvos de diversos contenidos en car
bono o se reducen con hidr6geno dichos polvos 
o las pastillas, es posible controlar con precision Ia 
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composici6n del producto final. Ademas, se han 
obtenido barras de elevada densidad y composici6n 
cuidadosamente controlada por fusion de lobos de 
cuchara y colada por centrifugaci6n, y se han estu
diado los efectos que ejercen sobre el producto 
acabado los cambios en la tecnica de fusion y el 
material a fundir. Las investigaciones se han comple
tado con trabajos de compactaci6n vibratoria, aglu
tinamiento por presion gaseosa ,y tecnicas de fusion 
con haz de electrones. La memoria discute estos 
procesos desde el punto de vista de Ia preparaci6n 
de combustibles para aplicaciones determinadas e 
informa sobre los cambios en el contenido de plutonio 
que se observan en los materiales de (UPu)-C durante 
Ia elaboraci6n. 

La memoria estudia las posibilidades que ofrecen 
los carburos como combustibles para reactores 
basandose en mediciones recientes de sus propie
dades fisicas y quimicas, en determinaciones de 
equilibrios de fase y en su conocida resistencia a los 
efectos de Ia irradiaci6n. Indica que caminos se 
podrian seguir para mejorar esta ultima y presenta 
algunos datos sobre Ia preparaci6n y las propiedades 
de carburos cementados y aglutinados, y de carburos 
consolidados con otros carburos en soluci6n salida. 
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ABSTRACT -RESUME-AHHOTAJ...tVIJI-RESUMEN 

A/154 Royaume-Uni 

Les monocarbures en tant que combustibles 
pour reacteurs 

par L. E. Russell et a/. 

Des etudes de base sur Ia preparation de U-C et de 
(UPu)-C par reduction carbothermique de U02 et de 
(UPu)02 sous vide ont conduit a Ia mise au point de 
procedes nouveaux pour Ia preparation des carbures. 
Un des procedes, qui est effectue dans une atmosphere 
a circulation de gaz, tel que l'argon, semble convenir 
particulierement bien pour Ia preparation en continu 
d'un produit qui se prete a Ia fabrication de combus
tibles de formes variees selon un certain nombre de 
techniques. 

II est maintenant possible de produire des com
bustibles en pastilles de haute densite en frittant des 
carbures en poudre dans !'argon, ou sous vide, a des 
temperatures voisines de 1 500 °C, pourvu que les 
poudres soient suffisamment fines et qu'on ne leur 
permette pas de reagir avec I'humidite ou !'oxygene. 
On peut obtenir un reglage precis de Ia composition 
du produit final par un controle soigne des matieres 
utilisees, par le melange de poudres ayant des teneurs 
en carbure differentes ou par reduction a l'hydrogene 
des poudres ou des pastilles. En outre, des barres de 
haute densite d'une composition soigneusement 
controlee ont ete preparees par fusion en auto-creuset 
et par coulee centrifuge, et on a etudie les effets sur 
le produit obtenu de changements dans Ia technique 
de fusion et dans Ia nature des materiaux de fusion. 
Ces recherches ont ete completees par des travaux sur 
le compactage par vibration, Ia liaison par gaz sous 
pression et Ia fusion par faisceau electronique. On 
discute de Ia valeur de ces procedes pour Ia prepara
tion de combustibles en vue d'applications partict.i
Iieres et on presente des renseignements sur Ies change
ments en cours de fabrication de Ia teneur en pluto
nium des materiaux de composition (U, Pu)-C. 

On etudie Ies possibilites que presentent les carbures 
comme combustibles de reacteurs a Ia lumiere des 
mesures recentes de leurs proprietes physiques et 
chimiques, de Ia determination de l'equilibre des 
phases et de leur comportement connu sous irradia
tion. On envisage Ia possibilite de developpements 
futurs permettant d'ameliorer leur comportement 
sous irradiation et on donne quelques renseignements 
sur Ia preparation et les proprietes des carbures 
cementes et lies et des carbures contenant des carbures 
de renforcement en ~olution solide. 

A/154 Coe,o,HHeHHOe KoponeBCTBO 

MoHoKap6HA KaK peaKropHoe ronnH
ao 
11. S. Paccen et al. 

Hayqenue cnoco6a nonyqenuH MOHOKap6nAa 
ypaHa H MOHOKap6HAa ypaHa H nnyTOHHH nyTeM 
rpaqiHTOTepMuqeCKOfO BOCCTaHOBneHHH ABYOKHCU 
ypaHa H ABYOKHCH ypana H nnyTOHHH B BaKyyMe 
npuseno K paapa6oTKe anbTepHaTHBHbiX cnoco6on 
IIOJiy'leHHH Kap6HAOB. 0AHH H3 aTHX CIIOC060B, 
KOTOpbiH ocy~eCTBnHeTCH B llOTOKe TaKoro raaa, 
l\aK apron, HBnHeTCH oco6enno YA06HbiM npu ne
upepbiBHOM ~HKne nonyqeHHH llpOAYKTa, H3 KOTO
poro, npuMeHHH paanuqnyiO TexnonoruiO, Momno 
H3fOTOBnHTb TOIIJIHBO paanuqHOH lf>opMbi. 

B nacToH~ee speMH Momno nonyqaTb Toimun
Hhle Ta6neTKH BbiCOKOII nnOTHOCTH nyTeM CIIeKa
HHH rpalf>uTonoro nopomKa B aprone unu BaHy
yMe npu TeMnepaType, 6nuaKo:H K 1500° C. llpn 
<!TOM nopomoK AOnmeH 6b1Tb AOCTaToqHo TOHKOfO 
HoMona n aa~n~en oT nonaAaHnH nnaru unu KHC
nopoAa. Heo6xoAHMbiH KOHTponh cocTana Koneq
noro npOAYRTa MomeT 6h1Th o6ecneqen B peaynLTa
Te T~aTenhHOfO KOHTpOnH HCXOAHhiX MaTepuanOB, 
ocy~ecTBnHeMoro nyTeM cMemunannH nopomKoB 
c paanuqnbJM coAepmanueM yrnepoAa unu noccTa
nonneHHH B aTMoc!f>epe BOAopo~a nopomKOB umr 
Ta6neTOR. CTepmnu c BhiCOKo:H nnoTHOCThiO n 
TII~aTenhHO KOHTpOnHpyeMbiM COCTaBOM 6hlnH H3-
I'OTOBneH.bl MeTOAOM nnanneHHH H ~eHTpo6em
HOf0 nHTbH. HccneAOBanoci. BnHHHHe uaMenenuft 
Texnonoruu nnasnennH H npupOAbi HCXOAHOro 
AnH nnanneHHH MaTepuana na RoneqHbiii npOAYKT. 
8TH HCCneAOBaHHH AOIIOnHeHhl pa6oTaMH IIO BH-
6pa~HOHHOMY ynnOTHeHHIO, ra30BOMY o6maTHIO II 
pacn~BnenuiO aneKTpoHHbiM nyqKoM. 06cymAa
IOTCH BOIIpOCbi, CBH3aHHble C npurOAHOCThiO ann:: 
MeTOAOB AnH H3fOTOBneHHH TOllnHBa H B03MOm
HOCThiO HX npaKTHqeCROfO HCIIOnh30BaHHH. llpn
BOAHTCH AaHHhie 06 H3MeHeHHH COAepmaHHH nny
TOHHH B MaTepuane H3 MOHOKap6HA3 ypana II 
nnyTOHHH. 

ConpeMeHHhie uccJieAOBaHnH lf>uanqecKux II 
xnMnqecRux cnoiicTB, onpeAenenne !f>aaonoro pas
nosecuH H A3HHble IIO ITOBeAeHHIO Kap6HAOB B IIO
nHX nanyqennii yKaahiBaiOT na 6on1.mne noTen~n
aJihHhle B03M011\HOCTH aTHX MaTepnanOB KaK 
peaKTopnoro Tonnusa. llnannpyeTcH Aani.neiimee 
YCOBepmeHCTBOBaHHe Rap6HAOB B HanpasneHHII 
IIOBblllieHJfH IIX CTOHKOCTH IIOA o6nyqenueM, npu
BOAHTCH TaKme HeKOTOpbie AaHHhle, KaCaiO~HeCH 
TeXHOnOrHH H3fOTOBneHHH H CBOHCTB cneqeHHbiX 
II npeCCOBaHHhiX Kap6HAOB H Kap6HAOB, COAepma
IIWX ynpO'IHeHHble Rap6HAhi B TBepAOM paCTBOpe. 
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level similar to that for oxide, namely 6-10% at 
40 ooo·MWd/t. 

While the available irradiation results for U-C 
( ~30 000 MWd/t) and (U,Pu)-C ( ~20 000 MWd/t) 
are encouraging in terms of gas release and general 
behaviour of the fuel, little data has been obtained 
on swelling. By analogy with ·uo 2, low density fuels 
may swell less than dense fuels. There is, however, 
the possibility, particularly with the vibro-compacted 
carbide, that swelling resistance may be achieved only 
at the expense of high gas release. Electron microscope 
studies of irradiated hypostoichiometric UC indicate 
that the free uranium present contains precipitated 
fission gas bubbles. Thus it may be inferred that the 
over-all swelling of carbides which contain substantial 
proportions of free metal is determined by the swelling 
of this metal. This is consistent with the observation 
that, with bum-ups of :::t-30 000 MWd/t, the fission 
gas release and density decreases are much greater 
for hypostoichiometric alloys, which should therefore 
be avoided. 

SUMMARY AND FUTURE DEVELOPMENTS 

The irradiation-induced swelling of hypostoichio
metric alloys and the relatively poor compatibility of 
hyperstoichiometric alloys with common calUling 
materials have led to a concentration of effort on 
the stoichiometric monocarbides. These materials 
which are more properly described as single phase 
alloys, do not always contain the stoichiometric 
amount of carbon but often have compositions in 
which the sum of the concentrations of 0, N and C 
is close to 50 at.%. Since the equilibrium CO pressure 
over oxycarbide is low there is little likelihood of 
high can pressure resulting from the presence of 
oxygen in the fuel. 

Laboratory scale techniques for preparing these 
materials by the carbothermic reduction of~ the 
oxides have been developed and the extension to 
larger scale processes is underway. Single phase 
monocarbides of various characteristics can now 
be fabricated from these materials by several pro-. 
cesses or combinations of processes including cold 
pressing and sintering, melting and casting, and 
vibratory compaction. 

To investigate the irradiation- behaviour to high 
burn-up, seven experiments on miniature fuel elements 
containing (U0 .85Puo.15)C, fabricated by these routes, 
are now under way at AERE. The objectives of this 
programme, which is designed to extend the burn-up 
range to 8%, are to examine swelling and gas release, 
to measure fuel temperatures, and to study structural 
changes and obtain compatibility data. 

The centre temperature of a carbide fuel, gas 
bonded to the can, is generally low enough to prevent 
excessive gas release. However, if the heat transfer 
from the fuel to the can can be improved, a fuel 
having a lower gas release, by virtue of a lower 
centre temperature, or a similar gas release with a 
larger fuel cross section, can be achieved. Improve
ments in heat transfer may be obtained by the use 
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of sodium bonds, or metallurgical bonds of the 
type described above. Unfortunately, sodium bonds 
are particularly effective in transferring carbon from 
hyperstoichiometric carbides to the can. The use of 
metallurgical bonds could lead to the formation of 
diffusion barriers thereby easing the compatibility 
problems, but further work is necessary on the 
problem of cracking. The most suitable materials 
for metallurgical bonding to steels are the carbide
iron cermets which have high k values as well as high 
strength and oxidation resistance. In view of the 
relatively low melting points, and the possibly 
reduced resistance to swelling, these materials are 
probably best considered as thermal rather than fast 
reactor fuels. 

The replacement of some of the U or Pu in M-C 
alloys by elements such as W, Ta or Mo is likely 
to lead to the development of fuels of superior 
performance. .Although such alloys may exhibit 
poorer neutron economy and have slightly reduced 
k values as compared with the pure monocarbides, 
these penalties may be acceptable if the new fuels 
can withstand higher bum-up, or operate at higher 
temperatures. Additions of W or Zr have produced 
significant improvements in both oxidation resistance 
and mechanical properties at high temperatures and 
(U,Zr)C has been successfully used as fuel in a 
thermionic converter operating at 2 000 °C [13]. 
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Table 3. Compatibility of (U0•85Puu5)C with stainless steels 

Interface 
Steel Carbide Carbon Oxygen Phases Time Temp. reactions Free Carbide 
type type content content present (h) (OC) surface depletion 

(wt%) (ppm) Carbide Steel reaction 

D ............ A/C 4.79 < 100 MC+metal 144 800 No No Yes No 
A ............ s 4.7 1 500 MC+M2Ca 700 800 No No Yes 
A s 4.7 1 500 .. 2100 800 No No Yes ············ 
B ············ A/C 4.7 < 100 MC+metal 676 800 No No Yes 
c ............ 4.7 < 100 670 800 No No No 
B ········· ... 4.7 < 100 168 900 No No No 
c ············ 4.7 < 100 168 900 Yes Yes No 
D ............ 4.8 < 100 MC 336 900 Yes Yes Yes No 
A ..... ······· s 5.3-5.7 1 500 MC+M2C1 700 650 No No Yes Yes 
A s 5.3-5.7 1 500 .. 2100 650 No No Yes Yes ............ 
D ···········. A/C 5.06 < 100 168 800 No No Yes No 
D ............ 5.06 < 100 336 800 No Yes Yes No 
D ············ 5.06 < 100 336 800 No Slight Yes No 
D ············ 5.06 < 100 336 800 No No Yes No 
B ............ 5.06 < 100 336 800 No ·No Yes No 
B ············ 4.88 < 100 670 800 No Yes Yes No 
D ············ 5.06 < 100 676 800 No No Yes No 
c ............ 4.88 < 100 676 800 No No No No 
A ············ s 5.3-5.7 1 500 700 800 No Yes No Yes 
A ············ s 5.3-5.7 1 500 2 100 800 No No No Yes 
B ············ A/C 4.88 < 100 168 850 No Yes Yes No 
c ............ 4.88 < 100 168 850 No No No No 
B ······ ...... 4.88 < 100 336 850 Yes Yes ? No 
c ············ 4.88 < 100 336 850 No No No No 
B ············ 4.88 < 100 168 900 Yes Yes Yes No 
c ············ 4.88 < 100 168 900 No No No No 
D ············ 4.95 < 100 168 900 No No Yes No 
B ············ 4.88 < 100 336 900 Yes Yes Yes No 
c ............ 4.88 < 100 336 900 Yes Possible No No 
B ............ 4.88 < 100 672 900 No No Yes No 

A/C - Arc Cast, S - Sintered. All samples of steel A also showed grain boundary networks after treatment. 

Composition of steels in Table 3 (wt%) 

Steel Cr Ni Mo Nb Mn 

A (316L) + 16.84 13.25 2.25 1.67 
B (316L) 17.82 11.68 2.68 1.32 
c (347) 18.2 13.5 0,07 1.2 1.25 
D (316L) 17.58 11.40 2.45 1.51 

IRRADIATION BEHAVIOUR 

Before U-C and (U,Pu)-C can be considered as 
alternative fuels to uo2 and (U,Pu)0 2 their superior 
irradiation performance must be demonstrated. 
Carbide offers several advantages in that it has a 
substantially higher k value, a higher fissile atom 
density and improved thermal shock resistance. 
Several ways are open for taking advantage of these 
properties. 

In thermal reactors a significant feature of oxide 
fuels is the erratic, and sometimes large release of 
fission product gases occurring at a high burn-up. 
Provided that the problem of reaction with gaseous 
coolants can be solved, the higher k value of UC 
should permit the use of larger fuel sections operating 
at lower centre temperatures with probably lower 
gas releases. 

A possible design of an oxide fuel element for a 
fast reactor includes a plenum volume approximately 
equal to that of the fuel, in which all the gas released 
from the fuel accumulates. The volume of the void 

c Si s p Melted Studied at 

0.036 0.44 0.010 0.010 Vacuum DERE 
0.05 0.45 0.015 0.015 Air AERE 
0.044 . 0.41 0.028 0.01 Vacuum AERE 
0.04 0.34 0.003 0.011 Vacuum AERE 

is selected so that the combined thermal and pressure 
stresses are less than the yield stress of the canning 
material. The use of carbide in such a design offers 
no significant advantage, apart from an increased 
breeding ratio, although the· higher k value might 
reduce the effects of power excursions. 

Alternatively, as in the case of its application in 
thermal reactors, the superior k value of carbide 
permits the use of larger fuel sections with lower 
central temperature than the oxide. Analysis of the 
variation of fission gas release with burn-up for oxide 
fuels, suggests that for centre temperatures <I 500 °C, 
the general level of release is 6% when the burn-up 
is <40 000 MWd/t. Fission gas diffusion studies 
on carbide fuel suggest that, at any given temperature, 
the rate of release from carbide ·is similar to or less 
than that from oxide. The gas releases so far ob~ 
tained from carbides irradiated to 30 000 MWd/t, 
although only at modest temperatures (::} 1 300 °C), 
have been very low. This suggests that a realistic 
design for a fuel element having a substantially 
reduced plenum could be based on a gas release 
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Chemical properties 

The hydrolisis of UC [11] or (U,Pu)C in water 
gives the oxides and hydrocarbons, but in HN03 

organic acids, including oxalic and mellitic, can be 
formed which may cause problems in fuel reprocessing. 
The reduction of hyperstoichiometric powders by 
hydrogen has been discussed earlier. Hydrogen 
treatment of massive carbides causes cracking at 
"" 1 300 °C, but cracking has not been seen in 
specimens treated at > 1 550 oc. 

The oxidation of the monocarbides in air is con
trolled by the concentration of water vapour. Quali
tative observations indicate that corrosion is consider
ably greater for material containing small amounts 
of uc2 and that it is probably stress controlled. 
Studies with powders show that in the absence of 
water vapour, oxygen rapidly forms a thin, "" lOA, 
protective coating. 

Reaction sintered U-C compacts with densities of 
11.7-12.7 g/cm3 testedin I atm of C0 2, 0 2, N 2 and CO 
at temperatures of 350-1 000 °C, oxidised at rates 
similar to or less than those of uranium, except in 
C0 2 at 500-700 °C. Linear rate constants were 
obtained which increased with temperature and with 
increasing pellet porosity. Arc melted cermet, nomi
nally UC-10 wt% Fe, showed improved behaviour 
in C02 at 500-900 °C, in steam at 300-1 000 oc 
and in water at 80 °C relative to reaction sintered 
UC. Some improvement was due to the lower porosity, 
but it is probable that the reactions occurring in 
steam and in water were modified by the presence 
of iron. Preliminary tests on arc melted materials 
containing iron and alloying carbides, e.g. UC-Fe-TaC, 
and on sintered materials containing ZrC and WC 
have shown further improvements in oxidation 
resistance; the optimum amount of additive probably 
depends upon the specific oxidation conditions. 

A marked effect of irradiation on oxidation 
?ehaviour has been found in studies on U-C powders 
m CO at 400 and 600 °C, the initial rate of oxidation 
being increased by gas phase radiolysis. 

Compatibility with canning materials 

The compatibility of carbides with some potential 
canning materials has been studied out of pile at 
both DERE and AERE. Couples of carbide and 
metal discs were held in contact by differential 
expansion or, in some cases, by static loads and were 
examined metallographically; some annealed powder 
compacts were examined by X-ray powder diffraction. 
Most work has been done with austenitic stainless 
steels either of the 347 type or modified 316L type, 
the latter having been selected for its high creep 
strength which is combined with an improved creep 
rupture ductility and its apparent resistance to time
temperature-stress induced microstructural changes 
which cause embrittlement. 

Two types of incompatibility have been found; 
a massive interdiffusion of carbide in a reaction zone 
and with certain steels, precipitati on atgrain boun
daries and deformation planes near free surfaces not 
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in direct contact with the carbide. The results (Table 3) 
show no massive reaction between (U0 .85Pu0 •15)-C 
and the steel below 850 °C, in agreement with results 
on 316 steel reported by Stahl and Strasser [12] in 
which no reaction was found up to 4 000 hat 816 °C. 

Evidence of free surface reactions has, however, 
been obtained at temperatures as low as 650 °C. 
In some cases this is probably due to carbon transfer 
by a gas phase, possibly traces of CO or hydrocarbon 
from the capsule or carbide. Care has to be taken 
to distinguish between such effects and enhanced 
carbide precipitation in cold-worked surfaces. Grain 
boundary networks have also been found which 
are believed to be due to carbide precipitation 
normally found in these materials as a result of 
prolonged heat treatment. Very limited information 
is available on canning materials other than stainless 
steel, but there does appear to be reaction with the 
Nimonic type alloys EPE7 and 80A at 800 °C. 

METALLURGICAL FUEL-TO-CAN BONDS 

As an alternative to gas or liquid metal bonding 
the possibility of producing metallurgical bonds has 
been studied. Initial experiments showed that a 
direct reaction between the carbide and stainless 
steels, either by hot loading, cold loading and heating, 
or by direct casting, was not satisfactory; the reaction 
was difficult to control and an adequate bond was 
rarely obtained at all points without excessive penetra
tion at points of good contact. Also, circumferential 
cracking within the carbide was always present. 

Brazing by Cu- and Ni-based alloys was investigated 
in an attempt to achieve a more controlled and 
ductile bond. It was found that there was sufficiently 
rapid dissolution of the canning material in pure 
copper to cause wetting of the carbide. Hence, 
satisfactory joints to austenitic stainless steel can be 
obtained at l 100 °C using a Cu foil or thin tubular 
interlayer. Circumferential cracking in UC may 
occur during bonding and always occurs on thermal 
cycling due to the differential expansion between 
the carbide and the braze or canning material. 
Replacement of austenitic stainless steels by ferritic 
steels, whose expansion is similar to that of UC, 
considerably reduces the cracking tendency. With 
UC-10 wt% Fe a brazed bond which will resist 
thermal cycling can be produced to both austenitic 
and ferritic steels. Cracking developed after 10 cycles 
between 800 and 500 °C at a rate of "" 50 °C/s, but 
this was on a very fine scale, particularly in the case 
of the ferritic steel. 

Hot isostatic pressing has been used to bond 
carbide pellets to 304 and 316L steel. Direct bonding 
is again unsatisfactory because extensive reaction 
zones form. The use of a Cu interlayer prevented 
any detectable penetration provided the Cu was not 
melted. Satisfactory bonding conditions were 15 min 
at temperatures of 950-1 000 °C with pressures of 
::1>40 000 psi. Bonds produced in this way have· 
withstood 10 cycles between 800 and 300 °C at 
cooling rates .::;; 150 °C/s without cracking. 
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Up to 1 000 °C, the conductivity is 0.23 ± 0.02 wfcm 
°C for carbon content between 4 and 5 wt% [9]. 
Electrical resistivity shows greater variation with 
both composition and temperature. At 1 000 °C, 
the values for 4.2 and 4.8 wt% C material are 140 
and 178 x 10·6 ohm em, respectively [9]. The average 
thermal expansion of hypo-UC (4.3 to 4.7 wt% C) is 
about 0.63% to 600 °C, and nearly the same for 
hyper-UC (4.9-5.1 wt%). Beyond this temperature, 
hypo-UC expands more than hyper-UC. With 
decreasing carbon content at temperatures above 
850 °C, hypo-UC shows relatively larger permanent 
deformation (irreversibility) [10]. Expansion of low 
carbon content hypo-UC correlates with the properties 
of the free uranium present; and the free uranium 
phase appears to control the mechanical behavior 
in such properties as modulus of rupture and hot
hardness [5, 10, 9, 11]. It is believed that the irradia
tion behavior must also be influenced by this phase. 

The compatibility of uranium carbide with coolants 
and cladding materials has been widely studied [12, 
13]. Discussion here will be limited to interaction 
with the most important cladding and coolant 
compositions. On the basis of economic and technical 
criteria, the austenitic stainless steels, especially 
304SS,* are the cladding materials that have been 
chosen for present designs of sodium-cooled power 
reactors, Niobium and its alloys have been of interest 
for higher temperature service in such reactors. At 
lower· temperatures, in organic-cooled reactors, alu
minum alloys are promising. 

Hypo- and hyper-UC are inert toward sodium 
and the eutectic NaK. However, sodium can promote 
such processes as carbon transfer, when it is the 
medium between a carbon source and a material 
that can be carburized [14]. Hyper-UC (5.2 wt% C) 
is compatible with lead at 570 °C [15]. Hypo-UC 
reacts relatively slowly even with liquid water at 
80 °C, so that handling in air does not impose severe 
restrictions [16]. UC is quite inert toward hydro
carbons, including organic reactor coolants such as 
the terphenyls [17]. This permits the use of hydro
carbon fluids for density determination, degreasing, 
storage, etc., in carbide processing. 

In a typical investigation of cladding compatibility, 
slugs of arc-cast polycrystalline U-C material were 
sealed inside small cans of 304SS and Nb-1% Zr 
alloy, with and without a sodium bond. After exposure 
to temperature at isothermal conditions, the com
ponents were examined metallographically and ana
lyzed chemically. Results for the hyper-UC-Na-304SS 
system showed some interaction after 400 h exposure 
at temperatures as low as 650 °C, with 5.5 wt% C 
material. The observed carburization of 304SS was 
accompanied by decarburization of hyper-UC. Em
brittlement of the stainless steel was found to begin 
above 0.6 wt% C in the cladding. Tests with 6.91 
wt% C uranium carbide were notable. Material of 

• 304SS is AISI type 304 stainless steel, of nominal composi
tion Fe-18 to 20% Cr-8 to 12% Ni-2% Mn(max)-Q.08% C(max). 

this composition that had been converted to U2C3 

by prior thermal treatment showed substantially 
less interaction at 870 °C than as-cast material 
(which consisted ofUC + UC 2). Nevertheless, neither 
hyper-UC nor U 2C3 is presently considered suitable 
for use in sodium-bonded steel-clad fuel elements [18]. 

Tests with sodium-bonded hypo-UC (4.2 to 4.76 
wt% C) showed negligible interaction after 6 000 h 
exposures in three series, at 650, 760 and 870 °C. 
Results at 870 °C are remarkable because this tempera
ture is well above 730 °C, the melting point of the 
(U6Fe-UFe2) eutectic. Despite the free uranium 
present, there was also no evidence of eutectic for
mation in another test series, after I 470 h at 980 °C 
[18]. It is concluded, conservatively, that the hypo
UC-Na-304SS system is more than adequately 
stable for use in fuel elements where cladding tempera
ture is not expected to exceed about 675 °C. 

The sodium bond is desirable because of improved 
thermal conductivity, and accommodation of fuel 
diameter variation. A bond is not essential, if the 
higher center fuel temperature in a contact-bonded 
element can be tolerated. In such an element, the 
fuel contacts the cladding directly, or through a thin 
layer of helium gas. Hyper-UC-304SS (no sodium) 
showed slight interaction after 6 000 h at 970 °C, 
and none at 870 °C or 670 °C [18]. For higher tempera
ture use, Nb-1% Zr contact-bonded to hyper-UC 
is compatible to I 000 °C [18, 19]. For exposures 
at least to 838 h, stoichiometric UC is compatible 
with tungsten at I 800 °C [20]. 

Hyper-UC (4.8 to 5.2 wt% C) showed little inter
action when contact-bonded to SAP-930** after 
3 000 h at 510 °C. There was no evidence of inter
action at 460 oc [15]. 

CARBIDE FUEL ELEMENTS FOR POWER REACTORS 
An LSGR fuel element consists of 18 fuel rods 

arranged around a central tube that provides longi
tudinal support. The cluster is held together by 
bands spaced along the length, which also maintain 
proper clearance among the rods. Other parts of the 
element provide for lifting, guiding into the process 
channel and latching into the core grid. The fuel rod 
contains carbide slugs of random lengths from 
I to 8 in (2.5 to 20.3 em), stacked to form the desired 
fuelled length inside the cladding tube. Sodium 
provides a thermal bond in the radial gap between 
the slugs and cladding. A space above the sodium 
level is available for collection of fission product 
gases released during operation. Table 2 summarizes 
design data for the HNPF Core I elements and the 
projected LSGR elements. 

Figure 2 is a process flow diagram for making 
carbide fuel elements [21]. Slugs are made by arc 
melting and direct casting. Feed material for the 
arc-melting process is preferably a pre-reacted 
charge. After removal from the mold, the ends of 

•• SAP-930 is an aluminum-base metal-ceramic material, of 
nominal composition Al-7 AI,03 • 
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Table 2. Design data, carbide fuel elements for SGRs 

Materials: 
Fuel (all hypo-UC) 0 0 0 0 0 0 0 00 00 0 0 . 0 
Cladding . 0 0 0. 0 .... o. 0. 0 0 0. o. o. 0 0. 0. 
Bond 0 0 0 ....... 0 0 o o o ••••••• o •••• 0 0 0 0 0 
Enrichment (wt% U-335) 0 ..... 0 0 0 0 0 . o • 

Elements: 
Number of rods 0. 0. o ••• 0 0 0 o o •• 0 0 0 0 0 0 0 
U content (kg/element) .. o • o o o 0 .. o • o ••• 

Peak specific power (kwfkg U) 0 o 0 0 0. 0 0 0 
Fuel slug diameter (in) 0 0 o • o •• o • o o ••••• 

Active fuel length (ft) ... 0 0 0 0 . o • 0 ..... . 
Total fuel rod length (ft) 0 0 .... o o 0 0 . 0 .. . 
Cladding thickness (in) .... 0 ...... 0 ... . 
Sodium annulus thickness (in) ........ . 

Design criteria: 
Fission gas release (% of total produced) 0 
Maximum cladding strain (%) ... 0 0 .... 0 
Peak cladding temperature (°F) . 0 0 0 0 0 . 0 0 
Peak fuel temperature (°F) . 0 . 0 0 0 0 . 0 0 0 0 0 
Average burn-up (MWd/t U) 0 .... 0 0 0. 0 0 
Maximum fuel volume increase {%) .. o o o 

Fuel diameter increase {%) . 0 . o • o 0 . 0 . 0 o 0 
Maximum rod linear power (kW/ft) . 0 0 0 0 
Maximum heat flux (Btu/h ft2) •• 0 . 0 0 0 . 0 
Mixed mean temperature, coolant 

outlet (°F) 0 . 0 0 . 0 . 0 ......... 0 0 0 0 .. . 

81-MW(e) 
HNPF Core I 

!Operating) 

4.4-4.8 wt% C 
104SS 
Sodium 
307 & 4.9 

8 
146 
18 
0.872 
13 
15 
0.010 
0.030 

3 
0.5 
1005 
1600 
15 000 
17 
7 
28 
407000 

945 

200/250-MW(e) 
LSGR Prototype 

(Projected) 

4.5-4.8 wt% C 
304SS 
Sodium 
3.8 

18 
124 
52 
0.500 
14 
18 
00010 
0.025 

3 
Oo5 
1 250 
1 750 
25000 
l7 
5.3 (aver.) 
24 
549 000 

1 150 

I 000-MW(e) 
LSGR 

(Projected) 

4.6-4.8 wt% C 
304SS 
Sodium 
3.6 

18 
124 
72 
0.500 
14 
18 
0.010 
0.025 

3 
0.5 

2000 
25 000 
17 
5.3 (aver.) 
35 

1 150 
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the slugs are cut square with a diamond abrasive 
wheel without coolant, and are used with as-cast 
surface. The diameters listed in Table 2 carry toler
ances of ± 0.005 in ( ± 0.13 mm), which are readily 
met by the casting process. The cladding tube with 
a cap welded at one end is loaded with fuel slugs, 
then evacuated, loaded with sodium, back-filled 
with helium at l atm and finally closed by welding the 
cap at the other end. Following non-destructive 

testing, rods are assembled to form an element. 
The type indicated in Fig. 2 is the 18-rod LSGR 
design. A similar procedure was used to make the 
SRE Core II elements (see Table 3); and also the 
8-rod HNPF Core I element, one of which is shown 
in Fig. 3 (see Table 2 for dimensions). 

One of the key steps in the process is slug prepara
tion. A large arc-skull casting furnace is used, 
equipped with a vacuum system and a 12 000 A, 

uc END 

RECYCLEABLE CAPS 

Pvt. H20 U METAL SCRAP CLADDING SODIUM 

~ 
9}= SHIJ:" 

BLEND A"JD OVEN SINTER ARC CAST MACHINE BATCH 
AGGLOMERATE DRY MELT SLUGS SLUGS SLUGS 

ASSEMBLE ASSEMBLE 
FUEL FUEL 
ROD ELEMENT 

ANAL'Y' ZE ANALYZE INSPECT ·NSPfC T INSPECT 

Figure 2. Carbide fuel element process 
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Table 3. High temperature carbide irradiationsab 

Cladding 
carbon 

Actual Average Bum-up content 
peak fuel (10' MWd/t U) (wt%) 
temp. temp. Isotopic Increase in Fission -------- VI 

Fuel Annulus Fuel (DC) (OC) and/or gas Pre- Post- m 
VI 

<~t~> 
width diam. radio Diam. Length release irrad. irrad. VI 

Capsule Cladding (in) Bond (in) Center Surface Center Surface chemical (%) (%) (% "Kr) Nom. Max. 0 
T 5.3 

Wire-
0.375 1000 580 750 490 5.6 0.9 - - Not 

z 
BMI-23-2 304SS 

basket 
NaK 0.072 

analyzed 
..., 

B 5.1 gnd.• 800 490 570 370 7.8 0.9 - - i-J 
BMI-23-3-B 304SS 5.0 .. NaK .. 890 380 590 330 12.8 0.8 - - 0.072 

T 4.6 720 535 720 470 8.6 0.8 - -
BMI-23-5 304SS .. NaK .. 0.072 .. 

I~ B 4.55 780 455 670 460 6.4 1.2 - -
T 4.8 - 560 780 435 7.0 0.5 

BMI-23-6 304SS .. NaK 
B 4.55 - 430 510 315 7.0 0.5 - - :c 

AI-3-1 304SS 4.4-4.7 0.015 Na 0.5-ac 1 340 870 980 675 6.5 2-6 2.5-3 2.3 0.072 0.16 
Al-3-4 Ni 4.8-5.0 0.050d Na 0.5-ac 1 150 680 1010 535 15.0 1-4 - 0.18 0.10 0.07 ., 
AI-3-5 304SS 4.2-4.4 O.ol5 Na 0.5-ac 1 530 920 1 150 730 13.0 3.8-7.6 21.6 0.072 0.32 m - > 
Al-5-1 304SS 4.8-5.0 0.005 NaK 0.5-ac 970 540 - - 0.8 0.4 0.06 0.072 0.51 ;10 

NAA-48-1 304SS 4.8-5.0 0.005 NaK 0.5-ac 1260 780 940 570 9.1 1-4 - Gas lost 0.072 1.26 r-
:I 

1180 690 > 
NAA-48-2 304SS 4.8-5.0 0.005 NaK 0.5-ac 1090 670 480 295 23.9. 0.6-5.0 - 1.3 0.072 0.84 z 

830 500 "' NAA-48-3 304SS 4.8-5.0 O.o15 NaK 0.5-ac 1110 650 830 490 19.0 3-7 - 7.0 0.072 0.96 ::J 
c.. 

NAA-48-6 304SS 4.8-5.0 0.015 NaK 0.5-ac 1 290 755 950 575 6.4 3.2-4.4 0.6 0.74 0.072 1.39 
'(3 NAA-81-3 304SS 4.4-4.8 0.025 Na 0.5-ac 1040 600 980 570 - 1.0 - 0.26 - -

UNC1-1 Nb-1Zr 4.45 0.020 Na 0.375-ac 1 150 735 1 120 715 39.9 10.0 - - :n 
4.70 1165 800 1 020 700 34.8 8.9 - 31 0 
5.20 I 160 790 980 660 36.0 5.7 - 5 

Nb-1Zr cladding n UNC1-2 Nb-1Zr 4.45 0.020 Na 0.375-ac - - - - 22.9 11.0 - 30 A 
4.70 - - - - 22.9 - - 7 m 
5.20 1 250 790 1 120 720 22.9 - - 4 

;10  VI 
 SU-20 304SS 4.4-4.7 0.020 Na 0.5-ac 870 540 Data not reduced Not examined 0   SU-28 304SS 4.4-4.7 0.020 Na 0.8-ac 940 690 Data not reduced Not examined z  

 
 

a Fuel enrichment was I 0% in all capsules. 

 
b Range of heat fluxes calculated at fuel surfaces: 9.15 to 13 x 10• Btu/h ft' (288 to 410 W/cm'). 
• ac = As-cast fuel surface condition; gnd = fuel surface ground after casting; T = capsule top; B = capsule bottom. 
d Three 0.050 in diameter spacer wires in fuel-cladding annulus. 

 
I 
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Figure 3. Carbide fuel element, HNPF core I 

40V de power supply. The arc is struck between a 
graphite electrode and the charge contained in a 
water-cooled copper crucible, trunnion-mounted to 
permit tilting for pouring. The charge consists 
of the skull from the previous heat, fresh hypo-UC 
feed stock, headers and risers from previous heats, 
and recycled reject slugs, up to a total of 65 kg. 
Batch size varies with enrichment, as required by 
criticality considerations. Melting is conducted in 
dynamic vacuum. Uranium metal may be added 
to the charge to control carbon composition within 
specified limits, as indicated from prior chemical 
analysis of the charge, and from the known carbon 
pickup resulting from electrode erosion. In a single 
heat up to 25 kg may be poured, of which up to 
15 kg is in the form of usable slugs. An unheated 
graphite mold, with up to 51 pockets of 0.5 in 

(1.27 em) diameter, is placed inside the furnace to 
receive the pour. Slug density as cast is uniformly 
>99% of theoretical density. 

Control of oxygen and nitrogen content of the feed 
stock, within a maximum of 500 ppm and 300 ppm, 
respectively, very effectively limits electrode erosion. 
Feed stock of this quality can be produced by carbon 
(nuclear grade graphite) reduction of ceramic grade 
uo2 as indicated schematically by 

U02 + 3C--+ UC + 2CO (1) 
An alternate feed stock of very high quality is prepared 
using consumable homogeneous electrodes of uo2 
and carbon in a high intensity arc [22]. 

Following pioneering research at Battelle Memorial 
Institute, the above slug process has been intensively 
developed and applied at Atomics International (AI). 
As of January 1964, over 12 000 kg of carbide has 
been processed to slugs, including over 2 000 kg 
of enriched material. Preparation of a complete 
loading for the second core of HNPF is now in 
progress (March 1964). This consists of 171 elements 
of essentially the same design as the first core elements 
described in Table 2. More than 27 000 kg of 4.9% 
enriched carbide will be processed for this core loading. 

Before starting work on HNPF Core II, AI com
pleted a development program that culminated in 
the production of full-scale, LSGR-prototype fuel 
elements. The production run was conducted speci
fically to yield process economics. Handling and 
processing criteria for 4.0 wt% 235U material were 
followed through all phases of manufacture. It was 
concluded that. the elements could be made for 
$100/kg of contained U, at enrichments of about 
4% [21]. 

IRRADIATION BEHAVIOUR 
OF CARBIDE FUEL ELEMENTS 

For LSGR, the design burn-up (see Table 2) is 
25 000 MWd/t U (average); and fuel element per
formance must not be limited by fission product gas 
release, fuel dimensional instability or, of course, 
chemical or metallurgical interactions. To proof
test carbide fuel elements under power reactor 
operating conditions, model elements ("capsules") 
have been exposed to irradiation in test reactors. 
This program is still in progress. 

Figure 4 shows a typical capsule during post
irradiation examination. This experiment, designated 
NAA-81-3, consisted of an 18 in long column of 
0.5 in diameter (45.7 x 1.27 em diameter) as-cast 
carbide slugs, sodium-bonded to 304SS cladding. 
Composition ranged from 4.4 to 4.9 wt% C, so that 
slightly hyper- as well as hypo-UC was tested. The 
fuel was, generally, in excellent condition after an 
exposure in MTR which produced a peak burn-up 
of 10 600 MWd/t U. Note that identification letters 
at one end of the lower slug are still clear. The 304SS 
cladding was also in excellent condition. Only slight 
changes could be detected in dimensions of some 
of the slugs; the rest were within initial tolerances. 
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Figure 4. Carbide capsule NAA-81-3, after irradiation 
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Figure 5. Dimensional stability of carbide under irradiation 
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Fission gas release was 0.26% of the calculated 
amount produced. Temperatures during irradiation 
were monitored by one central thermocouple in the 
fuel, and six located in an array along and around 
the outside surface of the 304SS cladding. All seven 
operated throughout the irradiation. This capsule 
was designed for a peak center temperature of 
I 800 op (970 °C), but reached a maximum near 
l 900 op (1 040 °C) during a reactivity transient in 
the MTR. 

Figure 5 summarizes dimensional data for 15 dif
ferent capsule experiments. The diameter changes 
per 10 000 MWdft U were calculated by dividing 
measured changes by the corresponding burn-ups, 
which ranged from 5 000 to 40 000 MWd/t U for 
the points shown. The HNPF design values are well 
above the upper limit band; and the design limit at 
1 600 °F (870 °C), particularly, is above the 81-3 
point at 1 900 °F (1 040 °C). LSGR design values are 
similarly above the data range. Data for the capsules 
of Fig. 5 are shown in Table 3. Evaluation of fission 
gas release data indicates that the LSGR design 
limit of 3% of the gas produced is quite safe. For 
the LSGR fuel rods, listed in Table 2, this limit 
provides a conservatively low hoop stress in the 
304SS cladding. The irradiations listed in Table 3 
include SU-20 and SU-28, which were 6ft (180 em) 
fuelled length, power producing elements in the SRE 
core. SU-28 has reached an estimated peak burn-up 
of 5 000 MWd/t U at peak fuel temperature of 
1 725 °F (940 °C). Both elements appear in excellent 
condition, but destructive examination has not yet 
been performed. 

The range of potential application for uranium 
carbide fuels extends to much larger specific powers 
than are required for the present LSGR designs of 
Table 2. With hypo-UC slugs of 0.5 in (1.27 em) 
diameter, peak values of 24 kW/ft of rod (788 W/cm) 
and 52 kW/kg U are reached at 1 750 °F (950 °C) 
central fuel temperature. Results of a parametric 
study show that 150 kW/kg is clearly attainable with 
0.3 in (0.76 em) diameter hypo-UC slugs at the same 
temperature [23]. Also, carbide clearly has the poten
tial for use at 50 kW/ft (1 670 W/cm), more than 
twice the LSGR prototype value, which would yield 
300 kW/kg U specific power with 0.3 in (0.76 em) 
diameter rods. However, at the resulting central fuel 
temperature of 2 400 °F (I 315 °C), near stoichio
metric uranium carbide probably would be required 
to provide stability to high burn-up levels. 

ALTERNATE COMPOSITIONS 
AND PREPARATIVE METHODS 

The use of ternary systems U-M-C, where M is a 
refractory metal, offers possibilities for more stable 
fuel at compositions other than the near-stoichiometric 
binary carbide. Isothermal sections of ternaries are 
available, from which stable phases may be pre
dicted [24]. For example, a small addition of Mo to 
hypo-UC yields a three-phase system of UC and 
two U-Mo alloys (one, yU-Mo; the other Mo-rich). 

Thus, free uranium is eliminated. Slugs of this 
U-Mo-C composition have been made by arc
casting. 

Powder processes do provide more precisely 
controlled binary carbide compositions than does 
large scale arc-casting. Also, methods other than 
arc-casting are frequently used to prepare refractory 
mixed carbides such as (UC-ZrC) which are required 
for fuelled thermionic emitters, and compositions 
in the U-Pu-C system. 

Uranium carbide of :>95% of theoretical density 
is routinely prepared to very close composition 
limits by starting with crushed arc-cast material of 
selected carbon content. The powder is tamped into 
a graphite-lined niobium can and hot isostatic
pressed at 10 000 psi (7 kg/mm2) for 3 h at I 500-
1 600 °C [25). Alternatively, the starting material is 
prepared by carburizing uranium powder in pure 
propane. The resulting powder is mixed with an 
organic binder, dried, compacted to 50 tsi (70 kg/ 
mm2), and sintered in vacuum. For hypo-UC, sintering 
temperature is only I 200 °C [26]. The addition of 
nickel or UA12 yields densities above 95% consistently 
by sintering, and also provides minimum sintering 
temperatures [27, 28]. For solid solution alloys such 
as UC-ZrC, the high intensity arc product is a useful 
starting material [22]. Alternatively, the starting 
powders may be prepared by crushing arc melted 
buttons, and further processed by sintering or hot 
pressing, and annealing for homogeneity. The lowest 
effective temperature is about I 800 °C [25, 29]. 

Comparison irradiation tests of sintered carbide 
and arc-cast material were made as part of the United 
Nuclear Corporation (UNC) series listed in Table 3. 
Cladding was Nb-l%Zr alloy. Both sodium bonded 
and helium bonded (clad-core contact at temperature) 
assemblies were tested, at fuel center temperatures 
from I 000 to I 200 °C, and burn-ups ranging up 
to about 40 000 MWd/t U. The cast 5.2 wt% C 
material exhibited the best behavior of all those 
tested, but these experiments did not indicate signi
ficant differences between sintered and cast carbide at 
the same compositions. Fission gas release from sin
tered carbide was nearly constant at all burn-ups [19]. 

Plutonium carbide-uranium carbide compositions 
have also been tested in irradiation capsules to evaluate 
the U-Pu-C system. In Argonne National Laboratory 
experiments, fuel was made by arc-casting, powder 
pressing and sintering, or vibratory compaction. 
Capsules with vibratory compacted non-stoichiometric 
powders of UC-20 wt% PuC, contact-bonded in 
304SS and Nb-I%Zr cladding, have sustained burn
ups to 20 800 MWd/t U at surface temperatures to 
505 °C without cladding damage or significant 
dimensional change. Carbon content ranged from 
4.5 to 5.1 wt% [30]. In UNC experiments, sintered 
compositions near UC-20 wt% PuC (4.6 to 4.7 wt% C) 
were irradiated in contact bonded capsules of 316SS* 

• 316SS is AISI type 316 stainless steel, of nominal com
position Fe- 16 to 18% Cr- 10 to 12% Ni- 2 to 3% Mo- 2% 
Mn(max) - 0.08% C(max). 
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or Nb-1%Zr. Average fuel center temperatures were 
between 1 050 and 1 125 °C. Where the average 
cladding temperature did not exceed 650 °C, there 
was no cladding damage; and fuel dimensional 
stability and fission gas release were acceptable [31]. 

CONCLUSIONS 

Uranium carbide is capable of high temperature, 
high specific power, economical performance in 
central station power reactors. Experience has been 
concentrated on sodium-bonded, stainless-steel clad 
fuel elements, using arc-cast hypo-UC slugs with 
relatively wide limits of carbon content. Other fuel 
element designs are feasible, as are applications of 
carbide fuel in other material systems. Closer com
position limits, to near-stoichiometric UC, may be 
achieved through fabrication by powder processes. 
Ternary compositions offer improved fuel stability, 
and merit more investigation. 

Burn-up to 40 000 MWd/t U appears possible 
with present configurations. Further irradiation 
testing is needed to establish performance limits of 
temperature and burn-up. 

Uranium carbide is compatible with fuel recycle 
requirements. To concentrations of at least 20 wt%, 
PuC has little or no significant effect on the irradiation 
performance of uranium carbide. 
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ABSTRACT -RESUM E-AHHOTAL\Vl>l-RESUMEN 

A/234 ~tats-Unis d'Amerique 

Fabrication et performance des combustibles 
en carbure 

par H. Pearlman et R. F. Dickerson 

La mise au point de monocarbure d'uranium 
massif comme combustible nucleaire a compris 
l'essai de plusieurs methodes de preparation, l'etude 
de la composition binaire dans des domaines allant 
de teneurs en carbone hyperstoechiometriques (moins 
de 4,8% c en poids) a des teneurs hypostoechio
metriques, et l'etude de l'effet d'additifs et des pro-

prietes de systemes ternaires. Differents types d'ele
ments combustibles ont ete experimentes en pile et 
hors pile. Ces essais ont ete faits avec et sans jonction 
thermique par metal liquide, avec differentes compo
sitions de gaine - par exemple, acier inoxydable 
type 304, NB/1% Zr, et tungstene. L'utilisation la plus 
importante a ce jour a ete dans les reacteurs refroidis 
au sodium. Des elements prototypes ont atteint un 
taux de combustion de 5 000 MWjft dans le reacteur 
experimental a sodium (SRE). Dix elements en vraie 
grandeur en UC fonctionnent depuis septembre 1963 
dans le premier creur du reacteur de puissance de 
Hallam de 81 MW(e) (NHPF). 
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Tous ces elements combustibles sont des grappes 
de longs barreaux, chaque barreau etant constitue 
de cylindre d'UC, lie thermiquement par du sodium 
a une gaine mince en acier inoxydable type 304. Le 
combustible est de l'hypo-UC (4,4-4,8) fondu a l'arc 
et coule. Une fusion typique de materiau enrichi 
part d'une charge totale de 50 a 65 kg et aboutit a 
une coulee de 20 a 25 kg, qui peut produire 50 cy
lindres environ, de 1,27 em de diametre (0,5 pouce) et 
15 em de long (6 pouces). En janvier 1964, on avait 
ainsi prepare plus de 12 000 kg de cylindres, dont 
2 000 kg en materiau enrichi. Le rendement global du 
procede indique que pour un enrichissement voisin de 
3% en poids de 2350, le cout de fabrication des ele
ments combustibles complets ne depasserait pas 
100 dollars par kilogramme d'U contenu. 

Le comportement sous irradiation des elements 
combustibles faits avec de l'hypo-UC, lies par du 
sodium a une gaine en acier inoxydable, est envisage 
jusqu'a des taux de combustion de 25 000 MWj/t, 
avec les limites actuellement estimees: 

Teneur en carbone: 4,5 a 4,8% en poids. 
Temperature maximum au centre du combustible: 

980 °C (1 800 °F). 
Temperature maximum de gaine: 675 oc (1 250 °F). 
Ces conditions permettent des flux thermiques 

lineaires allant jusqu'a 865 Wfcm (26 kW/pied) et une 
puissance specifique de 50 kW/kg U avec des concep
tions pratiques d'elements combustibles. On peut 
tenir compte facilement des changements dimension
nels envisages et du degagement des gaz de fission. 
Le fonctionnement a plus haute temperature semble 
possible avec une teneur en carbone dans un domaine 
plus etroit autour Jc Ia stoechiometrie et avec un 
gainage en metal plus refractaire. 

Dans Ia preparation J u combustible en carbure, Ies 
methodes de metallurgic Jes poudres sont utilisables 
si les dimensions sont trop faibles pour Ia coulee, si 
on a besoin d'une densite controlee, ou si des alliages 
en solution solide presentent de l'interet. Des com
poses de densite superieure a 95% de Ia densite theo
rique ont ete prepares de fa~on reproductible par 
compression isostatique a chaud d'UC fondu a l'arc 
et pulverise dans des recipients en niobium (7 kg/ 
mm2 C, ou 10 000 livresfpouce carre), pendant trois 
heures, a des temperatures comprises entre I 500 et 
I 600 °C. On obtient un produit comparable par com
pression a froid de poudres et de liant a 70 kg/mm2 C 
50 (tonnesjpouce Carre), suivie d'un frittage a 1 800 °C. 
De plus, des particules spheriques d'alliages de car
bure ont ete preparees dans un arc de forte intensite. 
On a fait des essais d'irradiation pour determiner 
l'effet de Ia composition et du procede de fabrication. 

On dispose de donnees thermochimiques et des 
resultats de mesures experimentales pour determiner 
les temperatures de fonctionnement maximales aux
quelles UC et divers materiaux de gainage possibles 
sont compatibles. 

L'etude des systemes ternaires a conduit a proposer 
des sections isothermiques pour les diagrammes de 
phases suivants: U-C-W; U-C-Mo; U-C-Re; et 

U-C-Nb. On a trouve qu'il y a un domaine complet de 
solutions solides entre UC et UN; certaines indications 
conduisent a envisager l'existence de solutions solides 
de U (C, N, 0). 

A/234 CWA 

llfarOTOB/leHHe H paOOYHe XapaKTepHC
THKH ropiOYero H3 KapOHAOB 

X. nHpllMeH, P. OJ. ,D_HKepCOH 

JJ.:JH llOJIY'Il'HIIH MOHOKap6n,:I,a ypana Kal\ HACP
HOI'O I'OJliO'ICfO IICOOXO,:I,HMO liCIIhiTaTh IICCKOJII,KO 
.\leTO,'I,On 11p1ti'OTOnJICHHJI, JICCJICAOnaTh OOJIUCTH 
OIIHapHOJ'O COCTana OT rnnepCTCXHOMCTJlli'ICCI\OfO 
( Menec 4,8% nee. C) AO rnnocTexuoMcTpnqeciwro 
CO,:I,epmaHHH H HCCJICAOnaTh BJIHHHHe A06anoK H 
cnoitCTn TpOHHhiX CHCTCM. BhiJIH lfCllhiTaHhl paa
:IJI'IIIbll' nOHCTJlYKl\11 II Tn3JIOn TpOI'iHhl X CHCTC .\1. 

IJbimi HCII~>ITaHhi paaJinqHhie ROHCTPYRI~HH Tnanon 
I>al\ nne, TaR n nnyTpn peaKTopa. Onu obiJIH naro
TonJJeHhi c TepMuqecRnM cu;enJJenneM n 6ea Tep
.\tnqecKoro cu;enJJenn.R na lliliAIWro MeTaJJJJa; 
JtcnoJihaonaJic.R u;eJ'Jhiii pHA cocTanon o6oJJoqeR, 
uanpuMep nepmane10ru;a.R CTaJih 304, Nb/1% Zr n 
nonh«flpaM. ,ll;o cux nop caMoe IIIupoKoe npuMene
nne OHll IlOJiyquJIH B peaRTOpax e HaTpHenhiM 
TCIIJJOHOCUTCJieM. Y 3TaJIOHHhiX :meMeHTOn nhi
ropaHne ,:~,oeTnrno 5000 M Br. • cyrKu/r n onhiTHOM 
peaRTOpe e HaTpnenbiM OXJialliAeHHeM (SRE). 
3JICMCHTbl ll3 UC HaTypaJJhHbiX paaMepon pa6oTa
IOT n peaKTope e eeHT.R6p.R 1963 roAa B nepnoif 
aarpyaHe aRTnnnoii aoHhl XoJIJJaMeRoro .RAepnoro 
:mepreTuqecRoro peaKTopa (HNPF) Moru;uoeThiO 
81 M Br (an.) . 

Bee naanaHHhie TBaJihl npeACTaBJIHIOT eo6oii 
nyqKlt na AJilfHHhiX eTepmneii, KalliAhiH na ROTO
phiX cocTOJIT Ha 6JioqRon UC, TepMII'ICCKH cueJI
.TJ.eHHhiX HaTpllCM e TOHKOCTCHHOii o60JIOqRoii H3 
nepmaBeiOIIJ;CH CTaJJH 304. rop10qee rrpeAeTaB,'I.HCT 
coGoii rrJJanJieHHhiii B AYre n mnoii rHno-UC 
( 4,4-4,8). TnnHqnaH nJianKa o6oraru;ennoro ypa
ua naqunaeTe.R e o6ru;eii aarpyaKoi:i 50-65 Ki! u 
npunOAHT K aaJinnKe 20-25 Ki!, qTo MOiHCT AaTh 
oHono 50 Gnoq.Kon AnaMeTpoM 1,27 C.M n AJinnoii 
15 c.M. Ha HHnaph 1964 roAa TaKHM enoeo6oM 6hi:.. 
JIO npHrOTOBJICHO 6oJiee 12 000 Ki! OJIOqROB, BKiJ:IO.:. 
qa.R 2000 Ki! o6oraru;eHHoro MaTepuana. 06ru;ue 
llhiXOAhl npou;ecea no.KaahiBaiOT, 'ITO npu o6ora
ru;eHnn OROJio 3% nee. U 235 eTonMoCTh naroTOBJJe
llliH TBaJJon ne OYACT npenbiiiiaTh 100 ao.~t.!t/Kz 
ypaHa. 

PaAHau;noHHhte xapa.KTepneTHRu Tn:lJJOB, CAe
JrannhiX na rnrro-UC, eu;enJJeHHhiX naTpneM e o6o
.1oqRoii na nepmaneroru;eii cTaJJn, oTneqaroT BhUO
panuiO 25 000 M BT • cyrKu/r npu orpann'leHn.Rx, 
1\0TOphle OI~CHJinaiOTe.R CJICAYIOII.\llM o6paaoM: 

miTepnaJJ yrnepoAa 4,5-4,8% nee.; 
Mal\CHMaJibHa.R TeMnepaTypa 980° C; 
MHI\ClfMClJihHaH TCM'IICpaTypa 060.1JO'IKH 675° C. 
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8TH YCJIOBHJI ~aiOT JIIIHCHHbiC TCIIJIOBbie MO~
HOCTJI 865 6T/Cel'> J1 YACJibHYIO MO~HOCTb 
50 ~'>6T/~'>Z ypana B npaKTH'leCKnx KOHCTPYKIJ,HHX 

TB:1JIOB. Momno Jienw c;J,e.TJaTb Aonycl\ na paaMep

Hbie naMeneHnJI n BbiAeJienne raaoo6pa3HhiX npo

AYJ\TOB ACJieHnH. Pa6oTa npn 6oJice BhiCoKoii 

TCMIIepaType, 110-BHAHMOMy, B03MOii\Ha B 6oJICC 

yaKoM HHTepnaJie TeMnepaTyp coAepmannH yrJie

po;w B6JIM3U CTCXMOMCTpH'lCCKOfO Jl C 060JIO'li\Oii 

na 6oJiee maponpoqnoro MeTaJIJia. 

llpu npuroTOBJienuu Kap6nAHoro roproqero B03-

Momno IIpMMCHJITh MCTOAhl llOpOIIIKOBOii MCTaJI

Jiyprnu, CCJIII pa3MCphl CJIUIIIJ\OM MaJibl AJIJI JIMTI,JI, 

CCJIM Tpe6yeTCJI peryJiupyeMaH llJIOTHOCTh UJIU CC

Jill npeACTaBJIHIOT unTepec TBepAbie pacTBopbi. Ma

;:~eJiuH IIJIOTHOCThiO 60JICC 95% OT TCOpCTH'lCCKOii 

6hiJII1 BOCIIpOH3BOAHMO U3fOTOBJICHhl C llOMOll~hiO 
rop.H'lero naocTaTM'lCCKoro npeccoBaHnH naMeJih

'Iennoro AYNBOfO JlliTbJI lJC B Rno6neBhiX KOHTCii

nepax (7 I'>ZI.M.M2 npn TeMnepaTypax 1500-
16000 c). n POAYKT co cpaBHIIMbiMJI CBOHCTBUMII 

llOJiy'laiOT XOJIOAHbiM npeCCOBaHHCM IJOpOIIIKOB II 

CBJI3KJI IIOA AaBJICHIICM 70 I'>Z/.M.M2 C IIOCJICAYIO

~~~M cneKanneM npn 1800° C. TaKme 6biJIH npn

roTOBJieHbi c!flepH'lCCKHe 'laCTHIJ,hl CIIJiaBOB Kap6u

AOB B AYfC BhiCOKOii IIHTCHCHBHOCTH. LI,JIJI OIJ,CHKJI 

COCTaBa H a!fl!fleKTOB IIpOU,CCCa H3f0TOBJICHJIJI 6hl

JIJI llpOBCACHhl pa~HaiJ,HOHHbiC HCIIhiTaHHH. 

lloJiy'ICHhi TepMoxnMn'lecKne AaHHhie n pe

ayJibTaThi :)KCnepHMCHTaJihHhiX OllPCACJICHIIH, yc

TUHUBJIHBaiO~ne MUKCUMUJihHhiC pa60'lHC TCMIIC

paTyphi, npn IWTOphiX UC n PHA noTenu,naJihHhiX 

:\taTepnaJIOB AJIH o60JIO'lCK COBMCCTJIMhl. 

MccJieAoBannJI TpoiinhiX cncTeM noaBOJIHJin 

npeAIIOJiaraTL naoTepMH'lCCKne paapeabi CJICAYIO

Iu,nx ;vmrpaMM cocToJIHHJI: U - C - V•./, lJ -
C - Mo, Re n U - C - Nb. BbiJIO uaiiAeno, 'ITO 

CYJliCCTBYCT neorpanHqcnHhiH pnA TBep,'l,biX pacT
nopoB Mem)J;y UC H UN; yKaaano, 'ITO cy~ecTBy
IOT TBCp)J;hie paCTBophi U (C, N, 0). 

A/234 Estados Unidos de America 

Fabricaci6n y funcionamiento de elementos 
combustibles de carburo 

por H. Pearlman y R. F. Dickerson 

El desarrollo del monocarburo de uranio denso 
como combustible nuclear, ha comprendido ensayos 
de diversos metodos de fabricaci6n, la investigaci6n 
del intervalo de composici6n binaria desde el hipoes
tequiometrico (menos del 4,8% en peso de carbono) 
basta el hiperestequiometrico, y el estudio del efecto 
de las adiciones y las propiedades de los sistemas 
ternarios. Se han ensayado varios modelos de elemen
tos combustibles dentro y fuera del reactor. Estos se 
hicieron con y sin junci6n termica liquida, en vainas 
de composiciones diferentes, por ejemplo, acero 
inoxidable tipo 304, Nb/1% Zr, y volframio. La 
aplicaci6n mayor basta el presente ha sido en reac-

tores refrigerados por sodio. Elementos prototipo 
han alcanzado quemados de 5 000 MWdft, en el 
reactor experimental de sodio (SRE). Desde sep
tiembre de 1963 se han utilizado 10 elementos de 
UC a escala natural en la primera carga del reactor 
de 81 MW(e) de la Hallam Nuclear Power Facility 
(HNPF). 

Todos los elementos combustibles anteriores son 
haces de barras largas, cada una de elias constituida 
por barritas de UC, unidas termicamente con sodio 
a una vaina de paredes finas de acero inoxidable 
tipo 304. El combustible es UC hipoestequiometrico 
fundido en arco y colado (4,4-4,8% C). Una partida 
tipica de material enriquecido, comienza con una 
carga total de 50 a 65 kg de la que se cuelan de 
20 a 25 kg, que producen alrededor de 50 barras 
de 0,5 pulgadas de diametro (1,27 em) por 6 pulgadas 
de longitud (15 em). En enero de 1964 se habian 
preparado de esta manera mas de 12 000 kg de 
barras, lo que supone unos 2 000 kg de material 
enriq uecido. Del rendimiento total de producci6n 
se deduce que con un enriquecimiento de alrededor 
del 3% en peso de 235U, el coste de fabricaci6n del 
elemento combustible completo no excederia de 
100 d6laresfkg de uranio contenido. 

Se proyecta estudiar el comportamiento frente a la 
irradiaci6n de los elementos combustibles de UC 
hipoestequiometrico, unido termicamente con sodio 
a una vaina de acero inoxidable, basta un quemado 
de 25 000 MW d/t, en las condiciones que se especifican 
a continuaci6n: 

Contenido de carb6n . . . . . . 4,5 a 4,8% en peso 
Temperatura maxima en el 

centro del combustible . . . 1 800 °F (980 °C) 
Temperatura maxima de la 

vaina . . . . . . . . . . . . . . . . . . 1 250 °F (675 °C) 
Estas condiciones permiten flujos lineales de basta 

26 kW/ft (865 Wfcm) y una potencia especifica de 
50 kW/kg U en los tipos practicos de elementos 
combustibles. Es facil dar tolerancias suficientes 
para absorber los cambios dimensionales y los gases 
de fisi6n desprendidos. Parece posible trabajar a 
temperaturas mayores con tolerancias mas pequefi.as 
en el contenido de carbono alrededor del valor 
estequiometrico, y una vaina metalica mas refractaria. 

En la preparaci6n de combustibles de carburo, 
son factibles las tecnicas de Ia metalurgia de polvos, 
si las dimensiones son demasiado pequefi.as para 
colada, si se requiere una densidad controlada o si 
interesan aleaciones de soluci6n s6lida. Probetas con 
mas del 95% de la densidad te6rica han podido 
fabricarse de forma reproducible por prensado 
isostatico en caliente con moldes de niobio de UC, 
fundido en arco y molido (10 000 Iibras/ pulgada2

) 

(7 kgfmm2) a temperatura entre 1 500 y 1 600 °C 
durante 3 horas. Un producto semejante se obtiene 
mediante compresi6n en frio de polvos con un 
aglomerante a 50 t/pulgada2 (70 kg/mm2

) seguido 
de un sinterizado a 1 800 °C. Tambien se han pre
parado particulas esfericas de carburo aleado en 
un arco de alta intensidad. Se han hecho ensayos de 
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irradiaci6n para evaluar los efectos de Ia composici6n 
y del proceso de fabricaci6n. 

Se dispone de datos termoquimicos y de los resul
tados de determinaciones experimentales para estable
cer las temperaturas maximas de operaci6n a las 
que son compatibles el UC y una serie de materiales 
potenciales para vainas. 

Un estudio de varios sistemas ternarios ha permi
tido establecer unas secciones ternarias iniciales en 
los diagramas de fase siguientes: U-C-W; U-C-Mo; 
U-C-Re y U-C-Nb. Se ha encontrado que existe 
una zona completa de soluciones s6lidas entre el 
UC y el UN y se han encontrado indicaciones de Ia 
existencia de soluciones s6lidas de U (C,N,O). 



P/634 Netherlands 

Preparation of U02 and Th02 powders 
range 

• 1n the subsieve 

By M. E. A. Hermans and H. S. G. Slooten* 

Several different fuel powders with sj)ecific prop
erties were required in the development of aqueous 
suspensions as reactor fuels. U02 fuel was used in a 
series of zero energy experiments at room temperature. 
The fuel for the KEMA suspension test reactor 
(KSTR) consists of 15% U02-85% Th02, as mixed 
crystals. The size requirements were a mean diameter 
of 10 microns for the uo2 fuel and about 5 microns 
for the mixed oxide, both having a small standard 
deviation. The particles should preferably be spherical, 
with a smooth surface and without open porosity. 
Fabrication processes had to be developed for this 
purpose which did not require recycling and were 
well suited to remote control. 

Three processes that met the specifications were 
actually developed. Although they were directed 
towards the production of very small particles, 
subsequent investigations proved that the processes 
can be adapted to the production of larger particles 
for other applications. 

It was shown that the processes can easily be 
remotely controlled, thus giving a definite advantage 
in the fabrication of partly decontaminated or 233U
containing fuel. 

In the following sections, descriptions of the three 
processes are presented. They include the sol-gel 
process for Th02 and mixed oxides and the sulphate 
and urea processes for the preparation of uo2 
powders. 

PREPARATION OF Th02 AND MIXED OXIDE 
POWDERS 

General outline of the sol-gel process 
The present process is based on ·the application 

of certain principles used in the production of catalysts 
for the oil industry** to the production of Th02 or 
Th02-U02 particles. At the time the development 
of the process was started it had become apparent 
that a direct application of the known industrial 
processes to the production of Th02 spheres did not 
yield favourable results. It was shown, however, 
that by careful selection of the detailed procedures 
a preparation of the desired product was possible [1]. 

More recently it has become fashionable to apply 
the term "sol-gel" process to similar preparation 

• N.V. Kema, Arnhem. 
•• Compare, e.g., the Houdry Process for the production 

of AI20s-Si02 catalyst. 

methods for nuclear fuels with special rt:quirements. 
In this section, a general description of the dif

ferent steps involved in the process will be given. 
In the following sections, the various stages will be 
dealt with in more detail, followed by a description 
of a 1 kg/day production facility and the operating 
experience obtained therewith. Finally, other pos
sibilities of the process will be reviewed. 

The first step of the process involves the preparation 
of a sol of hydrated Th02 or Th02• U03• Subsequently, 
this sol is dispersed in an organic medium and the 
sol drops are solidified by gelation. After dehydration 
of the gel spheres the resulting oxide spheres are 
washed, dried and finally fired to obtain a sufficiently 
low surface area. 

The particle-size distribution of a typical product is 
a geometrical one and can thus be c!J.aracterized 
by a mean diameter dg = 5.5 fl. and a standard 
deviation erg= 1.33. A microphotograph of the 
product is shown in Fig. 1 A. 

Sol preparation 

450 

The sol preparation step can be divided into two 
stages: preparation of a Th(OH)4 precipitate and 
peptization of this precipitate in Th(N03) 4, U02(N03) 2 

or HN03 solution and concentration of the sol to 
the desired molarity. 

Starting material for the sol preparation is a 1M 
solution of Th(N03) 4 that is mixed quickly with an 
excess of concentrated aqueous ammonia to obtain 
a Th(OH)4 precipitate. The fast mixing of the re
actants ensures production of a precipitate with a 
very small particle size. For the deionization of this 
precipitate different methods such as filtration, 
dialysis, electrodialysis with ion-exchange mem
branes and decantation have been studied rather 
extensively. Repeated washing and decantation with 
50 °C water was finally chosen as the most satis
factory procedure. In this way NH4 + can be removed 
completely from the Th(OH)4• Besides the N03-

content of the precipitate can be brought down 
to a sufficiently low level. 

The deionized precipitate can now be peptized in 
a Th(N03) 4 or U02(N03) 2 solution by boiling. At 
the same time the sol is concentrated by evaporation. 
It has been shown that the maximum attainable 
sol concentration without the appearance of a solid 
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Figure 1. Products 
A: Mixed Th02.U02 oxide; B: Mixed Th02.U02 oxide; C: Sulphate precipitate; D: sintered U02 from the urea process 

deposit depends very much on the time needed for 
evaporation. Prolonged heating of the precipitate 
or sol greatly reduces this maximum molarity. For 
the preparation of pure Th sols, 5-10% of the Th in 
the precipitate is added as electrolyte and concen
trations over 4M can easily be reached. 

In the case of the U-containing sols it was found 
that with the present method of sol preparation the 
maximum amount of U that can be accommodated 
in the sol is about 22 at.% of total metal. U-bearing 
sols that are normally produced contain about 
15 at.% U and can be concentrated to a molarity 
of about 3. All sols mentioned can be stored for 
at least six months. 

Emulsification and gelation 
As has already been stated, the emulsification pro

cedure is very important because it controls the size 
distribution of the end product. Several methods of 
dispersion of the sol in the organic layer (CCl 4) 

have been investigated-namely, normal spraying, 
high tension spraying and stirring. For the sizes 
required (end product about 5 f.L, drop size about 
I 0 f.L), the use of a vibrational stirrer gave the best 
results with respect to mean diameter of the drops 
and width of the size distribution. Furthermore 
the vibrational stirrer has the advantage that by 
changing the amplitude of the stirring, a good control 
of the mean drop size is possible. The addition of 
a certain amount of emulsifier to the organic phase 
of the emulsion (about 0.25% of Span 80 from 
Atlas Powder Co. Wilmington, Delaware) is necessary 
to obtain a good quality emulsion that can be kept 
for a few hours without deteriorating. 

The sol-emulsion is subsequently ·brought into 
contact with a mixture of CC14 and toluene (specific 
gravity about 1.3) that is made alkaline by contacting 
it with an air-NH3 mixture. Control of the NH3 con
centration in the gelation liquid is of great importance. 

For each sol concentration there is a critical NH3 

concentration in the gelling liquid above which no 
undamaged spheres are produced. This is a conse
quence of the fact that during gelation of the sol 
drops a certain amount of shrinkage takes place. 
When the diffusion of NH3 into the sol drops is 
fast, a high pH gradient over the drop radius is 
built up, causing the partly-gelled drop to burst and 
resulting in undesirable products. For a typical 
2.5M 15% U-Th sol a concentration of 0.05 meq. 
of NH3 per gram of gelling liquid is used. To complete 
gelation in this case about 120 I of gelling liquid is 
required per litre of sol. The specific gravity (about 1.3) 
of the gelling liquid is chosen such that the gel spheres 
settle quickly and the gelling liquid can be recycled. 
The concentrated suspension of gel spheres thus 
obtained is used as the starting material in the next 
step of the process. 

Dehydration and washing 
Dehydration of the gel spheres is carried out 

by boiling the carbon tetrachloride-toluene mixture 
in which the gel spheres are suspended. During 
this process, a continuous recycle of the evaporated 
organic compounds is applied after separation from 
the water that is distilled off at the same time. The 
boiling point of the organic-water mixture is close 
to that of CCI 4 (about 80 °C) and it is only towards 
the end of the process, when the recycle is shut off 
that it rises to I 10 °C (the boiling point of toluene). 
In this way the gel spheres are converted into oxide 
spheres that are rigid enough to facilitate filtration. 
However, they still contain a certain amount of 
NH 4N03 and organic matter (remnants of the 
emulsifier left on the surface) which give rise to 
undesirable reactions in the early firing stages. 
Therefore both organic and inorganic contaminants 
have to be removed. Methanol saturated with ammo
nia removes all the nitrate and most of the organic 
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15 % Uranium-oxide 

SOL-PREPARATION COMPARTMENT GELATION COMPARTMENT DRYING AND SINTER lNG COMPARTMENT 

Figure 2. Flow-scheme of Th02 • U02 production facility 

matter, the remainder of which is burned off in the 
firing stage. 

The end product of this step is obtained after 
filtration from the washing liquid and consists of 
oxide spheres with a specific surface area of 200 m2/g, 
indicating a crystallite size of about 30 A. 

Firing 

In order to obtain a low surface area and good 
rigidity of the particles, firing to high temperatures 
'is necessary. As the oxygen content of the mixed 
oxide was not important firing in air could be used 
and presents the least practical difficulties. The 
normal firing procedure of the washed mixed oxide 
spheres consists of two steps: 

(a) Heating for 6 h at 80 °C and 6 h at 220 °C to 
remove methanol and other volatiles; 

(b) Firing at 1 100 °C for Y:!-1 h. 
In this way a mixed oxide powder (Th02.15% U03) 

with a specific surface area of 0.2 m2/g is produced, 
which is only twice the geometrical surface of 5.5 (.1. 

spheres. The density of the particles is greater than 
98% of the theoretical density. The firing temperature 
of 1 100 °C is rather critical, at lower temperatures 
the surface area remains too high, at higher temper
atures intergrowth of the spheres occurs thereby 
changing the size distribution. 

Production facility 
Description 

After the process had been developed, a facility 
was built in which the production of the 5.5 !.1. mixed 
oxide powder required for technological experiments 
in connection with KSTR could be carried out. 
Design value of the production was 500 gfday. It 
turned out that production rates close to I kg/day 
could be reached. 

The whole production facility was built inside a 
large steel plate box (7 x 2 x 2.5 m), divided into 
5 compartments which can be adequately ventilated. 
All operations involving liquids and suspensions 

can be controlled from the outside. The operating 
personnel go inside only when handling dry powder. 
In this case, protective clothing is used. 

Figure 2 shows a simplified flow diagram of the 
facility clearly indicating the different steps involved 
in the process. 

Since neither the sol nor the washed and dried 
product loses quality on storage, the sol preparation 
and firing steps of the process can be operated 
independently from the gelation and dehydration 
steps. 

Operating experience 

The production facility was developed and built in 
1961. Since that time a total of I 00 kg of mixed Th-U 
oxide powder (5 (.1.) containing natural U has been 
produced in a number of runs. The average produc
tion rate when the facility was operated, was about 
600 gjday, runs lasting a week with an average of 
800 gfday have been made. The present facility can 
easily cope with the demand for loop operation in 
the KSTR project. During the latter half of 1963, 
12 kg of mixed oxide containing 90% enriched 
uranium were produced. From a health physics 
viewpoint, the facility also operated satisfactorily. 
No serious contamination occurred outside the 
facility during the production runs on natural or 
enriched material. Ventilation inside the box proved 
adequate. Daily air samples rose above MPC levels 
only three times; in each case after an operating 
mistake had been made. 

Although the facility cannot be operated com
pletely from the outside yet (the handling of the 
solid material is still done by personnel going into 
the box), its operation gives a strong indication 
that a production process as outlined above can be 
operated completely remotely at a reasonable cost. 
The process seems well suited to handle partly 
decontaminated or 233U-containing fuel. The pro
cessing of 233U-containing fuels requires heavy 
shielding due to the presence of the 2.5 MeVy 
from 208Tl. 
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Production of other types of fuel 
Once the process for the production of 5 !L powders 

was developed, a number of experiments were made 
to scan the possibilities of the process. This research 
is still going on and so far it has been shown that 
Th02 and mixed-oxide particles of sizes up to 600-
800 !L can be produced by applying the process 
described above. In effect, this result means that by 
altering the dispersion method in the emulsification 
step and adapting the gelation procedure, the size 
range of a few microns up to about 1 mm can be 
covered by the present process. 

PREPARATION OF U02 POWDERS 

uo2 by the sulphate process 
This process yields spherical particles in a size 

range of 3-10 microns. The precipitation which 
occurs from a homogeneous solution ensures a 
very even particle size, provided that the system is 
well stirred. 

When ammonia is added to a uranyl nitrate 
solution, a precipitate is formed when about 1.67 
equivalents of ammonia have been added per mole 
of uranium. However, by seeding with a crystalline 
precipitate it was shown [2] that the system starts to 
precipitate before 0.5 equivalents of ammonia have 
been added per mole of uranium. The retardation 
is due to the low rate of hydrolysis of the uranyl ion. 
When a solution, containing nearly 1.67 equivalents of 
ammonia per mole of uranium, is left to equilibrate 
at room temperature, the pH decreases and a precipi
tate is formed. The pH decrease takes-place in two 
or even more steps, the rate of precipitation varying 
in the same way (Fig. 3). This indicates that the 

Figure 3. Simultaneous decrease of pH and U concentration in a 
partly hydrolysed U01(N01) 1 solution 

phenomena are caused by hydrolytic reactions. 
A more elaborate account of this hydrolytic behaviour 
has been published elsewhere [2]. 

One can therefore obtain a precipitate from a 
homogeneous solution, by adding ammonia to a uranyl 
nitrate solution close to the point of precipitation and 
waiting until the decrease of the pH has taken place. 
The shape of the particles can be influenced by the 

addition of certain electrolytes. A spherical shape 
results from the addition of solid ammonium sulphate 
to the system directly after the addition of ammonia. 
At the same time ammonium sulphate enhances 
the rate of hydrolysis of the uranyl ion. Above a 
certain sulphate content, the precipitate becomes less 
spherical at the end of the process. This effect can 
be prevented by the addition of ammonium nitrate 
to the initial uranyl nitrate solution. 

Due to the solubility of the basic ammonium 
uranyl sulphate, only part of which is precipitated, 
the yield of the process is low. The best results in this 
respect are obtained when the hydrolytic reactions 
of the uranyl ion are retarded as much as possible 
during the addition of ammonia. Then the maximum 
amount of ammonia may be added, and so the 
maximum amount of precipitate is obtained. A con
siderable improvement is obtained if the process is 
carried out at a decreased temperature (- 3 °C 
to + 3 °C). An example of this last procedure is the 
following: 

To 50 ml of a stoichiometric 1M uranyl nitrate 
solution 2 grams of solid NH 4N03 are added and 
the system is cooled to 0 °C. Then 8.8 ml of a 
6N NH 40H solution are added in somewhat less 
than 4 minutes, thereby raising the pH of the uranyl 
solution from 1.4 to 3.4. The system is well stirred 
during the whole procedure. Immediately after the 
addition of the aqueous ammonia 3 grams of solid 
(NH4) 2S04 are added, which dissolve. About 3! min
utes later the precipitate starts to form. In 1! hours 
the precipitation is complete, the final pH being 2.8. 
The mean particle diameter is 4.5 microns and the 
geometric standard deviation erg = 1.12. The yield 
is about 55%. The powder has the composition 65% U, 
14% S04

2-, 3% NH3 and consists of spherical particles 
(Fig. 1 C). Prior to reduction the sulphate is removed 
by leaching with ammonia. Finally the product is 
sintered to give the required low specific surface 
ar~a. 

The mean particle diameter in the sulphate process 
is not influenced by the stirring rate, because the 
particle growth is determined by diffusion and not 
by flocculation. The ultimate size of the particles 
depends on the number of nuclei. Some variation 
of the size is therefore possible by varying the uranium 
concentration, the amounts of ammonia and ammo
nium sulphate added, and tbe temperature. 

uo2 by the urea process 
In Sweden [3] a urea process has been applied 

for several years to produce uo2 power for pellet 
production. However, the particle size of this precipi
tate was too large for our purpose. Starting from 
the same procedure, a variant of this process has 
been developed which yields a different product of 
the required size [4]. Procedure: to 1 litre of a 0.4 mo
lar uranyl nitrate solution, which contains 1.3 gram 
ions of nitrate, concentrated ammonia is added until 
a pH of 2. 7 is reached. The solution is well stirred and 
heated to 95 °C. Then a hot solution of 250 grams 
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of urea in 500 ml of water is added. After about 
50 minutes precipitation starts and is complete in 
approximately three-quarters of an hour. There
after the suspension is filtered, the solid is washed 
with a small amount of water and dried with acetone 
to prevent agglomeration. 

The precipitated particles are reduced and sintered. 
Intergrowth of the individual particles during sintering 
is prevented either by moving them with respect 
to each other, or by recycling 30-50% of the final 
product as interspacers intermixed with the fresh 
feed material. 

The final U02 particles have a narrow geometric 
size distribution (dg = 10.6 microns, crg = 1.2), they 
are smooth, but not spherical (Fig. I D). The precipi
tate from which they are obtained is amorphous, 
with a gel-like appearance. It consists, most probably, 
of U03.2H20 in which carbonate groups are attached 
to some uranyl ions and prevent crystallization. 
The presence of carbonate is essential for this type 
of precipitate. 

The process has a high yield better than 99.5%. 
No recycle of undersize or oversize material was 
necessary for the application in the zero energy 
experiments. The specific surface area of the precipi
tate, measured by adsorption of methane by the 
BET method, is only 0.26 m2/g. During the reduction 
this increases to about 5 m2/g, which is decreased 
to less than 0.1 m2/g in the sintering procedure. This 
increase during the reduction step is caused by the 
high heating rate of the feed material in our vibrating 
furnaces and thus a fast production of volatile 
material, which escapes by crack and pore formation. 
A carefully-controlled low heating and reduction 
rate results in a U02 powder with a specific surface 
area as low as 0.19 m2/g before sintering. Values 
between 0.2 and 5 m2/g were obtained by varying 
the heating and reduction rates. This procedure 
seems to hold promise for other fuels. 

Some results of a more fundamental study on 
the process [2] are reported here. Both the size 
distribution and the composition and texture of the 
particles in the urea process proved to be extremely 
reproducible. 

The size distribution of the particles is geometric. 
The mean diameter is determined by the stirrer. The 
hydrolysis of urea provides ammonia and so the 
pH rises slowly. Therefore the system passes through 
a pH region where the precipitate shows a strong 
tendency to flocculate. In this region, agglomerates 
are formed which are reinforced by the deposition 
of newly formed precipitate from the solution. This 
growth through flocculation, however, is counter
acted by the shear stresses which are present in the 
field of the stirrer. These stresses break down the 
agglomerates to a size which depends on the shear 
rate of that specific stirrer at the given stirring rate. 
Thus, the final mean diameter of the precipitate is 
controlled by the stirrer. This principle of controlling 
size distribution can be applied to other precipitations, 
e.g., uranyl nitrate with ammonia. 

The geometric standard deviation of the size 
distribution in the urea process can be as low as 
1.19 when all the agglomerates pass through the 
field of the stirrer regularly. This requires a good 
homogeneity of mixing, which depends on the shape 
of the stirrer and the vessel, and to some extent on 
the intensity of stirring. 

The influence of the intensity of stirring on the 
mean particle diameter was investigated both for 
a vibrational stirrer and for two helical stirrers in 
draft tubes. A linear relationship exists between the 
inverse of the mean particle diameter and the ampli
tude of the vibrational stirrer, or the stirring rate 
of the rotational ones (Fig. 4). 
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Figure 4. Relation between mean particle diameter and stirring 
rate in the urea process 

A crystalline product is obtained instead of the 
amorphous precipitate when the stirring efficiency 
is too high. This effect is caused by the stirrer. In 
the normal process the liquid is supersaturated 
with carbon dioxide, which is formed from urea on 
hydrolysis. A certain degree of supersaturation is 
required to incorporate enough carbonate in the 
precipitate to avoid crystallization. The amorphous 
material can therefore be obtained only when the 
C02 pressure in the liquid is sufficiently high. The 
stirrer lowers the degree of supersaturation by 
bubble nucleation, thereby extracting C02 from the 
system. As this effect increases at an increasing 
stirring rate a C02 content is reached which is too 
low to maintain the precipitation of the amorphous 
material, and a crystalline product is formed. The 
extraction of C02 from the liquid can be prevented 
by maintaining a certain C02 overpressure on the 
system. In Fig. 5, the relation between the amplitude 
of a vibrational stirrer and the minimum overpressure 
of C02 required to obtain the amorphous precipitate 
is shown. The procedure is applied when a high 
stirring rate is required for the preparation of small, 
amorphous particles. 

By varying the chemical conditions in the process, 
different products can be obtained. Six compounds 
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Figure 5. C02 overpressure versus stirring rate to prevent 
crystallization of the amorphous precipitate in the urea process 

with different X-ray diffraction patterns have been 
identified. Probably two other modifications were 
found. By controlling the concentrations, the temper
ature and the stirring conditions, each of those pro
ducts could be obtained in a very reproducible way. 

The most interesting crystalline modification is 
a compound which can be obtained by increasing 
the ammonium content in the process. When the 
precipitation starts, the amorphous precipitate is 
formed initially. At a certain moment, however, 
the pH of the system decreases suddenly. C02 is 
expelled from the existing amorphous precipitate, 
which crystallizes into a U03 hydrate-ammoniate, 
with the composition 

U02(0H)2.!-H20.!NH3• 

This compound is a true ammoniate, as became 
evident in a separate investigation [2, 5]. The crystal
lization of the initially amorphous precipitate is 
caused by a decrease of the C02 concentration in the 
liquid. The time delay between the beginning of 
precipitation and crystallization depends on the 
ammonium concentration and on the intensity of 
stirring. The effect of the ammonium concentration 
is specific, it suppresses the rate of hydrolysis of urea. 

The investigations described above were all directed 
towards the preparation of the amorphous product. 
Nevertheless, information was obtained which can be 
applied to the development of a process for other 
products, which might suit the production of fuel 
elements better. A distinct advantage of such a 
variant of the urea process would be its repro
ducibility. The somewhat higher costs of such a 
process will be counterbalanced by a considerable 
decrease of the usual recycle. 
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A/634 Pays-Bas 

Preparation de poudres de U02 et de Th02 
d'un calibre inferieur a celui des tam is normaux 

par M. E. A. Hermans et H. S. G. Slooten 

L'execution du programme du reacteur a suspension 
homogene aqueuse a necessite la mise au point de 
poudres de U02 et de Th02 possedant des proprietes 
determinees. Les conditions requises comprenaient: 
un diametre moyen variant de 4 a 10 fl. avec un faible 
ecart type, une faible aire specifique, une surface 

lisse, une forme de preference spherique. De plus, le 
procede de traitement devait etre du type a passage 
unique (sans recyclage). 

On a mis au point trois procedes de traitement 
repondant a ces conditions. :Etant donne toutefois 
que ces procedes permettent aisement d'obtenir des 
particules de diverses grosseurs, ils peuvent egalement 
etre adaptes a d'autres applications. 11 semble en 
outre qu'ils se pretent bien a la telecommande et 
peuvent done etre utilises pour la fabrication de 
combustibles regeneres. 

Le procede de fabrication de Th02 ou d'oxyde 
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mixte Th02-U02 est fonde sur Ia methode d'emulsion
congelation («sol-gel»). Selon ce procede, une 
emulsion de Th02 est dispersee dans un liquide 
organique et les gouttelettes obtenus sont consolidees 
par gelification. Apres deshydratation et filtration, on 
calcine les particules pour obtenir une poudre a faible 
aire specifique. Bien que destine a l'origine a Ia pro
duction de combustible pour le reacteur a suspension, 
ce procede convient aussi a la production de parti"' 
cutes de combustible d'un calibre allant jusqu'a I mm. 

Le premier procede de production de U02 est base 
sur Ia precipitation de sulfate basique d'uranyle a 
partir d'une solution homogene. On utilise l'hydrolyse 
lente d'une solution de sulfate d'uranyle, partielle
ment neutralisee. Apres reduction et frittage du preci
pite, on obtient une poudre comprise dans un inter
valle granulometrique tres etroit. 

Dans le second procede de production de U02, c'est 
l'uree qui fournit le NH3 de precipitation a Ia solution 
de nitrate d'uranyle. Ce procede permet de preparer 
au moins 8 types differents de precipites. La chimie 
de ce procede a l'uree est discutee de far;on detaillee. 

Une poudre amorphe de U02 a ete preparee dans 
un intervalle granulometrique etroit de 10 (l environ. 
On peut modifier Ia dimension moyenne des particules 
en changeant Ia vitesse d'agitation pendant Ia precipi
tation. On a obtenu des produits dont les particules 
ont un diametre allant jusqu'a 30 !l· 

A/634 HHAepnaHAbl 

npHrOTOBJleHHe nopOWKOB ABYOKHCH 

ypaHa H ABYOKHCH TOpHR C YaCTH'-'aMH 
B MHKpOHHOM AHana30He 

M. a. A. XepMaHC, X. c. r. CnoTeH 

B Xo)J.e BhiiiOJIHCHHH nporpaMMLI uccJie)J.onaunH 

peaRTOpOB C TOIIJIHBOM B BH)J.C BO)J.HOH roMoreHHOii 

cyCIICH3HH B03HHRJia HC06XO)J.HMOCTh B nopom

RaX ABYORUCH ypaHa H ABYOKHCH TOpHH CO CITCIJ,U

I{lHlJCCRHMH CBOUCTBaMH, a HMCHHO: cpe)J.HHC )J.Ha

~JeTpLI qaCTHIJ, IIOpOillKa )J.OJI)I(Hbl HaXO)J.HThCJI B 

npe)J.eJiaX 4-10 .llt/1: C HC60JiblllHM OTKJIOHCHHCM OT 

CTaH)J.apTa,. lJaCTHIJ,Ll )J.OJI)I(Hhl HMCTb HH3KYIO 

YACJihHYIO IIOBepXHOCTb, KOTOpaJI )J.OJimHa 6hiTh 

rJia)J.Koii: u npe)J.IIOlJTHTCJihHO clf>epuqecRoii. KpoMe 

TOrO, 3TOT IIpOIJ,CCC )J.OJI)I(CH 6LITb IIpJIMOTOlJHLIM 

(6ea pen,upKyJIHn,nu). 

Paapa6oTaHhi TPH npon,ecca, oTneqaiOIIJ,He yRa

aaHHLIM Tpe6onaHHJIM. 0)J.HaRO ycTaHOBJICHO, lJTO 

paaMep lJaCTHIJ, MO)I(HO 6LIJIO 6LI JICrKO H3MCHHTh, 

C TCM lJT06LI 3TH IIpOIJ,CCCLI MO)I(HO 6hiJIO 6hi IIpH

CIIOC06HTh u AJIH )J.pyrux Tpe6onauuii:. KpoMe Toro, 

C03)J.aCTCH BIIClJaTJICHHe, lJTO IIpOIJ,CCChl XOpOillO 

HO)J.XOJ);HT )J.JIH )J.HCTaHIJ,HOHHOrO ynpaBJICHHH H, Ta

KHM o6pa30M, MOrJIH 6LI npe)J.IIOlJTHTCJihHO HCIIOJlb

:JOBaThCH )J.JIH IIOBTOpHOro H3rOTOBJICHHJI TOIIJIHBa 

IIOCJie ero XHMuqeCKOH nepepa60TKH. 

Ilpon,ecc UOJiyqeHHH IJ.BYOKHCH TOpHH HJIH CMCCH 

OKHCJIOB Th02 H U02 OCHOBaH Ha MCTO)J.C o6paao-

HaHHH aMy JlhCHH H reJIH (TaR Ha3hiBaeMhiii 

MeToA «aoJIL-reJIL»). B aTO?rl npon,ecce aoJih ABY

oKncn TOpHH )J.HCIIeprupyeTCH B opraHHlJCCRoii 

a<H)J.ROCTH H oupaayiOIIJ,HCCH KaiiCJihKH )J.aJiee o6-

paayiOT reJih. Ilocne )J.eru)J.paTan,un u lf>nJILTpan,un 

qacTHIJ,hi npoRaJIHBaiOT AJIJI nonyqeHHH nopornKa 

c HH3Koii y,nenr.uoii nonepxuoCThiO. XoTH nuaqaJie 

noT npon,ecc 6hm paapa6oTaH AJIH nponanoACTBa 

Tonnuna )J.JIH peaKTopa, pa6oTaiOIIJ,ero Ha cycnen

auu, np01~ecc oRa3aJIOCh noaMomnhiM TaRme npn

MeHHTh )J.JIH 1Ip0113BOP,CTBa TOUJIHBHhiX qaCTifl~ 

paaMepoM AO 1 .llt.llt. 

IlepnLiii npon,ecc nonyqeunH ABYORHCII ypaua 

OCHOBaH Ha ocam,rJ,CHUH OCHOBHOrO CYJihlf>aTa 

ypanuna ua roMoreHHoro pacTBopa. Ilpu aTOll 

npnMeHHCTCH Me)J.JICHHLiii rn)J.ponna qacTHlJHO ueii

Tpannaonauuoro paCTBopa cynL!f>aTa ypaHnJia. Ilo

cne BOCCTaHOBJICHHH H CIICKaHHH OCa)J.Ka ITOJIYlJCH 

nopornoR c OlJCHh yaRnM pacnpeJJ;eJieuneM no paa

MepaM lJaCTHIJ,. 

Ilo BTopoMy MCTOAY liOJIYlJCIIIIH ABYORHCJI 

ypaHa K paCTBOpy JIHTpaTa ypaHnJia )J.06aBJIHIOT 

MOlJCBIIHY, aMMllaR KOTOpoii Bhi3LIBaeT ocam)J.CHIIC. 

B aToM npon,ecce Momno noJIY'IliTh no Kpaiiueii 

Mepe BoceMh paamtlJHLix TnnoB oca)J.KOB. XnMHH 

3TOrO IIpOIJ,CCCa C HCIIOJlh30BaHHCM M01JCBHHLI o6-

cym)J.aCTCH B HCROTOphiX )J.CTaJIHX. 

O;~na ua Mo;uulmKalvlii, a1rwpt}man ;wyoJOICb, 

nony'lanach c yaimM AnanaaonoM paaMepon •we
Tun, nopn;~~>a 10 .ltll:. Cpe;~unii paaMep 'IaCTHIJ, 

MOil\HO ll3MCIIHTh IIYTCM JI3MCHCHHH CnOJlOCTil Jle

pe~WIUJIBaHIIJI paCTBOpa BO BpCMJI OCail\;ICHIIJI. Ilo

.'IY'JCHhl npo;lyKThi c 'lacnrn,a.mr ,1,naMeTpo!11 :w 
:~o .lt~~:. 

A/634 Paises Bajos 

Preparaci6n de microparticulas de U02 y Th02 

por M. E. A. Hermans y H. S. G. Slooten 

En el curso de Ia ejecucion del programa de per
feccionamiento del reactor de suspension acuosa 
homogenea, surgio Ia necesidad de obtener polvos 
de U02 y Th02 de caracteristicas particulares. Entre 
otras especificaciones, se requeria un diametro 
medio de particula comprendido entre 4 y 10 !l• con 
reducida desviaci6n tipica,, una superficie especifica 
pequeiia y lisa, y forma esferica de preferencia; 
ademas, el proceso tenia que ser de un solo paso 
(sin reciclado). 

A tal efecto, se estudiaron tres procesos que, 
ademas, permitian obtener facilmente particulas de 
diversos tamaiios, satisfaciendo de este modo otras 
especificaciones; los tres parecen adecuados para 
maniobra a distancia y, por tanto, podrian utilizarse 
ventajosamente para preparar combustible fresco 
despues de Ia regeneraci6n. 

El proceso para el Th02 o Ia mezcla de Th02-U02 

se basa en el metodo de emulsion-gelificacion (so/-gel). 
Un sol de Th02 se dispersa en un liquido organico 
y las gotas resultantes se transforman en gel; despues 
de Ia deshidrataci6n y filtraci6n, las particulas se 
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introducen en un homo donde se obtiene un polvo 
de reducida superficie especifica. Aunque el proceso 
se destinaba en principio a la preparaci6n de com
bustibles para el reactor de suspension homogenea, 
se vi6 que era tambien aplicable a la obtenci6n de 
particulas combustibles de basta l mm de diametro. 

El primer procedimiento para Ia obtenci6n de U01 
se. basa en Ia precipitaci6n de sulfa to basi co de 
uranilo a partir de una soluci6n homogenea; se 
recurre a Ia hidr6lisis lenta de Ia soluci6n de sulfato 
de uranilo parcialmente neutralizada. Despues de 
reducir y sinterizar el precipitado se obtienen particu
las de tamaiio muy uniforme. 

Seglin el segundo metodo de obtenci6n de U02, 

a una soluci6n de nitrato de uranilo se aiiade urea 
que proporciona NH3 como agente precipitante. Por 
este procedimiento, se pueden preparar por lo menos 
ocho tipos distintos de precipitados. En la memoria 
se examina con alg(In detalle este proceso, basado 
en el empleo de Ia urea. 

Una de las variedades de U02 (amorfa) se obtuvo 
con un tamaiio de particulas muy uniforme de unas 
lO !J.· El tamaiio medio de las particulas se puede 
variar modificando la velocidad de agitaci6n durante 
Ia precipitaci6n; se han obtenido particulas de 
basta 30 !L de diametro. 
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Fabrication of fused U02, UC 
UC rods 

feed material and cast 

By P. Himmelstein, W. Hoppe, B. Liebmann, L. Schafer, L. Schikarski 
and W. in der Schmitten* 

With the support of the Joint US-EURATOM 
Programme, NUKEM has been carrying out research 
and development work on swaging and vibrational 
compaction of uo2 and on the fabrication of uc 
feed material and cast rods since 1960. 

One of the objectives of the work on swaging and 
vibrational compaction was to develop a device for 
the fabrication of fused U02• Most of the commer
cially available fused uo2 is apparently produced in 
electric arc furnaces. This method results in high 
volatilization losses. NUKEM has developed a new 
melting technique with minimal volatilization losses. 
This technique is economically feasible for the pro
duction of fused uo2 on an industrial scale. 

In UC research, emphasis was placed on the prepa
ration .:>f stoichiometric UC by the carbothermic 
reduction of uo2 and on the fabrication of uc cy
linders by the skull melting technique. The research 
activities were followed by the construction of a 
production facility. The work finally led to the pro
duction of 4.4 tons of uranium carbide rods for the 
EURATOM research centre at Ispra. 

MELTING OF U02 
Previous experiments showed that U02 can be 

melted by passing an electric current through it. There 
is no difficulty in supplying the current necessary for 
melting because the electrical resistance of uo2 de
creases with increasing temperature. First experiments 
to melt loose U02 powder failed. Finally we succeeded 
in melting lightly pressed pellets in a furnace with 
vertically opposed electrodes. 

Description of the furnace 

In Fig. 1 a schematic drawing of the furnace is 
shown. The upper electrode (D) consists of a water
cooled copper electrode with a graphite sleeve. The 
lower electrode is a graphite crucible (C) which is 
supported by a watercooled disk (E). A column (A) 
of pellets, stacked together, is placed between the 
electrodes. During the melting process the pellets are 
surrounded by U02 powder (B) for thermal insula
tion. Since the electrode carrier tube (F) is vertically 
adjustable it always contacts the pellet column. The 

• NUKEM, Nuklc:=r·Chemie und -Metallurgic GmbH, 
Wolfgang bei Hanau. 

pressure of the electrode on the pellet column can be 
mechanically controlled. 

Power supply 

Two types of transformers with a wide range of 
voltage and current values are used as a power supply 
of the furnace. A variable voltage transformer with 
an output of 500 volts is required for initially heating 
up the cold pellet column. The voltage is lowered 
when the current rises with increasing temperature. 
In the actual fusion itself the current is about 1 000 
amperes when 20 volts are applied. Then welding 
transformers are used as power source to compensate 
for the resistance fluctuations in the pellet column 
during the melting phase. 

Pellet preparation 

458 

Pellets of 100 mm diameter and about 90 mm 
height are pressed on a normal press without addition 
of lubricants. Pressures of 300-400 kg/cm2 are applied 
resulting in a pellet density of about 4 gfcm3• Also 
the recoverable scrap of the process is repressed after 
grinding and mixed with fresh uo2 powder. 

Figure 1. Schematic drawing ofthe U02 melting furnace 
A: Pellet column; B: U02-insulation; C: Graphite liner; 
D: Upper electrode; E: Lower electrode; F: Adjustable 
water-cooled copper tube; G: Power connection; H: Side 
glass; J: Vacuum connexion 
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Figure 2. Pellets and melting products 

Melting process 

Usually 3 pellets of a total weight of 8 kg are in
serted into the graphite crucible. The voltage is applied 
and the pellets are heated up under an argon atmos
phere. This preheating must be done slowly in order 
to avoid large cracks in the pellets. Before the actual 
fusion begins, the uo2 insulation powder is fed in. 
The whole process lasts one hour. The production 
yield is about 8 kg, which is the weight of the pellets. 
The furnace can be operated in such a fashion that 
one heap is melted while the other is set aside to cool 
slowly. Fig. 2a shows two pellets in 3 different states, 
as pressed, sintered and fused. All the unfused material 
is removed from the U02• Then samples for analysis 
are selected and the fused U02 is crushed to a conve
nient size. The crushed fused U02 is annealed in 
hydrogen for 5 hours at about 800 °C. This results in 
an 0/U ratio of 2.00-2.01. Fig. 2b shows large single 
crystals and fused uo2 crushed to final size. 

Most of the scrap can be recycled. The loose U02 

powder scrap is blended with new powder for re-use 
as insulating material. The sintered U02 scrap is 
ground, screened, blended and repressed, ready for 
melting. The nonrecoverable scrap represents about 
0.5% of the fused uo2 charge. 

Property control 

The density of the fused U02 is between 10.80 and 
10.96 g/cm3• The 0/U ratio of the starting material 
is about 2.05. This ratio remains about the same after 
melting. The crushed material is then annealed in 
hydrogen to reduce the 0/U ratio. Experiments have 
demonstrated that the annealing process at 800 °C 
reduces the OfU ratio to a value approximating 
stoichiometry. 

The average value for the carbon content is between 
20 and 60 ppm, and always less than 100 ppm. The 
average values of nitrogen and hydrogen content are 
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50 and 10 ppm, respectively. The water content is 
about 5 ppm for coarsely crushed U02 and can reach 
a value of 200 ppm for particle size fractions of less 
than 60 fl.· 

SUMMARY OF THE UC RESEARCH RESULTS 

Preparation of stoichiometric uranium monocarbide 

The following process resulted from research work 
on a method of producing stoichiometric UC by the 
carbo thermic reduction of uo2: 

(a) uo2 prepared from ammonium diuranate by 
calcination and reduction at 800-850 °C and natural 
graphite powder are used as starting materials. The 
0/U ratio of the U02 does not increase above 2.03 
over a period of months. The powder flows quite 
easily; 

(b) U02 and graphite are weighed according to the 
equation: 

U02+x + (3 + x)C--... UC + (2 + x)CO; 
(c) The powders are mixed in a mixer with rotating 

blades in batches of 12 kg for 30 minutes; 
(d) The mixture is pelletized on a pharmaceutical 

pill press without binder. Each pellet weighs about 
2 g and has a green density of 4-4.5 g/cm3• 

(e) The pellets are reacted in a vacuum induction 
furnace in batches of 5 kg at temperatures above 
1 600 °C. The reacted pellets have a density of 8-9 g/ 
cm3, an oxygen content of l 000-2 000 ppm and total 
carbon content of 4.8-5.0 wt%. Buttons melted out of 
the pellets were found to have a carbon content of 
4.8 ± 0.1 wt%. 

Melting and casting 

A centrifugal skull melting furnace for the fabrica
tion of cylindrical rods with diameters of I 0-30 mm 
was constructed as shown in Fig. 3. For casting, the 
graphite crucible containing the skull and the melt is 
rotated while the arc is still burning. The melt is cen
trifugally forced into the moulds which are radially 
orientated in the upper part of the crucible. After the 
moulds are filled the power is switched off. The rota
tion speed varies from 0 to 400 rpm. It is increased 
slowly at the beginning of the casting process and then 
stepped up to its maximum. The slow initial rotation 
speed prevents shrinkage pipes from forming within 
the slugs. 3 kg are cast in one operation. For melting, 
amperages up to 4 000 A are used. A magnetic coil 
wound around the crucible stabilizes the arc. The UC 
is melted under argon at a pressure of about 100 torr. 
The cast rods have a good surface. The carbon 
content is held to ± 0.1 wt% of the stoichiometric 
value with the carbon distributed homogeneously 
throughout the rod. The average oxygen content is 
500 ppm. The centrifugal casting furnace is an excel
tent research tool but has limited production capa
bilities. For this reason a tilt-pour furnace was con
structed for production purposes. 

A detailed description of the research experiments 
is found elsewhere [1;-5]. 
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Figure 3. Schematic drawing of the centrifugal skull casting 
furnace 

UC PRODUCTION 

An order was given to NUKEM to produce 4.4 tons 
of uranium monocarbide for the ECO reactor of the 
EURATOM research centre at Ispra. The order called 
for the following main specifications: The carbide 
had to be in the shape of cast and ground cylindrical 
rods with a density > 99% of the theoretical density. 
The diameter required consisted of some rods of 
25.20 ± 0.02 mm, and some of 30.90 ± 0.02 mm. 
The carbon content specified was 4.75 wt%, a de
viation from this value of ± 0.2 wt% of carbon + 
oxygen+ nitrogen was tolerated. The combined oxygen 
+ nitrogen content had to be less than 1 500 ppm. 
An impurity content equivalent to 500 ppm Fe was 
allowed. 

To meet the order a production facility was con
structed. The production line consisted of the follow
ing stages: 

Weighing, mixing and pelletizing of U02 and graphite 
Weighing, mixing and pelletizing of U02 and gra

phite was carried out according to the procedure 
described earlier. 

Reacting of the pellets 

A semi-continuous furnace was built for the manu
facture of the reacted pellets. A schematic drawing of 
it is shown in Fig. 4. It operates as follows. The gra
phite crucible is induction heated to 1 700-2 000 °C 
while a pressure of 5 x 10-3 mm Hg is maintained 
within the furnace and the two containers at the top 
and the bottom of the furnace. Then the hot crucible is 
charged with 4-5 kg of green pellets which are dropped 
from the upper container. Carbon monoxide is 
evolved and is pumped off by a Rootes blower which 
has a pumping speed of 2 000 m3fhour at a pressure 
of 5 x 10-2 mm Hg. While the reaction is continuing 
the pressure builds up to about 0.5-1 mm Hg and 
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Figure 4. Schematic drawing of the semi-continuous reaction 
furnace 

finally drops to 5 x 1 Q-3 mm Hg again. When this 
stage is reached the valve at the bottom of the furnace 
is opened, the graphite closure at the bottom of the 
crucible is moved down and the reacted pellets are 
dropped into the lower water-cooled stainless.steel 
container. After closing the valve and the graphite 
closure, another charge of green pellets is loaded and 
starts to react while the preceding charge cools down 
under vacuum. The furnace has a production rate of 
3 kg of UC per hour. It can work continuously until 
the ¥pper container is empty. The container's capa
city is about 300 kg of green pellets. The lower con
tainer can be unloaded while the furnace is in opera
tion. 

The production of several tons of the reacted carbide 
has shown that the carbon content could be controlled 
as closely as it could be controlled during the prepa
ration of a few kilograms in research experiments. 
The oxygen content was on the average slightly higher 
than in the pellets prepared in research experiments. 
It varied between 1 000 and 3 000 ppm. Since the 
temperature is not distributed homogeneously within 
one charge during the reaction the pellets located in a 
cooler zone have a higher oxygen content than those 
located in a hotter zone. 

Melting and casting 

For production purposes, a skull-melting furnace 
for tilt pouring was constructed. This automatic oper
ating unit is shown schematically in Fig. 5. It consists 
of three main parts: the charging device, the melting 
furnace, and the mould train tube. 

A day's production starts by loading a container, 
a part of the charging device, with about 80 kg of 
feed material. The feed material consists either of 
reacted pellets or of remeltable scrap UC or a mixture 
of both. The container is divided into 20 sections each 
con~ining about 4 kg of feed material. For each 
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Figure 5. Schematic drawing of the production skull-melting 
furnace 

melting operation the contents of one chamber are 
emptied into a pan, another part of the charging 
device, and transported into the crucible by means of 
a vibratory action. 

Melting is carried out in an argon atmosphere, the 
argon pressure is about 300 mm Hg at the beginning 
of the melting period and is then reduced to 50-100 
mm Hg. The melting time is about 7 minutes. The 
amperage is raised from 1 000 A at the beginning to 
about 4 000 A at the end of the melting operation. 
During melting, the arc is stabilized by a controlled 
electromagnetic field. An electrode mechanism enables 
the operator to move the electrode to any position 
necessary. The molten UC is automatically poured 
into a three cavity graphite mould heated with an 
induction coil to about I 200 °C. The hot mould is 
lowered on to the mould train by means of a ram. 

The mould train is located in a tube orientated 
horizontally below the furnace. It is a conveyor con
sisting of twenty graphite plates fastened to a chain. 
Each plate holds one mould. The conveyor can either 
bring empty moulds to a position over the ram or 
remove filled moulds from the same place. The ram 
lifts empty moulds into the induction coil prior to 
melting and retracts filled moulds after casting. The 
hot moulds cool in the mould train tube under argon. 

Rods of about 150 mm length and the desired 
diameter are cast during the production. The produc
tion rate can be as high as 50-60 kg in a day's shift. 

The production experience has revealed the follow
ing facts. The carbon content could be kept within the 
desired tolerances without any difficulty. In using 
only pre-reacted pellets for melting, the carbon con
tent of 93% of the cast rods was within ± 0.1 wt% of 
the required 4.75 wt%. When recoverable UC scrap 
was mixed with the proper amount of hypostoichio
metric pellets in order to obtain the desired composi
tion, the carbon content of 80% of the cast rods was 
within ± O.lwt% of 4.75%. The oxygen plus nitrogen 
content could be kept below 1 000 ppm. On average 
the oxygen content was around 500 ppm. This could 
only be accomplished if, during the second half of the 
melting period, the pressure within the furnace was 
lowered to 50-100 torr. 
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Shrinkage pipes, cracks and poor surfaces turned 
out to be problems in casting. To avoid shrinkage 
pipes the casting had to be provided with an adequate 
head. This head weighed about one-quarter of the 
whole casting. Moreover, overheating of the melt had 
to be eliminated. 

Cracking occurred when the carbide was poured 
into cold moulds or when its carbon content fell below 
4.55 wt%. 

The surface quality depended to a large extent on 
the way the melt was poured into the mould. If one 
cavity after the other or all three cavities simultaneous
ly were filled continuously, good surfaces were ob
tained. This could be accomplished by properly posi
tioning the moulds and by controlling the pouring 
stream. Tilting of the crucible and pouring had to be 
performed automatically in order to obtain a well 
defined pouring stream. Degassing of the moulds at 
I 200-1 300 °C is also important. Using moulds that 
are not degassed prior to casting result in ca'itings 
with a poor surface. This is due to entrapped gas 
coming from the mould during the solidification of the 
UC. For casting, mould temperatures of 800·900 °C 
were found to be the best for our operation. This 
temperature was a compromise because too hot 
moulds cause sticking of the UC to the graphite, 
whereas cold moulds cause cracking. 

Above all it is most important to have the arc 
positioned in the centre of the crucible during the 
whole melting period. An arc that wanders randomly 
around creates unreliable melting conditions, such 
as a poor mixing action, skull irregularities, varying 
carbon pick up from the electrode and inconsistencies 
in pouring. This diminishes greatly the yield of sound 
rods and the over-all efficiency of the melting and 
casting operation. 

Cutting and grinding 

Grinding was performed on a centerless grinding 
machine using a silicon carbide wheel. Cutting was 
carried out with a diamond wheel. A thin mineral oil 
was used as a coolant. The grain size of the abrasive 
on the wheels was about 100 fL· Altough finer grains 
would have minimized the surface roughness and thus 
increased the corrosion resistance of the rods, they 
were not used because they would have increased the 
grinding time too much. During grinding, care had to 
be taken to avoid inflammation of the coolant. 

Quality con,trol and packaging 

All dimensions and the weight of the rods were 
determined when the rods were still covered with a 
thin film of oil. After measuring, the rods were de
greased with tetrachloroethylene and degassed in a 
vacuum of better than 10-3 torr at 200 °C. A final 
visual inspection followed and the rods were then 
put into polyethylene bags and loaded into aluminium 
cans. The cans were evacuated, flooded with argon 
which had been dried over MgC104, and sealed with 
an end cap. 
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Ground UC corroded more easily than was antici
pated. The most essential point in handling ground 
UC was to minimize its exposure to the atmosphere 
during grinding and inspection and to protect it from 
moisture. 
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A/832 Republique federale d'Allemagne 

Fabrication d'oxyde d'uranium fondu, de 
monocarbure d'uranium et de barreaux 
obtenus par coulee de celui-ci 

par P. Himmelstein eta/. 

Dans le cadre du Programme commun de recherches
Etats-Unis- EURATOM, NUKEM a ete charge d'un 
travail rie recherche portant d'une part sur le tasse
ment d'U02 par vibration et par martelage circulaire, 
d'autre part sur Ia fabrication d'UC considere comme 
matiere premiere et sur sa coulee sous forme de 
barreaux. La premiere partie du memoire decrit une 
technique nouvelle de fabrication d'U02 fondu 
destine a etre compacte par vibration. La deuxieme 
partie donne un bref apen;u des recherches entre
prises en vue de fabriquer de l'UC strechiometrique 
et de couler de l'UC dans un four a coulee centrifuge. 
On donne une description plus detaillee de la chaine 
de fabrication qui a permis d'obtenir 4,4 tonnes de 
barreaux d'UC coule pour le centre de recherches 
d'EURATOM a Ispra, et de !'experience acquise au 
cours de cette fabrication. 

Pour fondre l'U02, on fait passer un courant elec
trique dans une colonne constituee de pastilles d'U02 

faiblement comprimees entre deux electrodes. Le four 
peut travailler d'une maniere semi-continue en pro
duisant a chaque operation environ 8 kg d'U02 fondu, 
pratiquement sans perte de matiere. L'U02 broye est 
alors recuit dans une atmosphere d'hydrogene; on 
obtient un rapport 0/U approximativement ega! a 
2,00. Les analyses montrent que la teneur en carbone 
est inferieure a 100 ppm. Les teneurs moyennes en 
azote et en hydrogime sont respectivement 50 et 
10 ppm. 

L'UC strechiometrique destine a la fusion se pre
pare en melangeant de l'U02 et du graphite, en com-

primant ce melange sans liant sous forme de pastilles 
et en faisant reagir celles-ci sous vide, dans un four 
a induction, a une temperature superieure a 1 600 °C. 
L'UC ainsi fabrique est fondu et coule sous forme de 
barreaux cy1indriques dans un four centrifuge a fusion 
en autocreuset. La teneur en carbone se situe a 
environ ± 0,1% en poids de Ia valeur strechio
metrique. La teneur moyenne en oxygene s'eleve a 
500 ppm. 

La fabrication proprement dite d'UC comprend les 
etapes suivantes: melange de l'U02 et du graphite, 
transformation de ce melange sous forme de pastilles, 
reaction carburante, fusion et coulee, taille et usinage, 
degraissage et recuit, controle dimcnsionnel et empa
quetage. L'equipement comprend essentiellement un 
four semi-continu a reaction, utilise pour produire 
l'UC employe comme matiere premiere, et un four 
pour fusion en autocreuset avec coulee automatique 
par incliriaison du creuset. Le four a reaction peut 
produire 3 kg d'UC par heure, et le four utilise pour 
la fusion 50 kg de barreaux bruts en 8 .heures. La 
teneur en carbone peut etre maintenue a ± 0,1% en 
poids de Ia valeur desiree. La teneur moyenne en 
oxygene est 500 ppm. 

A/832 ttlPr 

nonyYeHHe cnnasneHHOH ABYOKHCH 
ypaHa, ypaHOBOrO TOnflHBa B BHAe Kap
OHAa H ornHsKa crepmHeH H3 Kap6H
Aa ypaHa 

n. XHMMellbWTeHH et al. 

B cooTBeTCTBIHI c o6'bell,liHeiiHoii nporpaM~wii 
CIIJ A n EnpaToMa na qmpMy <<HyiWM>> noaJioaw
no nponeJ~,eHne OilhiTH0-1\0HCTpyRTOpeKHX pa6oT 
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HO HOBKC H BH6paiJ,IIOHHOMy YIIJIOTHCHIIIO ABYOHII
CII ypana H no J13rflTOBJICHIIIO TOnJIHBHOl'O MHTC
JHiaJia B nnp,e Kap6np,a ypana, a TaKme JIJIThiX 
cTepmneii:. B nepnoii: qacTII p,oKrrap,a omicanhi no
JJbie MCTOP,hl noJiy'leHHH CIIJiaBJICHHOii: ABYOKHCil 
ypana, npnrop,uoii li,JIH BH6pall,JIOHHoro ynJIOTHC
HHH. Bo BTopoii: '!aCTH KpaT.Iw naJiomenLI peay;rr.
TaTLI JICCJIC)J;OBaHnii no noJiy'ICHJIIO CTCXHOMCTpH
'IeCKOI'O MOHOKap6np,a ypaHa Jl OTJIHBKC ero B ll,CH
Tpo6eiKHOii oTJIHBO'IHoii: ne•nr. BoJiee p,eTaJJhno 
llpC~CTaBJJCHO OIIHCaHHC 11pOH3BOli,CTBCHHOH JIH
IBHI IIO JI31'0TOBJICHll10 4,4 T JIJIThiX CTCpiKHl'ii 
113 Kap6Hf.(a ypaua li,JIH nay'IHO-HCCJIC)J;OBaTl'Jib
CI\01'0 IJ,CHTpa EnpaToMa B McnpP, a TaKme npn
OOJ!l''f;CHHhiii: npn aToM ouhiT. 

,LJ,nyoKHCh ypana pacnJiaBJIHCTCH npu nponycKa
HHU :lJil'KTpU'ICCKOI'O TOKa 1ICpC3 HOJIOHHY CO CJia-
00 cnpecconaHHhiMn Ta6JieTKaMu ua p,nyoKncn 
ypaHa MCiKP,y )J;BYMH 3JICKTpO)J;aMII. fie'lh MOiKCT 
pa6oTaTh noJiynenpepbiBHO n )J;aBaTb no 8 KZ 

eHJiaBJICHHOH )J;BYORHCII ypaua B RaiK)J;OH napTllll 
llpll <flaRTli'ICCROM OTCYTCTBHH IIOTCpb ll3 Ha'!aJib
HOii KOJIOHHbl Ta6JICTOK. ,[(po6JieHaH )J;BYOKHCb 
ypaHa OTif\HraeTCH B BO)J;OpOlJ.C )1;0 noJiy'ICHHH OT
IIOliiCHliH 0/U oRoJio 2,00. AnaJina noKaahiBaeT, 
'ITO cop,epmaune yrJiepo)J;a Menee 0,01%. CpelJ.Hee 
CO;(CpiKHHHC a30Ta COCTaBJIHCT 0,005% Jl BO)J;Opo
;(a 0,001%. 

B onblTHO-KOHCTpyKTopcimx pa6oTax c Rap6u
I\OM ypaHa li,JIH nJiaBRif IIOJiy'laJIH CTCXIfOMCTplf
'ICCRllii TOnJIIfBIILIH MaTeplfaJI nyTCM CMCliiifBaHifH 
;~BYORifCif ypaHa If rpa<fluTa, If3fOTOBJICHHH Ta6Jie
TOR 6e3 CBH3YIO~ero MaTepuaJia If o6paUOTRif IIX 
B BaRyyMHOH HH,[I;YRIWOHHOM ne'lll npu TCMnepa
Type Bbirne 1600° C. TonJinBHhlii MaTepuaJI pac
UJiaBJIHJIH H OTJIHBaJIIf B BH)J;C ll,lf.lllfH)J;pH1ICCKliX 
cTepmneii npu noMO~H IJ,CHTpo6emuoii ne'IH. Co
r~epmanue yrJiepop,a IIO)J;ll,epmHBaJiocr. B npep,eJiax 
+ 0,1% BCC. CTCXHOMCTplt'ICCI\01'0 3Ha•ICHIIH. 
Cpep,nee co)J;epmauue Rllc.nopop,a cocTaBJIHJio p,o 
0,05%. 

flj)OI(('(',C ll}JOJf3BO/\CTBa KapUH!l,a ypana COCTOIIT 
11:3 CJH'/IYIOI.lllfX CTH,[l,lfit: CMeiiiHBaHHC ;J,BYOIHICII 
ypana If rpa<fJHTa, li3I'OTOBJICHHC T3UJICTOI<, peai'
lJ,JfH C oupa30BaHIICM HapUH,T.(a, IIJIHBHa If JJIIThl', 
OUpC31\a II IJlJill<fJOBI<a, o6eamHpHBaHHC n OTif\llf, 
h:OIITpOJlb paaMepoB U ynaHOBRa. ,[(syMH OCHOB
llhiMU 1IaCTHMJI HCIIOJib3Y<'MOrO o6opyp;oBaHHH HB
·'IHIOTCH peamvronnan neqr, norrynenpepbiBHoro 
;(eiiCTBHH ):IJIH upmi3BO~CTBa TOllJIIIBHoro MaTepua
.na II aBTOM3Tll 1fCCIWii OIIpOHII~hiBaTCJib il,JIH IIJIH
BIIJihiiOii: Ile'IH. llpOJI3BO):\IfTCJJhHOCTI> peaHIJ,IIOH
\JOii IlC'IH COCTaBJIH<'T 3 liZ Hap611):13 ypaHa B 1 'l, 
a JIJIHBHJihiiOli IIC'IJI - 50 li2 OTJIIIBOK 3U C.M<'IIy. 
Co;wp;HaHHe yrJJepo~,a 111omuo IJo;(;\epnmsaTh e 
T01IHOCThiO +O,f% Bee. OT iKCJHteMoro :!Hal.fCIHIH. 
Cpc;{Hcc co,T.(epmanHe micJwpo;w rocTan.;.mcT 
0,05%. 
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Fabricaci6n de U02 fundido, UC de alimenta
ci6n y barras de UC colado 

par P. Himmelstein et a/. 

Bajo el patrocinio del Programa Conjunto US
EURATOM, Ia NUKEM ha estado ejecutando 
trabajos de forja rotativa y compactado vibratorio 
de U02 y Ia fabricacion de UC de alimentacion y en 
barras coladas. La primera parte de esta memoria 
describe una tecnica nueva de produccion de U02 

fundido apropiado para compactado vibratorio. En 
Ia segunda parte, se incluyen, brevemente resumidos, 
los resultados obtenidos en Ia preparacion de UC 
de alimentacion estequiometrico y en la colada de 
UC en un horno de colada centrifuga. Con mas detalle 
se describe una linea de produccion para la fabricacion 
de 4,4 toneladas de barras de UC para el centro de 
investigacion de EURATOM en Ispra y la experiencia 
adquirida durante la produccion. 

El U02 se funde haciendo pasar una corriente 
electrica a traves de una columna de pastillas de 
U02 ligeramente prensadas, colocadas entre dos 
electrodos. El horno puede trabajar de manera 
semicontinua con una produccion de 8 kg de U02 

sinterizado por partida y virtualmente sin perdida 
alguna. El U02 molido se recuece en atmosfera de 
hidrogeno para obtener una relacion 0/U que se 
aproxime a 2,00. Los resultados analiticos muestran 
que el contenido de carbono es inferior a 100 ppm. 
Los contenidos de hidrogeno y nitrogeno son de 
50 y 10 ppm respectivamente. 

El UC estequiometrico para material de alimen
tacion se prepara mezclando U02 y grafito, pastillan
dolo sin aglomerante, y haciendolo reaccionar en un 
horno de induccion a una temperatura de unos 
I 600 °C. El material de alimentacion se fundio y colo 
en forma de barras cilindricas en un horno centrifugo. 
El contenido de car bono se mantuvo entre ± 0,1% 
en peso del valor estequiometrico. El contenido de 
oxigeno es del orden de 500 ppm. 

La produccion de UC reune las etapas siguientes: 
Mezcla de U02 y grafito, pastillado, reaccion a 
carburo, fusion y colada, cortado y rectificado, 
desengrasado y recocido, control dimensional y 
empaquetado. Los dos aparatos mas importantes del 
grupo usado son: un horno semicontinuo utilizado 
para Ia fabricacion de material de alimentacion y 
un horno automatico de colada por vertido. La 
produccion del horno de reaccion es de 3 kg por 
hora de UC, y la del horno de fusion de 50 kg de 
barras coladas por jornada de trabajo. El contenido 
de carbo no puede mantenerse alrededor de ± 0, I% 
en peso del valor deseado. El contenido de oxigeno 
es de 500 ppm. 
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The behaviour of U01 and of (U, Pu)01 fuel materials 
under irradiation 

By L. E. J. Roberts,* P. Brock,** J. R. Findlay,* B. R. T. Frost,* L. E. Russell,* 
J. B. Sayers* and E. Wait* 

The main purpose of this paper is to describe 
recent advances in the elucidation and comprehension 
of the effects of irradiation on oxide fuel materials, 
including U02 itself and solid solutions of Pu02 

in U02• Considerable attention is paid to problems 
arising at high· burn-up. New work concerned with 
the phase stability of these materials is also included, 
where relevant to either the preparative methods 
employed to produce fully-characterised material 
for irradiation testing or to compatibility problems 
and property changes during use. 

STABILITY OF OXIDE PHASES 

The concentration range of interest, for thermal 
and fast reactor fuels, is from 0 to 50 mol% Pu02 

and, in the absence of detailed irradiation experience, 
it has generally been assumed that the ideal fuel 
is the stoichiometric dioxide solid solution. The 
behaviour of these oxides is critically dependent 
on the temperature and oxidising or reducing nature 
of the surroundings. 

Excess oxygen can dissolve interstitially in U02 

and in (U,Pu)02 solid solutions and the M02+x 

phases are stable under midly oxidising conditions 
at high temperatures; U 40 9-type phases have been 
observed on cooling [1]. Oxidation under more 
highly oxidising conditions leads to U30 8-like phases 
if Pu/(U + Pu) <0.4 [2]. 

uo2 is not readily reduced below the melting 
point, but some oxygen is lost if uo2 is heated to 
1 800 °C or above under sufficiently reducing condi
tions, and uranium metal precipitates from the 
U02_x phase on cooling [3]. Solid solutions con
taining plutonium are readily reduced, as is Pu02 

itself. Ceramographic, X-ray and thermo-dynamic 
evidence indicates that reduced (U,Pu)02_x phases 
are stable at all temperatures up to 1 500 °C if 
Pu/(U + Pu) · ~ 0.35. Solid solutions in this com
position range will separate into two phases only 
under strongly oxidising conditions. 

Thermodynamic stability 

Values for the oxygen activity in the U02+x• 
(Pu0 •11 U0 .89 )02 ~x and (Pu0.3 U0 .7)021 x phases as a 

* UKAEA, AERE, Harwell, Didcot, Berkshire. 
•• UKAEA, DERE, Dounreay, Thurso, Caithness. 

function of composition (x) and of temperature 
have been obtained from measurements made with 
reversible galvanic cells, using standard electrodes 
of Ni/NiO or Fe/FeO [4]. The results for the three 
phases are in reasonable agreement if they are plotted 
as a function of the oxidation number of the cation 
of variable valence, i.e. Pu below M02•00 and U 
above M02.0o· Figure 1 is a plot of RT1nP(02) against 
temperature, for a number of compositions, expressed 
as the Pu or U oxidation number; P(OJ is the equilib
rium oxygen pressure, in atm. Also plotted in Fig. I 
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Figure 1 
The chemical potential of oxygen in (U, Pu)02+x solid solutions 
(full lines) for various values. of the mean oxidation number 
of U or Pu. Dashed lines represent oxygen potentials of CO/ 
C02 or of H20/H2 mixtures. Dotted lines are lines of constant 
oxygen pressure 

are the oxygen potentials of some mixt11;res of H20/H2 

and CO/C02, and some oxygen isobars. Some 
consequences can be seen: (a) oxides reduced with 
fairly wet H2 (H20/H2 = I0-2) are nearly stoichio-
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metric at any temperature and can safely be cooled 
in this gasrnixture, though there would be a danger 
of chemisorption of hydrogen; (b) a 10/1 CO/C02 
mixture becomes only slightly oxidising towards 
stoichiometric solid solutions at high temperatures, 
while a mixture of 1% CO in C02 is highly oxidising 
above 1 000 °C, but would not oxidise beyond a 
uranium valency of 4.002 at 500 °C. 

The distribution of oxygen in the temperature 
gradient which occurs under irradiation conditions 
may also be inferred from these results. Any move
ment of oxygen down isobars would result in the cooler 
portions becoming oxygen-rich. In practice, the 
atmosphere inside a fuel can usually contains H2 

and CO or C02, and, if all parts of the fuel are 
accessible to the same atmosphere through cracks 
or pores, the composition will tend to follow a line 
of constant H20 /H2 or CO /C02 ratio; a stoichiometric 
oxide would remain of nearly constant composition 
in any temperature gradient unless the centre tern
perature is high enough to cause appreciable volatility 
effects or the material of the can can form a very 
stable oxide. 

Preparation of oxide solid solutions 
Irradiation samples for the tests described here 

were prepared in two ways: 
(a) Solid solutions of I% Pu02 in U02 were 

prepared by the co-precipitation method, using 
ammonia, and the 0.5 in diameter pellets were sintered 
in hydrogen at l 550 °C to densities of 10.5 to 10.6 
g/crn3 [5]. No appreciable deficit of oxygen should 
occur at this low plutonium content. 

(b) Solid solutions of 10% Pu02 in U02 were made 
by ball-milling Pu02 (ex oxalate) and U02.13, sintering 
at 1 550 °C in C02 and slow cooling in a 1/5 CO/C02 

mixture to reach stoichiometry, or in hydrogen to 
reduce to 0/M = 1.98 [6]. 

Measurements of the extent of solid solution 
were carried out on 6 of the 150 pellets made of 
the batch of physically mixed oxides. In all cases 
the total wt% of matter insoluble in nitric acid was 
in the range 0.01-0.08%. 

THE COURSE AND EFFECTS OF IRRADIATION 
DAMAGE 

Recent studies have been concerned with the 
changes in the structure and in the texture of oxides 
undergoing radiation damage and with the para
meters affecting fission-product release. A new set 
of experiments on the effect of irradiation on thermal 
conductivity is also reported. 

Crystallographic studies 

Two types of experiment have been carried out: 
(a) Post irradiation examination of very small frag
ments {1 0-8g) of irradiated samples [7] of poly
crystalline aggregates or of small single crystals, and 
(b) examination of the surface of polycrystalline 
sintered pellets into which fission fragments have 
been ejected from a radiator foil [8]. 
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Figure 2. Change in unit cell parameter of U02 on irradiation 
at 70 oc and at 400 °C 

Some results obtained from the first type of experi
ment are shown in Fig. 2. Samples were irradiated 
in the BEPO reactor at about 70 or 400 °C, in a 
thermal neutron flux of 1.0-1.4 x 1()12 n/crn2• In 
every case, the fractional increase in lattice para
meter, tlafa, rises to a maximum at doses between 
5 x 1()18 and 5 x 1017 fissions/crn 3 and then decreases. 
The density profiles for the ( 444) reflections of single 
crystals irradiated at 70 °C to various doses have 
also been measured. The reflection width increases 
with increasing dose to four times the unirradiated 
value at 1.7 x 1018 fissions/cm3, indicating inhomo
geneous strain, after which it decreases to less than 
twice the unirradiated value by 9.1 x 1()18 fissions/crn3• 

The maximum reflection broadening occurs in the 
region where the unit-cell dilation is decreasing with 
increasing dose; when the level portion of the dilation
dose curve is reached the reflections become sharp. 

The annealing behaviour has been followed by 
heating for 24 hour periods at temperatures from 
200 to I 000 °C. All tla/a values decreased between 
200 and 400 °C, and the reflections became broader. 
Several other annealing steps occurred between 400 
and 700 °C. The single crystal specimens recovered 
completely at 800 °C, and the reflections became 
sharp; there remained a significant dilation of the 
lattice of the polycrystalline specimens at 1 000 °C. 

The parameter changes of samples irradiated by 
recoil were broadly similar, though rather larger. 
The tl.afa values fdl from 15 x 10-4 at a dose of 
4 x 1018 fissions/cm3 to 11 x 10-4 at 6.6 x 1018 

fissions/crn3• The integral line breadth decreased at 
about the same dose. Three or four broad annealing 
steps could be identified between 100 and 800 °C, 
depending on the dose received, and the lattice 
expansion of a specimen which had received a dose 
of 3.5 x 1017 fissions.'..:m3 had not completely re
covered at I 000 °C. 

The occurrence of maxima in the unit cell dilations 
with increasing dose is evidence for the tendency 
of the point defects initially produced to form 
clusters [9]. As the clusters become larger they intro
duce inhomogeneous strain into the crystallites and 
the X-ray reflections broaden. The net effect is to 
cause a diminution of the lattice dilation as the crystal 
is denuded of point defects and small clusters. The 
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Figure 3 
a: Replica of surface of unirradiated U01 pellet; b: Replica of portion of surface of U01 pellet after irradiation to 0.25% 
burn-up; c: Micrograph of U01 after irradiation to 4.6% burn-up of heavy atoms ( x 365); d: Swelling of 0.1 in diameter pin of 
U02 into end-cap of can after irradiation to 5.8% burn-up of heavy atoms 

difference in the maxima of the curves for poly
crystalline and the more perfect single-crystal speci
mens at 70 °C (Fig. 2) suggests that the nucleation 
process is facilitated by existing crystal imperfections. 
The final stage of the process is one in which either 
the clusters within the crystallites migrate physically 
to sub-grain boundaries or coalesce to form new 
boundaries, with a consequent partial relief of the 
strain. At higher doses the system is in a quasi
steady state in which defects and fission products 
are rejected continuously to the grain boundaries 
and only a relatively small concentration of defects 
is maintained in the crystallites. 

The changes on annealing may be explained in 
similar terms. The step at 200 °C probably corresponds 
to the onset of mobility of isolated point defects. The 
reflection broadening at this stage is evidence of 
cluster formation. The final annealing stage seems 
to be associated with the migration of clusters to 
grain boundaries with the removal of the inhomo
geneous strain. This interpretation is consistent with 
the texture of irradiated fuel revealed by electron 
microscopy. After irradiation to a fairly modest 
burn-up (0.25%), a replica of the equi-axed grain 
growth region (temperature 1 500-1 800 °C) shows 
that the pores have moved from grain interiors 
to the grain boundaries (Figs. 3a and b). 

Fission product migration 
In this section, we summarise recent work on the 

release of fission products following relatively light 
irradiation. Measurements at Harwell [10] of the 
diffusion of 133Xe from sintered compacts of stoi
chiometric uranium dioxide have shown that, between 
800 and 1 600 °C, the diffusion process may be 
represented by the equation: 

-71000 
D = 7.8 x I0-6 exp RT cm2/s (1) 

The equation was derived using the equivalent sphere 
model and has been shown experimentally to be 
of general application to compacts of surface area 
between 7 and 23 000 cm2/g. 

The emission ofl33Xe from an oxide of composition 
(U0•70Pu0•30)02 has also been studied. The values 
of D were not significantly different from D values 
for 002 at similar low irradiation doses of "' 2 X 1016 

fissionsfcm3• However, D values fell by a factor of 
5 when irradiation reached the level of 3 x 1018 

fissions/cm3• This effect may arise from the migration 
of fission product gases to grain boundaries; this 
dose range is the same as that in which the X-ray 
results indicate the formation of stable clusters of 
defects. 

A similar series of experiments, using an equally 
wide range of oxide specimens, was carried out to 
compare the emission characteristics of other volatile 
fission products with those of 133Xe [11]. The results 
are summarised in Table 1, where, for a particular 
fission product species i, the observed emission is 
expressed in terms of the emission of 133Xe by the 
ratio (D1/Dxe)Yz which is directly proportional to 
the fractional emission; D1 is the diffusion coefficient 
of the species i, and Dxe that of 133Xe. 

For low density, high surface-area samples, the 
value of the ratio for iodine, tellurium and caesium 
is unity within the rather wide experimental error, 
and it exhibits no systematic trend with temperature; 
the mechanism of the diffusion of these elements is 
probably similar to that of the rare gases. The values 
of the ratio for strontium, barium, cerium, zirconium 
and ruthenium are considerably less than unity; 
such low values imply that the release of these 
elements is controlled by their low volatility at the 
temperatures used. 

Values of the ratio (Di/Dxe)Yz greater than 1.0 
are recorded for tellurium and iodine in the case 
of samples of high density and low surface area. It is 
suggested that a different mechanism of release 
prevails in the low surface area material. In these 
samples, the grain size is smaller than the equivalent 
sphere; it is possible that tellurium and iodine can 
migrate along the grain boundaries by a surface 
migration process which is not possible for rare gas 
atoms. 
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Table 1. Emission of fission products from sintered U02 compacts 
[Results expressed as ratio (D1/Dx.)] 

Density Surface Temp. 
Spec. g/cm' area •c 1111 Te tncs "Sr uosa ucee nzr totRu 

cm'/g 

6.75 t9200 t 000 0.9 1.1 0.03 <3 X IO·' <t X IO·' t X lOC& <t x to-• t x to·• 

2 8.85 7 800 t 000 1.0 2.5 X tO·' 2.5 X tO·' 
t200 0.65 0.8 0.8 <5 X IO·' <5 x w-• 

3 8.t5 t 370 t200 1.3 1.9 0.6 5 X 10·& 3 X 10-a 
t600 1.1 1.1 0.3 4.o x w-• 1.1 x w-• <6 X IO·' <t x to·• 3 x to·• 

4* 8.5 730 t 600 1.3 1.3 0.5 2 x w-• O.t5 <t X tO·' <4 x w-• 
5 10.3 t40 I 000 5.t 3.9 3.8 5 x to·• 

t200 2.9 3.9 1.4 2 x w-• O.t 
t400 2.3 2.7 1.4 

6* 10.3 tO t600 4.4 10 6.3 2 

7* 10.8 5 t600 2.5 11 0.8 5 x w-• <5 x w-• <5 x to·• O.t5 

8 t0.16 4 1300 7.3 6.7 15.2 3 x w-• <3 

Results are based on experiments of five-hour duration except for those marked • which lasted two hours. 
Results for Sr, Ba, Ce, Zr, Ru compare total emission of Xe with total fission product emission and therefore include any initial non-

diffusive release. 

In-pile measurement of thermal conductivity (K) 
ofU02 

We report here a new series of in-pile experiments, 
in which the temperature is measured at two or 
three radial positions in the uo2, thus isolating the 
contribution of the interface temperature drop and 
also enabling estimates of fuel/clad thermal con~ 
ductance to be made; accurate temperature control is 
possible, and temperature measurement to l 600 °C 
can be made [12]. 

The first experiment covered a range of temperature 
from 500-l 600 °C, with fuel ratings ranging from 
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Figure 4 
The thermal conductivity of U02 measured during irradiation 
to 0.2% burn-up [A]; [B]: Mean values for unirradiated U02 

[13]; [C]: Irradiated U02 [14]; [D]: Irradiated U01 [t5]; 
[E]: Irradiated U02 [t6] 

12.1 to 14.7 W fg, and temperature differences across 
the specimen of up to 400 °C. The integrated burn-up 
reached 5.1 x 1019 fissions/cm3• The results from 
three independent capsules agreed to ± 5%; a 
summary curve is given in Fig. 4 and compared 
with values for unirradiated material and with 
results from other laboratories. The main conclusion 
is that there is good agreement between the K values 
we obtained in-pile from 500 to I 300 °C and the 
mean values of K obtained on similar material 
before irradiation. This is supported by the results 
from Hanford and Saclay. Lower values of K were 

'1600 

obtained at Chalk River but the values of j KdfJ 
soo 

measured in all four laboratories are within I 0%. 
Our results above l 250 °C indicate a smaller radiative 
contribution than that suggested by the Chalk River 
and Hanford results. 

A second experiment has been mounted to clarify 
the apparent discrepancies between data obtained 
from in-pile and from post-irradiation tests below 
500 °C. Preliminary results indicate that there is no 
change in K at a mean U02 temperature of 520 °C 
( !:l.T = 110 °C) up to a burn-up of "" 1019 fissionsfcm3

, 

whereas at 180 and 320 °C the values are 25 and 20% 
lower, the greater part of the changes occurring at 
doses below 1017 fissionsfcm3• The two low-temper
ature capsules have been annealed for 24 hours 
at various temperatures after doses of 2 x I 018 

and 4 x 1018 fissions/cm3• 50% of the damage 
caused at 180 °C is annealed out at 450 °C and K 
soon fell to the same value as before the anneal 
on reverting to the original temperature. Annealing 
the capsule originally irradiated at 320 °C for 24 h 
at 750 °C caused the value of K to rise almost to 
the unirradiated value. 
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Table 2. Irradiation conditions 

Spec. Description Density Heat Surface Centre Bum-up• %Gas 
No. g/cm' rating temp. temp. fiss/cm• release 

W/g •c •C X 1011 

oxide 

1 l uo.3.S% ••u 

10.2 30.1 880 1 910 7.66 11.5 
2 33.2 835 1 970 8.47 
3 35.2 715 1 890 9.02 6.3 
4 36.9 835 2050 9.43 34.6 
5 37.5 1170 2400 9.62 49.1 

6 10.5 36.0 1075 2 290 8.94 55.9 
7 f 1.02"/. PuO, ;, UO,.; 

35.2 975 2150 8.82 24.1 
8 33.9 1000 2200 8.37 10.3 
9 

1.78% aasu 
31.9 910 2050 7.99 12.2 

10 29.0 880 1900 7.23 10.6 

11 
} U02, 10% 235U 

10.5 36 600• 880 3.6 1.26 
12 51 1 015 12.2 1.0 
13 74.6 1 275 26.3 9.8 

14b 
} 10 wt% Pu02 in U02 

10.5 51 600 985 16.3 0.3 
15 51 985 17.5 
16 59.5 1 050 21.0 10.0 

17 10.6 101 1 030 73 0.16 
18 177 1440 75 23.3 
19 } UO 30%"'U 147 1 255 64 0.04 •• 0 

20 Duplex 213 1 615 112 5.2 
21 176 1 420 81 0.19 
22 176 1420 99 68 

23-24 l uo, 

9.8 560 1 300 140 12.0 
25-27 9.3- 9.9 420 2000 49 0.3-32.8 
28-31 9.6-10.1 420 2 000-2 600 93 5.5-20 
32-35 10.0-10.3 420 2000 44 3.4- 6.3 

• to•• fissions/em• in U02 is equivalent to a burn-up of 0.41% of heavy atoms, or to a dose of 3 600 MWd/t. 
b Specimen 14 was reduced in dry H 2 ; 0/(U + Pu) = 1.98. 
• Sheath surface temperature for specimens 11-16. 

This experiment confirms that irradiation to doses 
up to 1019 fissionsfcm3 only causes measurable 
changes in K below "" 500 °C, and that the majority 
of the damage is inserted at very low doses, and can 
be re-inserted rapidly after annealing. The results 
agree reasonably well with the other studies of irra
diation damage effects, and indicate that lower K 
values are due to defects and defect clusters within 
the grains in the range of burn-up studied. 

IRRADIATION TESTS ON MINIATURE FUEL 
ELEMENTS 

We report here four sets of irradiation tests all 
carried out in high-flux, materials testing reactors. 
Two were designed to explore the effects of pluto
nium enrichment; oxide pellets containing 1 and 10% 
of plutonium were compared with pellets containing 
enriched uranium only. Two sets of experiments 
have also been carried out using pure U02, taken to 
burn-ups of 4.6 and 5.8% of heavy atoms. 

(Puo.ol U0.99)02 

Pellets of 0.5 in diameter were irradiated in 18% 
Cr/18% Ni stainless steel cans in a pressurised water 
loop. The irradiation conditions are given in Table 2, 
specimens 1-10. The ratings quoted are the initial 
values based on calorimetric data from the loop and 

were calculated to have been the maximum attained, 
subsequent changes in flux and burn-out causing 
a slight decrease in ra,tings. 

The structures developed and the fission gas releases 
are similar for comparative specimens indicating 
similar thermal conductivity values and grain growth 
characteristics. The centre and surface fuel temper
atures quoted in the table refer to the initial conditions 
and are based on a grain growth temperature of 
1 600 °C, which could be in error by ± 100 °C, 
and the K values quoted elsewhere for U02• The gas 
releases are consistent with a model which indicates 
that near complete release occurs in the columnar 
region; the release from this zone swamps the diffu
sion release from the lower temperature region [17]. 

(Pu0. 1 U0•9)02 [18] 
Three cans, made of20% Ni/20%Cr stainless steel, 

were loaded with 0.25 in pellets of the (Pu0•1 U0 •9)02 

solid solutions prepared as described above. Three 
cans were loaded with similar sized uo2 pellets. 
Irradiation details are given in Table 2, specimens 
11-16; fuel element surface temperatures were 
measured with thermocouples. At the lower burn-up 
levels the gas release figures for the two materials 
were similar and where in agreement with predictions 
of a diffusion-controlled release model. The speci-
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mens taken to the highest burn-up (13 and 16) gave 
higher gas releases than predicted for the estimated 
low centre temperatures; the reason is unknown. 
Metallographic studies showed an interesting and 
significant difference between the uo2 and Pu02-
uo2 samples: the pellets in the latter samples were 
much less cracked than in the former. No marked 
differences were observed that could be attributed 
to the greater degree of reduction of specimen 14. 

High burn-up tests 
In the first set of experiments, it was necessary to 

employ a form of duplex pellet consisting of 30% 
enriched 0.1 in uo2 pellets fitted inside 0.25 in 
od X 0.1 in id rings of natural U02. The pellets 
were clad in 20% Ni/20% Cr steel and were irra
diated to burn-ups in the range 2 to 4.6% of uranium 
atoms. Centre temperatures were planned to remain 
below 1 700 °C, i.e. the complicating effects of grain 
growth were eliminated. 

The post-irradiation examination followed the 
pattern adopted for the mixed oxides. Irradiation 
conditions and results are quoted in Table 2, speci
mens 17-22. Gas release levels were very variable, 
ranging between 0.2 and 68%. No relation could 
be seen between the microstructures developed and 
the gas release. In all the enriched pellets considerable 
grain boundary porosity was observed although no 
macroscopic swelling was measured. In those pellets 
in which the burn-up exceeded about 3% a white 
phase, in the form of 1-10 micron diameter globules, 
appeared and this was invariably associated with 
grain boundary porosity; a typical example of the 
microstructure is shown in Fig. 3c. 

Higher temperatures were reached during irradia
tion in the second set of experiments (19]. Two types 
of specimens were used: 0.1 in diameter pellets 
(Nos. 23, 24) clad in Nimonic 80A tube and immersed 
in a sodium heat transfer bond, and 0.125 in pellets 
(Nos. 25-35) clad in Nimonic 80A, in a nickel sleeve. 
The surface temperature of the oxide could not be 
predicted accurately owing to the exceptionally high 
heat flux across the fuel/can interspace. The irradia
tion conditions are given in Table 2. The temperatures 
listed were obtained by comparison of the grain 
appearances of the irradiated sample with thermal 
simulation experiments. 

Post-irradiation examination consisted of radio
graphy of the complete fuel capsule, measurement 
of the clad specimens, determination of fission 
product gas release, and an extensive metallographic 
investigation of the fuel, including electron micro
scopy. Radiography showed no changes in any of the 
capsules, and measurement of the two clad pins 
(23 and 24) showed no increase in dimensions. One 
of these pins was subsequently heated for 1 hour at 
700, 800 and 900 °C successively, again with no change 
in dimensions. Metallography of the specimens irra
diated at temperatures where grain growth did not 
occur (23 and 24) revealed several zones of very fine 
porosity and swelling of the uo2 into the' domed 
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end cap (Fig. 3d). Fuel movement was only local, 
as shown by the appearance of the original pellet 
sections. In the region where swelling had occurred, 
some increase in grain size was apparent and this 
can be attributed to a reduction in K due to the lower 
density. There was excellent contact between the fuel 
and the can after irradiation. Specimens from tests 
24-26 (Table 2), which had reached higher temper
atures, showed little tendency for the fuel to swell 
axially along the can as burn-up proceeded. All 
specimens showed a central cavity but there had been 
no over-all shrinkage. 

The fission gas release (Table 2) varied from 0.3 
· to 52%. High values are not unexpected owing to 
the rather low density of the uo2 samples and the 
high centre temperatures in most cases. It is worth 
remarking, however, that the fission gas release was 
12% for No. 23, which had not reached grain growth 
temperatures, and that very high releases were also 
tecorded for some of the duplex specimens (8, 10, 18) 
also irradiated at low temperatures. No correlation 
can be found between the amount of gas release 
and burn-up or temperature. The mechanism of gas 
release at burn-ups >I% may be associated with the 
rejection of fission products to grain boundaries and 
the development of pores even at low temperatures. 

The nature of the new phases that appear at high 
burn-up can be predicted from thermodynamic 
considerations. Previous calculations have been 
extended to uranium-plutonium oxides using the 
data in Fig. I. It is concluded that an excess of 
oxygen which was originally combined with uranium 
or plutonium atoms remains after the stable fission 
product oxides have been formed. This is more 
marked for plutonium than for uranium fission. The 
excess oxygen would raise the oxygen potential 
sharply if it dissolved in the fuel, forming an M02+x 

composition (Fig. 1), though this tendency will be 
somewhat checked if the alkaline earth and rare
earth fission products form solid solutions with the 
parent fuel. The "liberated" oxygen will be available 
to react with elements forming oxides of marginal 
stability, of which the most important is Mo; Mo02 
or even Mo03 may be formed. Alternatively, the 
excess oxygen may react with the material of the can; 
Zircaloy or beryllium cans would be expected to 
oxidise readily, but stainless steels are unlikely to 
oxidise much, though some Cr20 3 may be formed. 

These calculations are consistent with X-ray micro
probe measurements of the white phase appearing 
at grain boundaries in uo2 after irradiation to high 
burn-up at low centre temperatures. These measure
ments show high concentrations of molybdenum 
and ruthenium in some of the inclusions and of 
cerium and barium in others. Furthermore, X-ray 
diffraction patterns of fragments extracted from 
single crystals of uo2 irradiated to 11% burn-up 
show several phases besides U02, including one 
closely resembling Mo03• The appearance of uranium 
or plutonium metal is likely only in regions that 
have been to temperatures above 1 700 °C; uranium 
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metal precipitates have not been seen in this series 
of irradiations, which were carried out in nickel or 
steel cans. 
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A/155 Royaume-Uni 

Comportement sous irradiation des materiaux 
combustibles U02 et (U,Pu)02 

par L. E. J. Roberts et at. 

Le memoire expose les resultats de plusieurs etudes 
recentes sur les degats par rayonnements observes 
dans les materiaux de combustible en oxyde et sur 
les caracteristiques avant irradiation des solutions 
solides (U, Pu)02• Les donnees thermodynamiques et 
cristallographiques indiquent que les solutions solides 
a une seule phase sont preservees dans des conditions 
fortement reductrices et egalement dans des conditions 
d'oxydation Iegere a haute temperature, si le rapport 
Pu/(U + Pu) est inferieur ou egal a 0,35. On utilise 
les resultats thermodynamiques pour discuter la 
composition precise atteinte par les oxydes en cours 
de preparation et en utilisation, et la forme chimique 
des produits de fission. 

Les observations cristallographiques indiquent Ia 
formation d'amas stables de defauts pour des doses 
de 5 x 1018 fissions/cm3 en cours d'irradiation 
a 70 et a 400 °C; la plus grande partie des degats se 
recuit en plusieurs phases entre 200 et 700 °C. Les 
produits volatils de fission (iode, te11ure et cesium) se 
deplacent aussi rapidement ou plus rapidement 
a travers U02 fritte a I 400 °C que ne le font les 
atomes de gaz rares; l'introduction de plutonium 
a peu d'effets intrinseques sur l'emission gazeuse. La 
microscopie electronique revete la migration de pores 
aux points de grains pendant l'irradiation. Ceci est 
compatible avec la concentration des produits de 
fission aux joints de grains, meme a de faibles tem
peratures. Des gradients de temperature radiale ont 
ete mesures en COUTS d'irradiation; }es valeurs de }a 
conductivite thermique (K) ne changent pas de fa~on 

appreciable a des doses allant jusqu'a 5 X 10111 

fissions/cm3 et des temperatures moyennes sup6-
rieures a 500 °C, mais les valeurs de K decroissent 
durant }'irradiation a des temperatures plus basses. 

Des elements de combustible miniatures en U02 

ont ete irradies jusqu'a des taux de combustion de 
2 a 5, 7% en faisant varier la temperature au centre et 
a la surface. Le degagement de gaz de fission a varie 
de 0,2 a 68% mais on n'a observe aucun changement 
de dimension important. On a obtenu des indices 
d'une certaine deformation plastique durant }'irra
diation jusqu'a un taux de combustion de 5,7% a des 
temperatures estimees inferieures a 1 300 °C. 

Le comportement de solutions solides de (Pu0.01 
U0,99)02 a ete compare avec celui de U02 sous irra
diation avec de faibles taux de combustion et a des 
temperatures au centre allant jusqu'a 2 300 °C, et le 
(Puo,1 U 0,9)02 a ete Soumis a des essais avec U02 
jusqu'a un taux de combustion de 0,9% a des tempe
ratures au centre inferieures a 1 275 °C. Dans les 
deux cas, l'introduction de plutonium n'a pas eu 
d'effets nocifs, le degagement de gaz etait similaire 
pour les oxydes U02 et (U, Pu)02 et les pastilles de 
(Pu0.1 U 0.9)02 etaient moins fissurees que les pastilles 
d'U02. 

A/1~~ CoeAHH8HHoe Koponeecreo 

noseAeHHe TOnnHBHbiX MaTepHanos H3 
ABYOKHCH ypaHa H ABYOKHCH ypaHa H 
nnyTOHHR nOA o6ny~eHHeM 
11. S. ,lJ.}f{. Po6eprc et al. 

)J;oKJiap; cop;epamT peayJII>TaThl HeKoTOphlx ne

p;aBHHX HCCJie)l;OBaHHH pap;HaD;HOHHOTO llOBpeffi)l;('-
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HHH 01\HCHhlX TOIIJIHBHhlX MaTepnaJIOB, a Tai\JKC 
xapaKTepHCTHI\H TBepp;hlX paCTBOpOB p;ByOKHCH 
ypaHa n nJiyToHHH p;o o6Jiyqeuna. TepMop;nHaMH
qecKne n KpncTaJIJiorpa!f>nqecRne p;aHHhle yKaahl
aaroT ua To, qTo op;uo!f>aaHhie TBepp;hle paCTBophi 
COXpaH.HJOT CBOH CBOfiCTBa B CHJibHO BOCCTaHaBJIII
BaJOrn;eil: n cJia6o OKHCJI.Hrorn;eil: c!f>epax npn Bhlco
IWH TeMnepaType, ecJin OTHorneune Pu/ ( U + Pu) - : 
<;;: 0,35. McnoJib3YJOTCH TepMop;nuaMnqecKne p;aH
Hbie fi;JIH o6cymp;eHH.H ToqHoil: cTpyKTYPbi, noJiy
qeHHoil: IIpH ORHCJieHHH B npOQeCCe H3fOTOBJieHHH 
J[ HCIIOJib30BaHH.H, a TaKJKe XHMHqecKaH lf>opMa 
npop;yRTOB p;eJieHHH. 

HpncTaJIJiorpa!f>nqecRne p;aHHbie yKa3hlBaJOT ua 
o6paaoaaune ycToil:~nBbiX rpynn p;e!f>eKTOB npn 
TeMnepaTypax o6JiyqeHnH 70 n 400° C n p;oae 
5 · 1018 p;eJieunil: ua 1 cAt3 0TJKIU p;e!f>eHTOB npo
naaop;nJICH B uecROJibRO cTap;nil: B p;nanaaoue TeM
nepaTyp 200-700° C. JleTyqne npop;yHThi p;eJie
HHH - HOP:, TeJIJiyp II IJe3HH - npOXOl!;.HT qepea 
cneqeHHYJO p;nyoHHCb ypaua npn TeMnepaType 
1400° C Tali me 6biCTpO, KaH aTOMhl HHepTHhlX ra-
30B, HJIH 6biCTpee. Baep;eHne nJiyToHnH He oRa3hi
naeT cyrn;ecTBeHHoro BJIH.HHH.H ua 3Mnccnro raaa. 
llop; :meHTpOHHhiM MUHpOCHOIIOM BHlJ;Ha MHrpai~Hll 
rrop H rpaHnQaM aepeH B rrpoQecce o6JiyqeHnH. 
llo-BHl!;HMOMy, 3TO CBH3aHO C ROHQCHTpaQneil: npo
AYRTOB p;eJieHHH Ha rpaHnQax aepeH p:ame npn 
nnaHoil: TeMnepaType. B npoQecce o6Jiyqeuna na
MepHJIHCb pap;naJihHhle TeMnepaTypHhle rpap;neu
Tbl. TenJionpoao;~;uocTb ( K) npaRTnqecHH ue na
MCHHeTCH npn p;oaax o6Jiyqeuna nop.Hp;Ha 
5 · 1019 p;eJieunii ua 1 cM3 n cpep;ueii TeMnepaType 
oiWJIO 500° C, no B npoiiecce o6JiyqeHnH npn 6o
JICe .HII3lUIX TCMIIepaTypax TCIIJIOIIpOBOlJ;HOCTb na
AaCT. 

MnHnaTIOpHhle TeiiJIOBhl)~eJIHJOrn;ne 3JieMeHThl na 
ABYOHHCH ypaua 06JiyqaJIHCb l!;O BhlropaHHH OT 2 
p;o 5,7% B p;nanaaoHe TeMnepaTyp B 1IeHTpe n n.a 
llOBepXHOCTH 3THX 3JICMeHTOB, npn 3TOM Bblp;CJIC
HIIC raaoo6pa3HhlX npop;yHTOB l!;CJICHHH II3MCH.H
JIOCb OT 0,2 11;0 68%. Op;uaHo aaMeTHhlX naMeue
nnil: reoMeTpnqecRnx paaMepoa ne o6uapymeuo. 
Tio-anp;nMoMy, B npo1Iecce o6Jiyqeuna nMeJia Me
cTo nJiaCTJiqecHaH p;e!f>opMaiJHH npn Bbiropaunn p;o 
5,7% n pacqeTHOii: TeMnepaType nnme 1300° C. 

llonep;eune TBepp;biX pacTnopoB (Puo,oi Uo,gg) 02 
cpaBHHBaJIOCh C IIOBCl!;CHHeM l!;BYOHUCH ypaHa B 
npOIJecce o6Jiyqeuna npn HH3ROM Bhlropaunn II 
TeMnepaType B 1IeHTpe p;o 2300° C. Taepp;hlil: pa
CTBop (Puo,I Uo,g) 02 ncnhlTbiBaJICH BMecTe c p;ny
oRHChJO ypaua p;o BhlropaunH 0,9% npn TeMnepa
Type B IJeHTpe nnme 1275° C. Bnep;eune nJiyToHnH 
BO BCCX CJiyqaHX He Bbi3BaJIO IIOHBJICHHH Bpep;HhlX 
3!f>!f>eRTOB. Bbip;eJieune raaa RaR na p;ayoHncn ypa"~ 
na, TaR n na (U, Pu) 02 op;nnatwao, op;uaRo Ta6-
JieTRII na (Puod Uo,g) 02 nMemt MeHhrne Tpern;11H, 
'fCM Ta6JieTRII JI3 l!;BYONHCII ypaHa. 
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Comportamiento de materiales combustibles 
de U02 y (U, Pu)02 sometidos a irradiaci6n 
por L. E. j. Roberts et al. 

La memoria describe los resultados de diversos 
estudios efectuados recientemente sobre Ia evolucion 
de los daiios que producen las radiaciones en com
bustibles a base de oxidos y sobre Ia caracterizacion 
de soluciones solidas de (U, Pu)02 antes de Ia irradia
cion. Los datos termodimimicos y cristalograticos 
indican que, en condiciones fuertemente reductoras, 
las soluciones solidas de una sola fase quedan preser
vadas, igual que sucede a temperaturas elevadas 
en condiciones ligeramente oxidantes, cuando la 
razon Pu/(U + Pu) .:;;; 0,35. Los autores se basan en 
los resultados termodinamicos para discutir la compo
sicion exacta que Began a tener los oxidos durante 
Ia preparacion y empleo y Ia forma quimica de los 
productos de fision. 

Los datos cristalograficos indican Ia formacion de 
agrupaciones estables de defectos durante Ia irradia
cion con dosis de 5 x I 018 fisionesjcm3 a 70 °C y a 
400 °C; entre 200 y 700 °C los defectos quedan 
en su mayor parte recocidos en varias fases. A 1 400 °C 
los productos volatiles de fision, yodo, teluro y cesio, 
se desplazan a traves del U02 sinterizado a Ia misma 
velocidad que los atomos de los gases nobles 0 

incluso con mas rapidez que estos. La introduccion 
de plutonio ejerce muy poco efecto intrinseco sobre la 
emision de gas. La microscopia electronica revela que 
los poros emigran bacia los limites granulares durante 
Ia irradiacion y este hecho concuerda con la concen
tracion de los productos de fision en esos limites 
incluso a bajas temperaturas. Se han medido los 
gradientes radiales de temperatura durante Ia irra
diacion; los valores de Ia conductividad termica (K) 
no se alteran apreciablemente con dosis de basta 
5 x 1019 fisionesjcm3 y temperaturas medias supe
riores a 500 °C, pero disminuyen durante la irra
diaci6n a temperaturas mas bajas. 

Se han irradiados elementos combustibles de U02 

en miniatura basta grados de combustion de 2 a 
5,7% en toda una gama de temperaturas centrales 
y superficiales. La liberacion de gases de fision 
vario entre 0,2 y 68%, pero sus dimensiones no se 
alteraron mayormente. AI irradiarlos basta un grado 
de combustion del 5,7% y a temperaturas que se 
calculan por debajo de 1 300 °C se observa una 
fluencia plastica. 

Se ha comparado el comportamiento de soluciones 
solidas del (Pu0,01 U 0,99)02 con e} del U02 durante 
irradiaciones basta un reducido grado de com
bustion y temperaturas centrales de basta 2 300 °C, 
y el (Pu0•1 U 0,9)02 se ensayo junto con U02 basta 
un grado de combustion de 0,9% y temperaturas 
centrales inferiores a I 275 °C. La introduccion de 
plutonio no ejerce en ninguno de los casos efectos 
nocivos; la liberacion de gas fue similar para el uo2 
y el (U, Pu)02 y las pastillas de (Pu0,1 U0,9)02 se 
resquebrajaron menos que las de uo2. 
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Irradiation behavior of ceramic fuels 

By T. J. Pashos,* D. R. deHalas,** D. L. Keller*** and L. A. Neimark**** 

The ceramic fuel materials most extensively 
investigated and actually used in reactor applications 
are the uranium compounds, principally the oxide 
U02 and to a lesser extent the carbides. Fewer 
investigations have been conducted \\'ith the nitrides, 
sulfides and silicides. In addition to being used as 
separate compounds, the ceramic fuels are used in 
various combinations as mixtures, dispersions and 
solid solutions with other ceramic materials. 

The ease of fabrication, stability under irradiation 
and compatibility with high-temperature water coolant 
has led to the successful use of the oxides, primarily 
U02 and to a lesser extent Th02-U02, Pu02-U02 

and Zr02-U02, as fuel for water-cooled power 
reactors. 

The higher thermal conductivity and metal atom 
density of the carbides relative to the oxides have 
provided an incentive for the investigation of such 
compounds as UC, PuC and UC-PuC mixtures for 
use in liquid-metal-cooled and gas-cooled reactors. 
The most extensively studied of the carbides is 
uranium ~arbide (UC). 

Uranium mononitride (UN) has been investigated 
as a potentially better ceramic fuel material than 
U02 and UC. UN has a higher uranium density and 
a higher thermal conductivity than UC. Preliminary 
tests indicate that UN should exhibit fewer compati
bility problems with some cladding materials than UC. 

Uranium monosulfide (US) is being studied for use 
as a reactor fuel because of its high melting point 
(2 450 °C), good thermal conductjvity and excellent 
compatibility with potential cladding materi::tls. 

The types of data obtained on irradiation behavior 
vary from one ceramic material to another. Some 
work has been directed towards determining fuel 
irradiation behavior in specific designs and applica
tions and other work towards areas where potential 
performance problems have been revealed. For 
example, much work has been done in determining 
the low-temperature ( < I 600 °C) behavior of U02 

in flat plate designs in which fission gas release must 
be kept low. In rod fuel applications, the fission gas 
release problem rriay be reduced or eliminated by use 
of an end plenum to collect the gases, and investiga-

• General Electric Company, San Jose, California. 
•• General Electric Company, Richland, Washington. 
••• Battelle Memorial Institute, Columbus, Ohio. 
•••• Argonne National Laboratory, Argonne, Illinois. 
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tions have been directed towards exploring the 
thermal capabilities and limits of U02 rod-type fuel. 
In the carbide fuel studies, the difficulty and high 
cost of closely controlling the composition in the 
production of stoichiometric UC has led much of the 
work towards determining the relative performance 
characteristics of hypostoichiometric and hyper
stoichiometric UC. 

The qualitative effects of irradiation are essentially 
the same for the various ceramic fuel materials. The 
principal differences in behavior are in the magnitudes 
of the irradiation effects and the tempetatures at 
which the irradiation effects occur. Performance 
characteristics common to all ceramic fuel materials 
under irradiation include susceptibility to cracking 
when subjected to temperature gradients and thermal 
stresses, release of some of the fission gases and 
volume swelling resulting from build-up of fission 
product atoms. In specific cases, ceramic fuel materials 
undergo changes in chemical composition and migra
tion of constituent elements under the effects of high 
temperature and temperature gradients and as a 
result of chemical reactions with fuel clad or bond 
materials. 

The major portion of the data being obtained on 
irradiation behavior of ceramic fuel materials con
tinues to be engineering-type information on the 
macroscopic behavior characteristics rather than 
detailed scientific data on basic performance pheno
mena. However, even in obtaining engineering-type 
data there has existed a major problem in interpreta
tion of post-irradiation observations and results and 
correlation with in-reactor properties of the fuel 
materials. Great strides have been made in the 
development of improved post-irradiation examina
tion techniques, including the use of electron micros
copy, but there remains much room for.improvement 
in characterizing the thermal and radiation history of 
fuel test specimens. 

OXIDE FUELS 

Uranium dioxide 

A comprehensive review of the state of knowledge 
on U02 irradiation behavior that existed shortly after 
the last Geneva Conference in 1958 was made by 
Lustman [1]. Recent work on U02 has included 
irradiation experiments to explore performance limits 
such as thermal rating and exposure levels and related 
performance characteristics such as fission gas release, 
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thermal conductivity, density changes, and structural 
changes. 

Experiments with molten U02 

Current design practice limits the central tempera
ture in uo2 fuel rods to below the melting point 
( "" 2 800 °C). In recent irradiation experiments, 
extended operation of uo2 fuel rods with considerable 
central melting was found to be feasible as long as the 
integrity of the solid, protective ceramic layer between 
the molten uo2 and the cladding was maintained 
[2-5]. Tests were run with melting of more than 
70% of the cross section of the U02 fuel rod [4]. 
Average fuel rod exposures of> 2.86 x 1022 fissions/ 
cm3 (10 600 MWd/t of U02, 1.3 at.% burn-up of 
uranium atoms) were attained in Zircaloy-2 clad, 
compacted powder fuel rods operating with central 
melting of the uo2 at heat ratings of up to 

J 
0 
'Cct~ = 200 W /em. 

Initial tests revealed a potential performance prob
lem in that solid pellet and high-density compacted 
powder fuel rods exhibited dimensional swelling when 
operated with central melting of the U02• Swelling 
was attributed to the approximately 7 to 9% volume 
expansion of U02 upon melting [4, 6]. Fuel rod 
swelling was correlated with thermal rating and, 
hence, the amount of central melting. Swelling versus 
thermal rating for 14.3 mm. od Zircaloy-2 clad fuel 
rods is plotted in Fig. 1. 

Means of eliminating the swelling problem were 
demonstrated in subsequent tests [2, 4]. Fuel rod 
swelling was eliminated by providing internal free 
volume in the form of hollow pellets or lower powder 
compaction densities to accommodate the volume 
increase of the U02 upon melting. Hollow pellet and 
lower density ( "" 83%) compacted powder fuel rods 
operating at f kdT ratings of up to 200 W fern attained 
average fuel rod exposures of 1.43 x 1020 and 
2.86 X 1020 fissionsfcm3 respectively, with no evidence 
of fuel rod swelling [2]. 
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Figure 1. Fuel rod swelling versus heat rating 
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For equivalent bulk fuel densities (based on cladding 
id) and fuel rod thermal ratings, U02 melting and 
cladding swelling was greater in compacted powder 
than in pellet rods, thereby indicating an apparently 
lower initial uo2 thermal conductivity for compacted 
powder fuel rods. 

Radial segregation of fission prod~cts and axial 
relocation of fuel was observed in fuel rods operating 
with molten U02• In addition, there was evidence of 
convective circulation of molten uo2 within the fuel 
rod [4, 5]. 

Several techniques were developed for identification 
of the molten boundary in uo2 microstructures and 
in autoradiographs [3-5]. One method [4] utilizes 
out of reactor grain growth data [7] and makes a 
close correlation between microstructures in irradiated 
uo2 with those formed in out of reactor experiments 
at temperatures below and above the melting point of 
U02 [8]. This is illustrated in Fig. 2. Another method 
is based on the observation of relocation of a uniform 
dispersion of tungsten spheres in uo2 after irradia
tion [9]. During irradiation, tungsten spheres located in 
the molten region of the fuel rod sank in the molten 
uo2. while those in the uranium dioxide sunounding 
the molten region remained fixed in place. The molten 
boundaries defined by the two methods do not 
coincide, but the difference is usually slight. 

The melting point of U02 was found to increase 
with irradiation exposure to a maximum of 2 915 °C 
(110 °C increase over non-irradiated U02)at 1.7 x 1020 

fissionsfcm3 burn-up [10]. This was followed by a 
gradual decrease to 2 800 °C at 2.2 x 1020 fissionsfcm3 

burn-up and to 2 600 °C at ~ 35 x 1020 fissionsfcm3 

burn-up. 

Effects of high exposure on U02 behavior 

The irradiation behavior of bulk U02 fuel elements 
irradiated to burn-ups of up to about 40 x 1020 

fissionsfcc was determined [11]. 
Below a temperature of "" 1 600 °C U02 exhibited 

volume swelling with burn-up at a rate of 0.16% ~ V 
1020 fissions/cm3 up to about 17 X 1020 fissionsfcm3 

and then at an increased rate of 0. 7% ~ V per 1020 

fissionsfcm3 at higher exposures. The actual swelling 
rate for uo2 was determined to be 0. 7% ~ v per 
1020 fissionsfcm3• However, at low burn-ups some of 
the swelling is taken up by the initial free volume in 
the U02• 

Swelling of U02 due to burn-up was found to be 
independent of temperature in the range of 760 to 
2 000 °C and to exposures of 36 X 1020 fissions/cm3

• 

Swelling was observed to be reduced by the use of 
lower density uo2 which provides more initial void 
volume [II]. 

uo2 thermal conductivity 

In recent years there has been a great deal of work 
done in determining the thermal conductivity of uo2 
as a function of temperature and changes in thermal 
conductivity as a function of irradiation. 
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At low temperatures, thermal conductivity decreases 
with increasing exposure. After irradiations at 525 °C 
to burn-ups of from 6 to 36 x 1020 fissions/ems. The 
thermal conductivity of 002 is estimated to be 
reduced by about 40% [11]. In lower temperature 
experiments ( < 100 °C) to exposures of up to 
1.34 x 1019 fissions/ems, there was a reduction in 
thermal conductivity of greater than 50% [12]. How
ever, partial or complete recovery is reported to occur 
after annealing of specimens with relatively low 
exposure [I2]. After annealing at 900 °C, there was a 
90% recovery to the initial (non-irradiated) con
ductivity. It is estimated that approximately 100% 
recovery would result from annealing at 1 200 °C [12]. 

There have been some recent fluctuations and 
disagreements among investigators as to the high 
temperature ( > 1 650 °C) thermal conductivity of 
002• This is attributed partly to difficulties in cor
relating post-irradiation microstructures with actual 
thermal conditions during irradiation and partly to 
differences in 002 specimens used to obtain thermal 
conductivity data, particularly differences in stoichio
metry. Excess oxygen, for example, is reported to 
decrease the thermal conductivity of 002• Bain [I4] 

J 
Tm 

reports that kdTvalues required to produce melting 
0 

in 002.12 and 002.19 pellet specimens were 74 and 
38.5 W fcm, respectively, compared to a value of 
91-92 W/cm for 002.00' 

Recent measurements of 002 thermal conductivity 
are plotted in Fig. 3. The main curve in Fig. 3 is that 
reported by Lyons et a/ [13] based on combined out
of-pile and in-pile data. In the temperature range 
below "' I 600 °C the conductivity curve is a least 
square fit to out-of-pile data for 95% dense, poly-

crystalline 002• Above I 600 °C the curve has been 
extended up to the 002 melting point so that the total 
integral under the curve from 0 °C to melting equals 
90 W /em. Post-irradiation analysis of both short 
time and long time fuel irradiations indicate that the 

value of the conductivity integral (f
0

2 805 ockdT) 
lies in the range from 90 to 96 W /em with the most 
probable value being closer to 90 W fern [4]. This is in 
close agreement with the conductivity integral values 
of 89 W fern reported by Williamson and Hoffmann [5] 
and 9I to 92 W/cm reported by Bain [I4] as required 
to produce melting in stoichiometric 002. 

Based on the interpretation of short and long time 
irradiations, Lyons et a/ [13] report that there is little, 
if any, increase in the conductivity integral, less than 
5 W fcm, as a result of the change from polycrystalline 
to columnar grain 002 during irradiation. This is in 
contrast to the expected significant increase in thermal 
conductivity from columnar grain formation as 
proposed by deHalas and Horn [15], on the basis of 
single crystal measurements. 

Also shown in Fig. 3 are the results of out-of-pile 
conductivity measurements on single crystal stoi
chiometric 002 [I2, 16, 17]. The thermal conductivity 
of single crystal 002 appears to be much greater th::tn 
that of polycrystalline 002• No melting was exhibited 
in a 002 single crystal specimen during irradiation 
under conditions known to cause central melting and 
extensive columnar grain growth in polycrystalline 
002 [17]. · 

In similar tests with single crystal samples of 002 

containing excess oxygen, it was found that the ther
mal conductivity was independent of grain size, i.e., 
melting in single crystal and polycrystalline oxide 
occurred at the same radius. The 0/0 ratio in these 
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large grain crystals (showing low conductivity) was 
from 2.005 to 2.014 [17]. 

Fission gas release 

Fission gas release from U02 at temperature~ below 
1 650 °C is very low and is understood to be a solid
state diffusion process [1]. In low temperature 
( < 1 650 °C}, U02 (""' 97% TD) plate fuel irradiations, 
a gas release rate of about 0.1% per 1020 fissionsfcm3 

is reported for exposures of up to about 20 x 1020 
fissionsfcm3 [11]. A gradual increase in gas release rate 
occurs in plate fuels above this exposure to a rate of 
~ 1.2% per 1020 fissions/cm3 at burn-ups between 32 
and 39 X 1020 fissionsfcm3• This is attributed to 
increased operating temperature resulting from in
creased fuel-cladding gap and to accelerated release 
rates at high fission depletions. Fission gas release 
from U02 plate fuel increases from ""'2% at 20 X 1020 
fissionsfcm3 to ""' 17% at ""' 39 x 1020 ftssionsjcm3 [11]. 

Fission gas release rates from U02 operating above 
the recrystallization temperature (""' 1 650 °C) are 
greatly increased. The mechanism for increased gas 
release at the higher temperatures (> 1 650 °C) is not 
well understood but is believed to be associated with 
grain boundary movement. Data has been obtained 
for fission gas release from uo2 fuel rods operating to 
temperatures high enough to cause significant fractions 
of the U02 to melt (> 2 800 °C) [18]. Analysis of 
these data indicates that the fission gas release is 
intermediate, between 1 and 100%, for fuel operating 
at temperatures between 1 650 and 1 800 °C. For fuel 
above 1 800 °C the release rate is essentially 100% [18]. 

The consequences of fission gas release depend 
upon the specific fuel element design. A plate fuel 
element, for example, is designed to operate at 
relatively low uo2 temperatures ( < 1 650 °C) with 
low fission gas release rates. It has little or no void 
volume for accommodation of released gases. Any 
effects that increase the fuel temperature or gas release 
rate in uo2 plate fuel elements tend to shorten the 
life of the fuel element by a self-propagating process of 
increased gas release, resulting in increased fuel
cladding gap followed by a further increase in fuel 
temperature, gas release, etc. A non-segmented, rod 
fuel element, on the other hand, can be provided with 
an end plenum to accommodate the increased gas 
release rates associated with higher operating fuel 
temperatures (1 650 to 2 800 °C). 

Early investigators and fuel designers had sound 
technical bases for striving to minimize fi~sion gas 
release during irradiation and to achieve the highest 
possible U02 density in fabrication. In recent experi
ments, some of the same investigators have shown the 
relationships between lower uo2 density and reduced 
volume swelling with burn up. As previously dis
cu~sed, uo2 fuel undergoes volume swelling with 
burn-up which is attributed mainly to the build-up of 
fission products in the fuel matrix. Inasmuch as 30% 
of the fission products are gases, operating a fuel rod 
to encourage release of fission gases from the uo2 
matrix should result in reduced volume swelling with 
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burn-up. Although irradiation tests of U02 rod fuel 
elements are necessary to confirm these potential 
performance improvements, the designer may be 
faced with new criteria of using lower density uo2 
and encouraging fission gas release in order to extend 
the burn-up capabilities of rod-type fuel. 

Structural changes 

The macro- and micro-structural changes in U02 

that take place during irradiation are dependent 
upon such factors as fuel operating temperature, 
temperat-ure gradient, exposure, and density and 
microstructural characteristics of fuel before irra
diation [1, 4, 11, 19, 20, 21]. 

Unirradiated, as-sintered U02 has a typical grain 
size of about 5 to 15 microns in diameter and con
tains randomly distributed porosity from fabrication. 
When irradiated at low temperatures (- 870 °C) and 
up to 20 x 1020 fissions/cm3 burn-up, there was no 
apparent change in porosity or grain size. However, 
there was evidence of segregation of fission products 
at the grain boundaries and the irradiation-induced 
hardening of the uo2 tends to explain the observed 
change in the mode of fracture of uo2 from trans
granular to intergranular [21]. The electron microscope 
examination of the microstructure of uo2 irradiated 
at a temperature of ""' 1 000 °C to high exposures of 
from 24 to 31 X 1020 fissionsfcm3 showed that the· 
original grains were subdivided into much smaller 
units of less than one micron in size. 

Fuel irradiated at a higher temperature ("" 1 650 °C) 
showed the formation of metallic inclusions which are 
believed to be alloys of uranium with fission products 
[11, 22]. 

Compacted powder U02 fuel undergoes sintering 
during irradiation at remarkably low uo2 bulk 
temperatures (300-400 °C}. This is attributed to 
bonding at stressed point contacts between fuel 
particles and to high-temperature fission spikes on a 
microscopic scale. Evidence that radiation is necessary 
to cause bonding was provided hy heating a cold 
swaged uo2 fuel rod in the laboratory for more than 
1 000 hours at 550 °C without producing any evidence 
of bonding between particles. 

At low temperature ( < 1 650 °C) exposures, up to 
36 X 1020 fissionsfcm3, the lattice constant of U02 is 
essentially unchanged from that of unirradiated 
uo2 [11]. 

Recent work has provided an improved under
standing of the mechanisms by which extensive 
structural changes occur in uo2 irradiated at tempera
tures from 1 600 °C to above the melting point 
( ""' 2 800 °C). Most of the recent interpretations 'or the 
kinetics of eq uiaxed grain growth in uo2 as a function 
of time and temperature are based on the results of 
work reported by MacEwan [19]. In a recent corre
lation of ex-reactor grain growth data, Lyons eta/. [7], 
suggest that equiaxed grain growth in uo2 occurs 
principally according to the equation: D3 - D0

3 = 
K0t exp (- Q/RT} where D =average grain size at 
time t (microns) D0 = initial average grain size 
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(microns), K0 = rate coefficient (microns3fhour), Q = 
grajn growth activation energy (cal/mol), R =gas law 
constant (calfmol °K), T = temperature (°K), and 
t = time (hours). 

MacEwan and Lawson [20] confirmed earlier inter
pretations by Robertson et al [23] that melting of 
uo2 was not necessary for columnar grain growth to 
occur. Columnar grains in U02 are reported to grow 
as a result of steep temperature gradients at tempera
tures above I 700 °C but below the melting point 
("" 2 800 °C) [20]. The growth of columnar grains is 
attributed to the migration of large transverse voids 
which move up a temperature gradient by a subli
mation process. 

Typical voids (lenticular in shape) at the high
temperature ends of columnar grains are shown in 
Fig. 4. The collection of the small migrating voids 
eventually results in a central cavity, referred to as 
void formation, in the fuel. 

Figure 4. Lenticular voids in U02 [8] 
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For U02 in which melting has occurred, the 
appearance of the post-irradiation macro- and micro
structure depends upon the manner in which the fuel 
was cooled during solidification. Molten U02 is 
reported to have solidified as equiaxed grains [2, 4, 5] 
and as a. spongy mass ·of large equiaxed grains [21]. 
As shown in Fig. 2, the U02 structure at "" 2 600 °C 
contains slightly enlarged spherical pores and the 
porosity has disappeared from the uo2 heated to 
above the melting point. The solidified structure 
sometimes fills the central portion of the fuel and at 
other times surrounds a large central void which may 
have formed partially or wholly by the shrinkage of 
the molten uo2 upon solidification [2, 4, 5]. 

Th02-U02 fuel 
The irradiation behavior ofTh02-U02 fuel materials 

made by various processes has been studied. Solid
solution Th02-U02 fuels fabricated by hot-pressing 
Th02-U02 mixtures and by air-firing cold-pressed 
Th02-U30 8 mixtures exhibited different recrystalli
zation behaviors [24]. Hot-pressed specimens exhibited 
the normal recrystallization, grain growth, and central 
void formation usually observed in uo2. Lenticular
shaped voids normally associated with the formation 
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of columnar grains were found. Based on the vapor 
pressures of Th02 and U02 and observed temperature 
indicators, an estimated temperature of 2 100 °C was 
necessary to initiate columnar grain growth by 
sublimation across the lenticular voids. Solid solutions 
from air-fired Th02-U30 8 mixtures exhibited central 
voids and very large columnar grains at heat ratings 
significantly less than the hot-pressed specimens. The 
presence of oxygen above stoichiometric proportions 
in the air-fired specimens is believed to have caused 
the observed differences. 

Pellets of Th02-U02 lead-bonded to extruded Al
l wt% Ni alloy cladding were irradiated to maximum 
burn-ups of 8.5 x 1020 fissions/cm3 and to peak heat 

r 
To 

ratings of kdT= 63 Wfcm [25]. The Th02-U02 

· Ts 
solid solutions were formed by air-firing cold-pressed 
mixtures of Th02 and U30 8 to a final oxygen-to
metal atom ratio of about 2.05 to 1. Fuel compo
sitions irradiated were 6.36, 12.7 and 25.6 wt% U02 

in Th02• The hyperstoichiometry of the fuel with 
respect to oxygen was believed to have caused a lower 
fuel thermal conductivity and abnormally latge 
amounts of recrystallization and grain growth and 
contributed to a high release of fission gas. Fission gas 
release ranged from 4.6 to 81.2% of theoretical. 
Simihr fuel used in the BORAX-4 reactor containing 
6.26 wt% U02 in Th02 released an average of 3.4% of 
the fission gas yield at a maximum burn-up level of 
5 x 1019 fissions/cm3 and a peak cladding surface heat 
flux of 90 W fcm2 [26]. Extensive open porosity in the 
pellets was cited as the reason for the high gas release. 

Vibratory compacted fuel rods containing sol-gel 
and arc-fused Th02-U02 were irradiated to exposures 

J 
T0 

of up to 3.6 x 1020 fissionsfcm3 at kdT ratings of 
Ts 

up to-46 W /em [27]. Fission gas release quantities for 
the sol-gel and arc-fused materials were approximately 
equal, up to 4%, except for one specimen which oper
ated at a much higher cladding surface temperature 
and released 18% of the fission gases formed. The 
irradiation behavior of sol-gel U02-Th02 was indi
cated as being comparable or superior to that of arc
fused Th02-U02. 

Randomly oriented fibers of molybdenum incor
porated into hot-pressed pellets of 10, 30, and 50 wt% 
U02 in Th02 and irradiated to burn-ups of up to 
10 x 1020 fissions/cm3 were found to have increased 
the effective thermal conductivity of the mixed 
oxides [28]. Fibered pellets which required higher heat 
ratings than unfibered pellets before comparable 
thermal effects occurred, tended to reduce central void 
formation, retard recrystallization, and maintain 
integrity of the pellet. Fission gas release from unclad 
fibered pellets in NaK coolant was a maximum of 
15.3% of theoretical at a burri-up of 8.3 x 1000 

J
. T0 

fissionsfcm3 and an kdT value of 57 W fern. Gas 
Ts 
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release from similarly irradiated unfibered pellets 
was a maximum of 6.3% at 6.6 x 1020 fissions/ems and 

( To 
an initial I kdT value of 92 W fern. The disparity in 

· Ts 
gas release is attributed to fragmentation of the 
unfibered pellets during irradiation and their sub
sequent improved cooling by the NaK and operation at 
significantly lower temperatures than the fibered pellets. 

Pu02-U02 fuel 
Specimens of 20 wt% Pu02-80 wt% U02 were 

irradiated to burn-ups of up to 30 x 1020 fissions/ems 

f 
To 

at kdT ratings of up to 40 Wfcm [29, 30]. The 
~ . 

specimens contained sintered pellets (90-95% TO) 
and powder swaged to 75% TD. Radial redistribution 
of fuel and central void formation occurred in all but 
the lowest power specimens. Fission gas release, 
ranging from 10 to 70%, was essentially the same for 
pellet and swaged powder specimens. Similarity in 
fission gas release from pellet and swaged powder fuel 
was attributed to densification of the powder fuel 
during irradiation. There was no migration of pluto
nium or fission products other than cesium-137 and 
strontium-90 [30]. There was no evidence of fuel 
swelling as determined by changes in fuel-cladding 
diameter. However, an increase in active fuel length 
of 13% was measured in a low power specimen that 
formed no void at 2.7 x 1020 fissions/ems. 

Specimens of up to 6.5 wt% Pu02 in U02 were 
tested to compare the performance of sintered, high 
density ( ~ 90% TO) pellets made from mixtures of 
uo2 and Pu02 and from mixtures of uo2 and 
co-precipitated (U,Pu)02 and to investigate the 
irradiation sintering of low density ( ~ 65% TO), non
sintered pellets of U02-Pu02 [31]. High-density fuels 
released up to 49% of the fission gases in fuel operating 

f 
To 

at kdT = 99 W fern to a burn-up of up to 
Ts 

1.32 x 1020 fissions/ems. Low-density fuels released 
up to 59% of the fission gases while operating at 

f 
To 
kdT = 70 W /em to burn-ups of up to 2.93 x 1020 

Ts j' To 
fissions/ems. With rod powers of kdT = 65 W fern 

Ts 
or more, and at higher exposures, the fission gas 
release of low-density fuel approached that of high
density fuel because of the sintering that occurred 
during the initial stages of irradiation. High-density 
specimens made from uo2 and co-precipitated 
(U,Pu)02 released slightly more gas than similar 
specimens made from U02-Pu02 physical mixtures. 

Zr02-base, U02 fuel 
Specimens of Zr02-base, U02 fuel (18 to 46 wt% 

U02) irradiated to 36 x 1020 fissions/ems indicated 
volume swelling with burn-up at the same rate as 
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U02, 0.7% volume increase per 1020 fissions/ems [11, 
32]. Initially, however, the Zr02-U02 fuel exhibits a 
volume decrease equal to the residual volume of 
porosity in the as-sintered material. Fuel densification 
to 100% of theoretical density occurs at burn-up 
values up to 5.8 X 1020 fissions/ems or less. Sub
sequently, the fuel swells at a rate of 0.7% per 1020 

fissions/ems. Additions of CaO were observed to 
stabilize the single-phase cubic crystal structure of 
Zr02-U02 fuel, resulting in a substantial reduction in 
fuel densification and a retention of initial porosity 
to longer exposures [33]. Plate fuel specimens con
sisting of Zr02 + 3.2 wt% CaO + 39.8 wt% U02 
exhibited swelling characteristics similar to low 
density U02 (~ 90% TO) at exposures of up to 
33.5 x 1020 fissions/ems. 

At irradiation temperatures less than 1 650 °C, 
fission gas release from Zr02-U02 is higher than that 
from U02 at burn-ups of up to 25 X 1020 fissions/ems, 
after which it is lower [11, 32]. Fission gas release at 
25 x 1020 fissions/ems is approximately 5%. Differ
ences in fission gas release between U02 and Zr02 
are attributed to differences in the diffusivity of fission 
gases in the two materials, increase in the density of 
Zr02-U02 at low exposures, and the precipitation of 
fission gases in bubbles in Zr02-U02 at low exposures, 
thus removing them from solution and decreasing the 
concentration gradient for release of the gas from the 
fuel matrix. 

U02-Be0 fuel 
In exposures of up to 36 X 1020 fissions/ems U02 

dispersed in BeO (51 to 65 wt% U02) exhibited 
volume swelling at a rate of approximately 1% per 
1020 fission/ems after exhibiting initial plasticity and 
a volume decrease similar to that observed in Zr02-
U02 fuel [11]. 

Fission gas release from Be0-65 wt% U02 fuel is 
comparable to that from U02 and Zr02-U02. Release 
of approximately 5% was reported at a burn-up of 
approximately 36 x 1020 fissions/ems at an end of 
life temperature of 395 °C [11]. Less than 1% fission 
gases were released from Be0-60 wt% U02 irradiated 
to ~ 6 x 1020 fissions/ems at fuel central temperature 
of 1 180 °C [34]. 

Fuel pellets containing 30 vol% U02 in BeO were 
irradiated to burn-ups of up to "" 3.7 x 1020 fissions/ 
ems at peak fuel temperatures of up to 1 130 °C. 
Pellets containing coarse particle of U02 ("" 150 fl. 
diameter) showed little change in dimensions and 
remained intact, but released between 17 and 24% of 
the fission gases. Pellets containing fine particles of 
uo2 (10 to 25 fl. diameter) fractured into several 
pieces, but released only from 0.1 to 0.3% of the 
fission gases. The coarse particle fuel specimens had 
density decreases of from 1.5 to 3.0%. 

U02-AI 20 3 fuel 
Specimens of 21 wt% U02 dispersed in Al20s 

exhibited rather severe initial swelling of about 19% 
at a very low exposure of 0.9 x 1020 fissions/ems 



SESSION 2.2 P/240 

with no further volume increase observed up to 
exposures of 5.3 x 1020 fissions/cm3 [11]. The un
usually high swelling was attributed to a phenomenon 
associated with the Al20s rather than to the uo2. 
Post-irradiation annealing at 800 °C results in an 
increase in density toward its unirradiated value. 

The fission gas retention characteristics of the 
uo2 in Al203 are comparable to those of uo2, 
Zr02-U02 and Be0-U02 with a release rate of 
"" 1% at 5 X 1020 fissions/cm3. 

Mg0-Pu02 fuel [17, 35, 36] 
Capsules containing 3.05 and 13.5 wt% Pu02 in 

MgO were irradiated at fuel temperatures of up to 
2 200 °C. Cracking during irradiation was not as 
extensive as in U02. Autoradiographs of fuel cross 
sections showed that fission products and/or the 
immiscible Pu02 second phase had migrated from the 
central region of translucent columnar grains. Pu02 

from the center concentrated in a circumferential ring 
at the boundary between the large and small columnar 
grains. The distribution of the immiscible second 
phase is not altered in the smaller columnar grain
growth region in spite of extensive recrystallization. 

Zr02-Pu02 fu~l [17, 35, 36] 
Capsules containing 2.2 and 10.4 wt% Pu02 in 

Zr02 were irradiated at fuel temperatures of up to 
2 800 °C. The microstructures of the two compositions 
after irradiation showed differences. No central void 
or columnar grains formed in the low concentration 
Pu02 containing samples, indicating lower maximum 
temperatures during irradiation. Autoradiographs 
showed that the fission products and/or Pu02 are 
severely segregated into randomly distributed islands 
(possibly reflecting initial poor plutonium distribu
tion). Some homogenization of Pu02 in U02 occurred 
near the thermal center of the irradiation specimens 
which operated at the higher temperatures. 

Central voids and columnar grains formed in the 
higher plutonium content material. Autoradiographs 
showed that fission products andjor Pu02 migrated 
to preferred radial locations. Five distinct micro
structural zones were formed. The second zone from 
the cladding appears white and the width of the white 
band increases with increasing exposure and/or 
temperature. The innermost zone is essentially free of 
voids and has no apparent grain structure. The inner 
zone was not present in high-exposure samples. 

CARBIDE FUELS 

Uranium carbides 

Recent work on the carbides has consisted of 
investigations of the irradiation behavior of hypo
stoichiometric (UC1 _ x), hyperstoichiometric (UCl+x} 
and stoichiometric uranium carbides fabricated by 
arc-casting and by pressing and sintering techniques. 

Stoichiometric UC (4.8 wt% C) is made up of 
equiaxed UC grains and appears to be the most 
desirable form for reactor use. However, difficulty in 
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closely controlling stoichiometry results in low yields 
and high costs for stoichiometric UC fabricated by 
cunent methods. Although feasibility of fabrication 
of stoichiometric UC to a compositional tolerance of 
4.8 ± 0.05 wt% was demonstrated [37], current 
practices control carbon composition only to ± 0.1 
wt%. This results in slightly carbon-rich or carbon
deficient material if the desired composition is 4.8 wt%. 
Differences in performance between UC1_x and 
UCl+x materials make it necessary for the user to 
decide on which side of stoichiometry the carbide 
compound should be for a particular application. 
Accordingly, much of the work on carbides has been 
concerned with determining the relative performance 
characteristics of UC1_x and UCl+x materials. Hyper
stoichiometric UC (> 4.8 wt% carbon) is made up 
of tetragonal uc2 platelets located on (100) faces of 
the UC grains. Hypostoichiometric UC ( < 4.8 wt% 
carbon) is made up of face-centered UC grains with 
free metallic uranium in the grain boundaries. 

Uranium carbides have been irradiated to burn-ups 
of approximately 18 x 1020 fissions/ems at fuel 
surface temperatures of "" I 000 °C and centerline 
temperatures of up to "" 1 315 °C. Test variables 
have included stoichiometry, density, temperature, 
method of fabrication (cast or pressed and sintered), 
and bonding materials (Na, NaK, He). 

Fission gas releases 
Fission gas release from the uranium carbides 

increases with temperature and exposure and is 
usually higher for the ucl-x than for the ucl+x 
compounds. Fission gas release from hypostoi
chiometric UC appears to increase with decreasing 
amounts of carbon and with temperatures high 
enough to cause melting and redistribution of the 
free uranium. In the hyperstoichiometric compounds 
fission gas release is increased with fuel cracking 
during irradiation. 

At relatively low irradiation temperatures 
( < 1 000 °C) hyperstoichiometric and slightly hypo
stoichiometric UC exhibit low fission gas release 
rates. Less than 0.04% of the fission gases were 
released from arc-cast, slightly hypostoichiometric 
UC (4.6 to 4.8 wt% C) irradiated to ""2 x 1020 
fissions/ems at a maximum fuel temperature of 780 °C 
and from hyperstoichiometric UC (5.0 to 5.57 wt% C) 
irradiated to 10.6 x 1020 fisionsfcms at a maximum 
fuel temperature of 1 000 °C [38]. This corresponds 
closely to gas release calculated from diffusion and 
surface recoil. 

In a higher temperature (> I 000 °C) irradiation 
of ucl-x• higher than expected fission gas release 
of 1.6% was observed in 4.4 to 4.7 wt% C arc-cast 
specimens irradiated to 3.1 x 1020 fissions/ems [38]. 
This was attributed to fuel operation at a centre 
temperature of I 340 °C for a short time near the 
end of its irradiation. It was felt that the melting of the 
free uranium in the central portion of the fuel was a 
factor in releasing the large quantity of fission gas. In 
other high-temperature irradiations, up to 50% of the 
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fission gases (based on 85Kr) were released from 
grossly hypostoichiometric sintered UC (4.31 wt% C) 
irradiated to exposure levels of up to 6.2 x 1020 
fissions/cm3 at an average centerline fuel temperature 
of 1 180 °C [39]. Fission gas release from slightly 
hyperstoichiometric UC (4.8 to 5.0 wt% C) irradiated 
to 9.7 X 1020 and 4 x 1020 fissionsjcm3 at 842 °C and 
1 180 °C, respectively, was very low (1.3% or less) 
with the exception of one specimen [38]. One specimen 
released 7% {based on 85Kr) at a burn-up of 7.8 x 1020 

fissions/cm3 and an average fuel central temperature 
of 825 °C. The higher than expected gas release was 
attributed to extensive cracking of the specimen 
during irradiation, thus providing a large surface area 
for release of fission gas by diffusion and surface recoil. 
In a higher burn-up irradiation, cast UCl+x (5.21 wt% 
C) released only 5% of the fission gas at 16.0 x 1020 

fissionfcm3 and an average centerline temperature of 
1 060 °C [39]. 

Density changes 

Volume swelling during irradiation appears to be 
about equal in magnitude for slightly hypostoichio
metric and slightly hyperstoichiometric UC com
pounds. However, swelling in UC1_x increases with 
decreasing carbon content and with temperatures 
above the beta-gamma phase transformation of 
uranium metal (770 °C). A density decrease of 3.4% 
occurred in arc-cast ucl+x (5.2 wt% C) irradiated to 
10.7 x 1020 fissions/cm3 at an average temperature of 
582 •c [38]. A density decrease of 1.4% occurred in 
sintered, 94% dense pellet ucl-x (4.34 wt% C) 
irradiated to 7.4 X 1020 fissions/cm3 at an average 
centerline temperature of 760 °C [40]. 

At higher temperatures density decreases of up to 
26% were observed in grossly hypostoichiometric 
UC (4.31 wt% C) irradiated to burn-ups of up to 
18 x 1020 fissionsjcm3 at average centerline tempera
tures of up to 1 180 °C [37]. Density decreases were 
less for slightly hypostoichiometric and for hyper
stoichiometric UC. Density decreases of 6.1 to 6.2% 
were reported for 4.71 wt% C compounds irradiated 
up to 10.0 x 1020 fissionsfcm3 at "' 1 120 °C average 
centerline temperature. ucl+x (5.21 wt% C) showed 
density decreases of 6.4 to 6.6% burn-ups of up to 
10.0 x 1020 fissionsfcm3 and at average centerline 
temperatures of up to 1 180 °C. 

Radiation stability 

Cracking of UC fuel by thermal stresses o.n either 
transverse or radial planes., similar in pattern for both 
ucl-x and ucl+x compounds was reported [41]. 
ucl-x materials seem to crack less extensively than 
ucl+x materials, possibly because of the free uranium 
metal which exists at the uranium carbide grain 
boundaries [38]. The increased surface-to-volume 
ratio from cracking of the fuel may result in higher 
fission gas release quantities and in increased depletion 
of uc2 by liquid metal in hyperstoichiometric uc 
fuels. 

T. j. PASHOS et a/. 

A problem associated with the use of hyperstoi
chiometric UC in Na or NaK bonded, stainless steel 
clad fuel systems is that at temperatures above 
"' 538 °C, the metastable uc2 phase in the uc fuel 
reacts with the liquid metal bond which transfers 
carbon from the UC2 to the cladding. The resultant 
carburization has caused cracking of the cladding 
[38, 41, 42]. The problem is increased by the cracking 
of the ucl+x material by thermal stresses, thus 
exposing more surface area to contact with the liquid 
metal and increasing the UC2-liquid metal reaction 
rate. Depletion of UC2 has been observed to proceed 
until essentially only the single phase UC remains 
[39, 41]. Thus the use of UC1+x with a liquid-metal
bond requires the development of a suitable carbon 
diffusion barrier or the use of a cladding material less 
susceptible to carburization than stainless steel. It was 
suggested that replacement of the liquid metal bond 
by helium or a mechanical bonding of clad to fuel 
would result in lower carbon depletion from ucl+x 
fuels [38]. 

Transfer of carbon from the fuel to the cladding by 
the liquid metal bond has not been observed to be a 
problem with UC1_x or stoichiometric UC. However, 
a fuel cladding compatibility problem that may exist 
with ucl-x is the potential interaction between the 
free uranium phase and the cladding. This was not 
indicated to be a problem for cladding operation at 
648 °C to a fuel life to 1 000 days [42]. 

In an irradiation test of UC1_x (4.28 to 4.42 wt% C) 
in which the central temperature reached 1 525 °C 
(compared to melting point of uranium metal at 
1 130 °C), redistribution of the uranium phase from 
the hot center to the cooler outer portions of the fuel 
was observed [43]. The resultant structure was a 
nearly stoichiometric, somewhat porous central 
portion with increased concentrations of free uranium 
in the outer half of the fuel. In localized areas there 
was a thin shell of uranium metal on the surface. 

PuC and UC-PuC compounds 

Arc cast PuC and UC 20 wt% PuC irradiated to 
3.2 x 1019 fissionsfcm3 burn-up at maximum center 
temperatures of 650 °C showed negligible dimensional 
changes and released 0.24% of the fission gas yield [44]. 
Low-density pressed and sintered pellets of UC-20 wt% 
PuC irradiated to the same burn-up at about the same 
temperature released 12.0% of the fission gas. 

Pressed and sintered pellets of U0.8PUo.2C0.95 were 
irradiated to 8.0 x 1020 fissions/cm3 at maximum 
centerline temperatures of 1 415 °C [45]. The speci
mens were fabricated with and without 0.1 wt% nickel 
as a sintering aid to densities of 96 and 94% TD, 
respectively. Fission gas release in three of the four 
specimens examined was reported to be 0.23% or 
less with dimensional changes in uncracked pellets of 
up to 2.6% growth in diameter and up to 3.9% 
increase in length. One of the specimens exhibited 
localized melting and a fission gas release of 12.9%. 

Vibratory compacted PuC and physical mixtures 
of UC-20 wt% PuC in Type 304 stainless steel and 



SESSION 2.2 Pf240 

Nb-1 wt% Zr claddings were irradiated to bum-ups 
of 7.1 X 1()20 fissionsfcm8 at cladding temperatures up 
to 625 °C [46]. Dimensional changes were negligible. 
Fission gas release was highest for hypostoichiometric 
PuC, irradiated alone or mixed with normal UC, 
with a maximum gas release of 34.1 %. Fission gas 
release from hyperstoichiometric PuC mixed with 
normal UC was 4.9%. One stainless steel clad specimen 
containing PuC (6.22 wt% C') failed because of fuel
cladding reaction with a maximum indicated cladding 
temperature of 625 °C. 

Hypostoichiometric PuC irradiated to 9.3 x 1020 

fissions/cm3 at a temperature of about 300 °C released 
22% of the theoretical fission gas yield [12]. Physical 
damage to the specimen was concentrated in the 
grain boundaries which contained free metallic 
plutonium. 

URANIUM MONONITRIDE [47] 
Specimens of bare and stainless steel clad 96 to 

99% dense UN were irradiated in NaK-filled capsules 
to total uranium bum-ups up to- 13 x 1020 fissions/ 
ems at fuel centerline temperatures up to I 260 °C. 
All but one of the specimens, however, were irradiated 
at temperatures less than 650 °C. One specimen, 
which had an initial centerline temperature of I 260 oc, 
had a centerline temperature of 515 °C at the end of 
irradiation. 

Fission gas release of about 0.3 to 0.6% was 
measured. Hydrogen formed by the 14N {n, p)I4C 
reaction was not considered detrimental to the UN 
at the test temperatures. There ~as no evidence of reac
tion between the UN and the cladding or the NaK. 

The unclad pellets were found to be broken into 
several pieces probably as a result of thermal stresses. 
The number of pieces increased and their size de
creased with burn-up and temperature. 

Density decreases of up to 6.4% were observed. 
Swelling is believed to be a function of the fuel tem
perature, being considerably reduced at temperatures 
above 250 °C. This may be due to annealing out of 
radiation-induced defects. 

Evidence of grain growth in the center of the high
temperature specimen and nucleation of fission gas 
bubbles at the grain boundaries was observed. 

URANIUM MONOSULFIDE 

Sintered pellets of uranium monosulfide with 
nominal densities of 80 and 90% of theoretical and 
containi~g 2 wt% UOS were irradiated in Nb-1 wt% 
Zr claddmg to burn-ups up to 8.2 x 1020 fissions/ems 
a~ cladding temperatures up to 790 °C [48]. Cladding 
diameter changes were 0.05 mm or less in a 7.14 mm 
over-all diameter. Fission gas release was 0.21% 
from the denser pellets and 1.2% from the less dense 
pellets. A circumferential bulge in the cladding of 
one specimen giving a 0.20 mm diameter increase was 
associated with a molten core. This specimen exhibited 
an abnormally large amount of the UOS phase and 
released 20% of the fission gas yield. No reaction 
occurred between the fuel and the cladding. 
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Significant changes in physical properties of 
sintered US0•98 were observed after a dual exposure of 
"" 1.5 x 1018 fissions/ems at 600 oc [36]. A 75% 
increase in microhardness resulted from the first 
irradiation (7 x 1016 fissions/ems) with a 22% further 
increase during the second irradiation. The melting 
point of the uranium monosulfide decreased 50 oc 
during irradiation to 1.5 x 1016 fissions/ems. 

URANIUM SILICIDES 

Specimens of UsSi, irradiated to 0.104 at.% bum-up 
at less than 250 °C, exhibited decreases in density 
("" 3.8%), large increases in hardness, and a large 
increase in electrical resistivity [49]. Annealed castings 
and extruded specimens of UsSi were irradiated to 
maximum burn-ups of 5.4 x 1019 and 1.6 x 101e 
fissions/ems, respectively, at calculated center tempe· 
ratures to 890 °C [50]. The cast specimens were rela
tively stable dimensionally to at least 600 °C but the 
extruded specimens exhibited ani~otropic growth. 

Specimens of UsSi 2, irradiated to burn-ups of 
3.8 x 1019 fissions/ems at an estimated surface tem
perature of l 200 °F, showed 6 to 1% decrease in 
density [51]. A second phase, thought to be UsSi, 
was observed and was more prominent at the edge 
of the specimens. The specimens which had large 
amounts of second phase had lost · considerable 
silicon. 

Material irradiated as heat-treated to yield U3Si 
showed no reflection to the UsSi phase in an X-ray 
diffraction examination [52]. Material which was 
alpha uranium and UsSi2 prior to irradiation appeared 
to remain in that condition. A heat-treatment at 
400 °C for three hours produced no change in the 
patterns obtained. 
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ABSTRACT-RESUME-AHHOTAU.vUI-RESUMEN 

A/240 Etats-Unis_ d'Amerique 

Comportement sous irradiation de combus
tibles ceramiques 

par J. Pashos et al. 

On passe en revue les importantes etudes faites 
depuis 1958 sur les differents composes ceramiques de 
!'uranium, du plutonium et du thorium, en vue de 
leur utilisation comme combustibles nucleaires. Les 
materiaux combustibles ceramiques les plus etudies 
sont les oxydes d'uranium, suivis par les carbures, et, 
a un ?eg~e moind~e, par les nitrures!et l~s sil~ciu_re~. 
Le memmre examme les effets des raruatwns a dtffe
rents niveaux de puissance sur les proprietes et les 
caracteristiques de fonctionnement des materiaux 
combustibles ceramiques. 

Leur facilite de fabrication, leur stabilite sous irra
diation et leur compatibilite avec l'eau de refroidisse-

""" 

ment a haute temperature ont contribue au succes de 
!'utilisation des oxydes, principalement 002 et a un 
moindre degre Th02-002 et Pu02-002, comme 
materiaux combustibles des reacteurs de puissance 
refroidis a l'eau. Les autres oxydes etudies com
prennent des melanges de Zr02 avec 002 et Pu02, 
Be0-U02, 002-Ca0-Zr02, U02-Al20 3 et Mg0-
Pu02. 

Des elements combustibles composes de pastilles 
d'U02 et de poudre compacte ont fonctionne a des 
puissances thermiques suffisantes pour provoquer Ia 
fusion de Ia partie centrale du barreau. Les observa
tions sur le gonflement des barreaux de combustible 
fonctionnant avec de l'U02 fondu et !'utilisation de 
pastilles trouees ou d'U02 compact de densite plus 
faible pour eliminer le gonflement sont discutees. 

On discute les resultats des experiences de fusion de 
Ia partie centrale de 1'002, qui ont conduit a de 
meilleures correlations entre les puissances thermiques 
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specifiques des elements combustibles, Ia conductibi
Iite thermique de l'U02, les changements dans Ia 
structure de l'U02 et l'identification de Ia zone fondue. 
On presente des resultats de mesures de Ia conduc
tibilite thermique d'U02 fritte polycristallin a haute 
temperature et des variations de Ia conductibilite 
thermique de I'U02 en fonction du taux de com
bustion. 

On presente d~s donnees quantitatives sur Ia vitesse 
de gonflement de l'U02 en fonction du taux de com
bustion, de Ia densite de I'U02, et de Ia temperature de 
fonctionnement. D'autres donnees importantes sur le 
combustible U02 comprennent Ies mesures de degage
ment des gaz de fission dans des combustibles fonc
tionnant jusqu'a Ia temperature de fusion et au-dela, 
l'observation d'inclusions metalliques d'uranium dans 
I'U02 irradie a haute temperature et le frittage a basse 
temperature sous irradiation de Ia poudre d'U02 
compacte. 

On presente les resultats des essais d'irradiation 
pou~ses d'autres oxydes combustibles tels que Th02-
U02, Pu02-U02 et Zr02-U02. Les resultats de recents 
essais sur du combustible Pu02-U02 irradie jusqu'a 
20 x 1020 fissions/cm3 indiquent qu'il ne se produit 
aucune migration radiale de Pu, 95Zr ou 114Ce. 
Zr02-U02 s'est revete un materiau stable utilisable 
pour des elements plaques. Les mesures ont montre 
que Ia vitesse de gonflement de Zr02-U02 en fonction 
du taux de combustion etait Ia meme que pour U02. 

La conductibilite thermique et Ia densite des atomes 
metalliques, plus grandes pour les carbures que pour 
Ies oxydes, ont incite a etudier des composes com
bustibles ceramiques tels que UC, PuC et Ies melanges 
UC-PuC. UC est le carbure le plus etudie. On pre
sente des donnees sur les stabilites relatives des UC 
hypostrechiometriques et hyperstrechiometriques en 
fonction de Ia temperature de fonctionnement et de 
l'irradiation. On discute Ies resultats obtenus avec 
PuC et PuC contenant 20% en poids de UC, irradies 
jusqu'a des taux de combustion de 7,1 x 1020 

fissionsjcm3• 

On a etudie le mononitrure et le monosulfure 
d'uranium qui pourraient constituer des materiaux 
combustibles ceramiques superieurs a uo2 et uc. 
Les resultats des essais d'irradiation de UN, US et 
U3Si sont passes en revue. 

A/240 CWA 

CeoHCTBa KepaMHYeCKHX ronnHB noA 
o6nyYeHHeM 
T. ,ll,m. nswoc et al. 

B )J;ORJia)J;e oiTIICbiBaiOTCH peayJibTaTLI npono)J;II

MhiX C 1958 ro)J;a IICCJIC)J;OBaHIIM pa3JIIIqHbiX 1\e

paMIIqeci\IIX COC)J;IIHCHIIii ypaHa, ITJIYTOHIIJI H 

TOpiiH )J;JIJI ITpHMCHCHIIJI IIX B J\aqecTBe peaRTOp

HOrO ToiTmiBa. Oco6eHHO TI.QaTeJibHO 6hiJIII IICC~le
)J;oBaHbi TaRIIe RepaMIIqecRIIe MaTepiiaJihi, RaJ\ 

01\HCII ypaHa, a 3aTeM yme Rap6II)J;bl H B MCHbiiieii: 
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cTeiTeHII HIITPIIAbi II CIIJIII~II)J;hl. B )J;ORJia)J;e onn

ChlnaeTCH BJIJIJIHne paaJinqHhiX yponHeii o6Jiyqe. 

HJIJI Ha CBOMCTBa Jl pa6oqiie xapaRTepiiCTHI\II paa

JIIIqJibJX RepaMIIqecRIIX TOITJIIIBHbiX MaTepiiaJIOB. 

fl pOCTOTa II3rOTOBJICHJIJI, ycToiJ:qiiBOCTb npii 

06JiyqeHIIII II COBMCCTIIMOCTb C BO)J;JIHbiM TCIIJIO

HOCIITCJICM IIpii 'BbiCOI\OH TCMIIepaType ITpiiBCJIII 1\ 

YCITCIIlHOMY IICITOJib30BaiiiiiO Tai\IIX 01\IICeii ( rJiaB

HbiM o6pa30M uo2 II B MCHhiiieii CTeiTeHu Th20 -

uo2 II Pu02 - U02) B 1\aqeCTBe TOIIJIHBa )J;.TJJI 

JHepreTIIqeCI\HX peai\TOpOB C BO)J;JIHbiM OXJiaii\)J;C

HneM. ,lJ,pyrne 01\HCH, 1\0TOpbiC 6hiJIII IICCJIC)J;O

BaHbl B CBJI3II c aTnM, BI\JIIOqaroT cMecii Zr02 c 

uo2 II Pu02, a TaRme BeO- U02, uo2-

CaO - Zr02, U02 AI203, MgO - Pu02. 

Ta6JieTKII uo2 II TOITJIUBHbie CTepmHn ll3 CITpec

COBaHHoro ITOpOIIII\a U02 Bbi)J;Cp/1\IIBaJIII TaRIIe CIW

pOCTII TCITJIOBbi)J;CJICHHJI, 1\0TOpbie ITpUBO)J;JIT !{ 

paCITJiaBJICHIIIO ~eHTpaJibHOM qaCTH TOITJIUBa. 0ITII

ChiBaiOTCJI na6JIIO)J;eHIIJI aa o6'heMHhiM paa6yxann

eM TOITJIIIBHbiX CTepmneiJ:, pa60TaiO~IIX C paC

IIJiaBJICHHOii 01\IICbiO ypana, a TaRme HCIIOJib30Ba

HJie Ta6JieToR HJIII MeHee YITJIOTHenHoro ITopouma 

U02, C TCM 'JT06bi ITpC)J;OTBpaTUTb Tai\Oe paa6yxa-

1Ufe. 

06cym)J;aiOTCJI peayJibTaTbl OITbiTOB C ITJiaBJie

HJieM ~eHTpaJibHOM qaCTII U02, 1\0TOpbiC ITpiiBCJIII 

1\ JiyqmeMy COOTHOIIICHIIIO Me/1\)J;y CROpOCTbiO TCII

JIOBbl,ci,CJieHUJI TOITJIJIBHbiX CTepmneiJ:, TCITJIOITpO

BO)J;HOCTbiO U02, II3MCHCHII.HMII B MIIRpOCTpyRType 

U02 II OITpe)J;eJieHIIeM 30Hbl ITJiaBJICHIIJI. ,lJ,aJieC 

ITpHBO)J;JITCJI )J;aHHbiC 0 TCITJIOITpOBO)J;HOCTII IIOJIII

RpiiCTaJIJIIIqeci\OrO CIIei\IIIerOCJI U02 IIpii BbiC0-

1\IIX ·TeMnepaTypax, a TaR/1\e 06 II3MCHCHUJIX ;noii: 

TCITJIOITpOBO)J;HOCTII ITpH BhiropaHIIII. 

flpiiBO)J;JITCJI 1\0JIIIqecTBCHHble )J;aHHble 0 Cl\0-

pOCTII o6'heMHoro paa6yxaHuJI ORliCH ypaHa RaJ\ 

«f>YHR~IIII BhiropaHIIJI, IIJIOTHOCTII ORliCH II pa6o

qeiJ: TeMITepaTypbi. ,D,pyriie Ba/1\Hhie cne)J;eHIIH o 

TOITJIIIBe II3 01\IICII ypaHa BI\JIIOqaJOT II3MepeHIIe 

1\0JIIIqecTBa ra3oo6pa3HbiX ITpO)J;YRTOB )J;CJICHIIJI, 

Dbi)J;CJIJIIO~eroCJI ITpii )J;OCTII/1\eHIIII IIJIII ITpCBbiiJlC

HHH TOIJJJHBOM TeMrrepaTypbi IIJiaBJJeHIIJI, OITpC)J;C

JJeHHe BRJJIOqeHIIH MeTaJJJinqecROrO ypana B 01\IICII 

ypaHa, o6JJyqeHHOH ITpii BbiCOI\IIX TCMIIepa Ty

pax, a TaRme ciTeRaHIIe yrrJioTHeHHoro ITopomRa 

U02 ITO)]; 06JiyqenueM ITpii 111131\0ii TCMITepaType. 

B )J;ORJia)J;e npiiBO)J;JITCJI TaRme peayJJhTaTbi 
OITbiTOB ITO o6JiyqeHIIIO )J;pyriiX ORIICHbiX TOITJIIIB

HbiX MaTepiiaJJOB, HaiTpiiMep Th02 - U02, 

Pu02 - uo2 II Zr02 - uo2. PeayJibTaTbl He)J;aB

HIIX OIThiTOB c TOITJIIIBOM Pu02 - U02, o6JiyqeH

HbiM )J;O 20 • 1020 iJe.ttenuu/cJr£3, yRa3biBaiOT Ha TO, 

qTO B HCM He ITpOII301IlJIO pa)J;IIaJibHOM MIIrpa~IIII 
Pu, Zr95 IIJIII Ce144 • Haii)J;eHO, qTo Zr02 - uo2 

JIBJIJICTCJI YCTOHqliBbiM MaTepiiaJIOM, ITpiirO)J;HbiM 

)J;JIJI IICITOJib30BaHIIJI B TeiTJIOBbi)J;CJIJIIO~IIX ;)JIC

MeHTaX ITJiaCTIIHqaTOrO BII)J;a. J13MepeHIIJIMII 6biJIO 

ycTaHOBJieno, qTo cRopocTb paa6yxaHIIJI Zr02 -

U02 C BbiropaHIICM Ta me, qTO II y U02. 

BoJiee BhiCORIIe TeiTJIOITpOBO)J;HOCTh II ITJIOTHOCTh 

aTOMOB MeTaJIJia B Rap6II)J;aX ITO cpaBHCHIIIO C OKU

CJIMII CITOC06CTBOBaJIII IIayqeHUIO Tai\UX RepaMII-
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TJ:ecKHx TOUJIHB, KaK UC, PuC u cMecL UC -- PuC. 

Hau6onee JJ;eTaJILHO uayTJ:eH Kap6HJJ; ypaua UC. 

IIpHBO)J;RTCR )J;aHHLie o6 OTHOCHTeJlLHoii ycToiiTJ:H

BOCTH fHUO- H fHUepCTeXHOMeTpHTJ:eCKHX Kap6H

)J;OB ypaHa RaR cJ>yHRIJ;HH pa6oTJ:eH TeMnepaTypLI H 

)J;03LI 06JiyTJ:eHHR. 06cym)J;310TCH TaRme )J;3HHLie 0 

pa6oTJ:HX xapaRTepHCTHKax PuC u UC--20 Bee. % 
PuC, o6nyTJ:eHHLIX )J;O BLiropaHHR 7,1 • 1020 iJe.u
Huii/cM3. 

lfccJie)J;OB3HLI MOHOHHTpH)J; HMOHOCYJILcJ>HA 

ypaHa R3ILB03MOffiHLie BH)J;LI RepaMHTJ:eCROfO TOU

JIHB3 C JIYTJ:IIIHMH xapaRTepHCTHR3MH UO CpaB

HeHJIIO C U02 H UC. 0nHCLIB310TCR peayJILT3Thl 

o6JiytJ:eHHR TOUJIHB UN, US u U3Si. 

A/240 Estados Unidos de America 

Efectos de las radiaciones sobre los com
bustibles ceramicos 

por T. J. Pashos et ol. 

Los autores pasan revista a las amplias investiga
ciones que se vienen realizando desde 1958 sobre 
varios compuestos cenimicos de uranio, plutonio y 
torio para su empleo como combustibles nucleares. 
Los materiales cenimicos investigados mas a fondo 
son los oxidos de uranio, seguidos de los carburos 
y, en menor grado, los nitruros y los siliciuros. En Ia 
memoria se examinan los efectos que ejercen las 
radiaciones, a diferentes nive1es de potencia, sobre 
las propiedades y caracteristicas de dichos com
bustibles. 

Los buenos resultados que han dado los oxidos, 
sobre todo el uo2 y, en menor grado, mezclas de 
Th02-U02 y Pu02-U02 como combustibles de 
reactores de potencia refrigerados por agua, se 
deben a Ia sencillez de su e1aboracion, a su estabilidad 
bajo las radiaciones y a su compatibilidad con el 
agua refrigerante a e1evada temperatura. Otros 
oxidos que se estan investigando son mezclas de 
Zr02 con U02 y Pu02, Be0-U02, U02-Ca0-Zr02, 
U02-AI20 3 y Mg0-Pu02. 

Se han irradiado barras de combustible de U02, 
en pastillas y en polvo compactado, a temperaturas 
suficientemente elevadas para originar Ia fusion de Ia 
parte central del combustible. Se discuten las obser
vaciones recogidas de Ia hinchazon de barras que 
funcionan con uo2 fundido, y el empleo de pastillas 

perforadas 0 de uo2 compactado de menor densidad 
para eliminar la hinchazon. 

Se examinan los resultados de los experimentos de 
fusion del uo2 central, que han permitido establecer 
relaciones mas precisas entre las caracteristicas 
termicas de las barras de combustible, la conduc
tividad termica del uo2, las alteraciones de su 
estructura y Ia identificacion de 1a zona fundida. Se 
facilitan datos sobre Ia conductividad termica a 
temperatura elevada del uo2 policristalino de sin
terizacion y sobre las variaciones de Ia conductividad 
termica del uo2 con el grado de combustion. 

Se presentan datos cuantitativos sobre Ia velocidad 
de hinchazon del uo2 en funcion del grado de com· 
bustion, Ia densidad del U02 y Ia temperatura de 
funcionamiento. Otros datos importantes relativos 
al U02 sonIa medicion de los gases de fisi6n despren
didos del combustible a Ia temperatura de fusion y 
por encima de ella, Ia observacion de inclusiones de 
uranio metalico en el uo2 irradiado a temperatura 
elevada y Ia sinterizacion a baja temperatura del 
polvo de U02 compactado durante Ia irradiacion. 

Se exponen los resultados de prolongados ensayos 
de irradiacion de otros combustibles en forma de 
oxidos, tales como Th02-U02, Pu02-U02 y Zr02-

U02. Los resultados de recientes ensayos realizados 
con Pu02-U02, que se irradio basta 20 X 1020 

fisionesfcm3 indican que no hay migracion radial del 
Pu, del 95Zr ni del 144Ce. El Zr02-U02 ha resultado 
ser un material estable adecuado para su empleo en 
elementos combustibles en forma de placa, cuya 
velocidad de hinchazon en funcion del grado de 
combustion ha resultado ser la misma que Ia del U02. 

La superior conductividad termica y densidad de 
atomos metalicos de los carburos en relacion con la 
de los oxidos es un estimulo para la investigaci6n 
de combustibles ceramicos tales como el UC, PuC 
y mezclas de UC-PuC, de los que el mas estudiado 
es el UC. Se facilitan datos sobre Ia estabilidad 
relativa del UC hipo e hiperestequiometrico en 
funci6n de la temperatura de funcionamiento y de 
la exposici6n a las radiaciones. Se analizan los datos 
relativos a los resultados obtenidos con PuC y UC 
con 20% en peso de PuC, irradiados basta 7, I X I 020 

fisiones/cm 3 • 

Se han investigado el mononitruro de uranio y el 
monosulfuro de uranio como combustibles ceramicos 
posiblemente mejores que el U02 y UC. Se examinan 
los resultados de los ensayos de irradiaci6n de UN, 
US y U3Si. 
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noaeAeHMe SIAepHoro ropiO'fero MOA o6ny'feHMeM. 
(HccneAOBOHMe TOHKMX cnoea 
o6ny'feHHOM ABYOKMCM ypaHa) * 

B. M. ronSIHOB, H. CD. npaBAIOK 

,lJ;ByOKHCb ypaHa B HaCTOHIIJ;ee BpeMJI JIBJIJieTCH 

IIIHpOKO pacrrpOCTpaHeHHhlM HlWPHhlM ropiO'IHM. 

llpH 06Jiy'leHHH B peaK.TOpe CTpyKTypa ,!J;BYOKHCH 

ypaHa IIO,!J;BepmeHa 3Ha'IHTeJibHhlM H3MeHeHHJIM. 

3a IIOCJie,!I;Hee BpeMJI BhliiOJIHeH pJI,!I; HCCJie,!I;OBaHHH 

o6Jiy'leHHOii ,!I;BYOKHCH ypaHa 1- 4 • O,!J;HaKo aJieKTpOH

HOMHKpocKOrrH'IeCKHX HCCJie,!I;OBaHHH UpOBe,!l;eHO 

cpaBHHTeJibHO MaJio. He BhiHCHeHhl TaKHe namHhle 

BOITpOChl, KaK llpHpO,!I;a ,!J;etfleKTOB o6Jiy'leHHJI, aaBH

CHMOCTb KOH~eHTpa~HH ,!J;etfleKTOB OT ,!1;03hl o6Jiy

'leHHJI, OTJKHr )l,etfleKTOB IIOCJie 06Jiy'leHHJI, MeCTa 

aapom,!l;eHHJI CKOrrJieHIIii raaoo6paaHhlX rrpo,!J;yK

TOB ,!l;eJieHHJI H ,!l;p. (ho 06'bHCHHeTCH TeM, 'ITO 

HCCJie,!I;OBaHHe CTpyKTyphl o6Jiy'leHHoli ,!J;BYOKHCH 

ypaHa MeTO,!I;OM perrJIHK 3 He MOJKeT ,!J;aTb OTBeTa 

Ha 60JibiiiHHCTBO BOIIpOCOB, a rrpH HCCJie,!I;OBaHHH 

Ha rrpOCBeT B03HHKaiOT 6oJibiiiHe MeTO,!I;H'IeCKHe 

TPY,!I;HOCTH, CBH3aHHhle c yTOHbiiieHHI,;lM MaCCHBHo

ro MaTepHaJia ,!I;O TOJIID;HHhl ,_,1000 A, rrpH KOTO

poii MOJKHO rrpOH3BO,!J;HTb 3JieKTpOHHOMHKpOCKO

ITH'IeCKOe HCCJie,!I;OBaHHe Ha rrpocneT. B ,!l;aHHOii 

pa6oTe MeTO,!I;H'IeCKHe TPY,!J;HOCTH 6MJIH rrpeo,!I;OJie

Hhl CJie,!l;yiOIIJ;HM o6pa30M. C ITOMOIIJ;biO KaTO,!I;HOrO 

paCIThlJieHHH 5 H3rOTOBJIHJIHCb MeJIK03epHHCThle 

rrJieHO'IHhle ypaHOBhle o6pa311hl TOJIID;HHOii ,_,500 A. 
TaKHe o6paaiihl 6MJIH «nerrpoapa'IHhlMH>> B aJieK

TpOHHOM MHKpocKone. Mep;JieHHhlM narpeBOM B Ba

KYYMHOH rre'IH o6pa3IIbi OKHCJIHJIHCb p;o U 0 2 
H peKpHCTaJIJIH30BaJIHCb, pa3Mep aepeH f];OBOf];HJICH 

p;o ""0,25 .MK. B TB,KOM BHp;e o6pa3IIhl xopoiiio 

IIpOCBe'IHBaJIHCb B 3JieKTpOHHOM MHKpOCKOIIe. 8TH 

IIJieHO'IHhle o6paa~hl HMeiOT pHp; rrpeHMym;ecTB rro 

cpaBHeHHIO C yTOHbiiieHHhlMH o6paa~aMH: a) ITJie

HO'IHhle o6pa3~hl HMeiOT OIITHMaJibHYIO JierKO pery

JIHpyeMyiO TOJIIIJ;HHY H II03TOMY MOryT 6biTb IIOp;

BeprHyThl 3JieKTpOHHOMHKpOCKOIIH'IeCKOMY HCCJie

f];OBaHHIO Ha ITpOCBeT C BhlCOKHM paapeiiieHHeM 

H, CJief];OBaTeJibHO, MOryT p;aTb 60Jibiiie HHtPOpMa

~IUJ:; 6) IIJieHO'IHhle o6pa3~hl HMeiOT 3Ha'IHTeJihHO 

6oJibiiiYIO IIOJie3HYIO IIJIOIIJ;ap;b f];JIH HCCJiep;OBaHHH, 

'leM yTOHbiiieHHhle o6paau;M; a) paaMep aepeH 

B UJieHO'IHhlX o6paau;ax MOJKHO peryJIHpOBaTh 

* l'IHCTHTYT aToMnoii aHeprnn HM. M. B. Ryp'laToBa. 
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B IIIHpOKHX rrpep;eJiaX, BIIJIOTb f];O IIOJiy'leHHH MOHO

KpHCTaJIJIH'IeCRHX IIJieHO'IHhlX o6pa3IJ;OB; r) IIJie

HO'IHhle o6pa3IJ;hl p;aiOT B03MOJKHOCTb IIpOH3BOf);HTb 

KOJIH'IeCTBeHHhle HCCJief);OBaHHJI, TaK KaK BCerp;a 

HaBeCTHa TOJim;Hna o6paau;a. Hep;ocTaTOK rrJieHO'I

HhlX o6paa~OB COCTOHT B TOM, 'ITO HX CTpyKTypa 

MOJKeT HeCKOJibKO OTJIH'IaTbCH OT CTpyKTyphl MaTe

pHaJia B MaCCHBHhlX o6paau;ax. 

MeTop;oM KaTOp;Horo pacrrMJieHHH 5
•6 HaroTOB

JIHJIH IIJieHO'IHhle MeTaJIJIH'IeCKHe o6pa3IJ;hl H3 

MeTaJIJIH'IecKoro ypaHa c paaJIH'IHhlM cop;epmaHH

eM H30Torra U 235 (0,11; 0,7 H 90%). ITocJie narrhl

JieHHH H3MepHJIH TOJIID;HHY o6pa3IJ;OB, a-aKTHB

HOCTb H aJieKTpn'lecKoe corrpOTHBJieHHe. ITo 

a-aKTHBHOCTH orrpep;eJIHJIH nee MaTepHaJia. ITo TOJI

ID;HHe H Becy Bhl'IHCJIHJIH ITJIOTHOCTb MaTepHaJia. 

ITo aJieKTpnqecKoMy corrpoTHBJieHHIO H TOJIID;HHe 

Bhl'IHCJIHJIH yp;eJibHoe aJieKTpocorrpOTHBJieHHe. ToJI

IIJ;HHY o6pa3IJ;OB H3MepHJIH MHKpOHHTeptflepeHIJ;HOH

HhlM MHKpocKorroM MIUI-4, a-aKTHBHOCTb HaMe

pHJIH CIJ;HHTHJIJIHIJ;HOHHhlM C'leTlJHKOM. 8JieKTpH

qeCKOe COIIpOTHBJieHHe H3MepHJIH OMMeTpOM THIIa 

MS. 3aTeM rrJieHO'I.Hhle ypaHOBhle o6paau;hl yKpe

IIJIHJIH Ha TaHTaJIOBhlX f];HatflparMaX f);HaMeTpOM 

2 .M.M C OTBepCTHHMH f];HaMeTpOM 0,2 .M.M H ~Of];Bep
raJIH Mep;JieHHOMY OKHCJieHHIO H OTJKHry IIpH MaK

CHMaJibHOH TeMrrepaType 1500° C H ,!l;aBJieHHH 

,_,5.10- 5 .M.Mpm. em. a naKyyMHoiirre'IH. ITocJie 

OTJKHra H3MepHJIH TOJIIIJ;HHY H a-aKTHBHOCTb o6pa3-

IJ;OB, Bhl'IHCJIHJIH IIJIOTHOCTb MaTepHaJia, IIpOH3BO

f];HJIH rrpep;BapHTeJibHOe 3JieKTpOHHOMHKpOCKOIIH

'IeCKOe H 3JieKTpOHOrpatflH'IeCKOe IICCJiep;OBaHHe. 

)J;JIH HCCJief);OBaHHH CTpyKTyphl IIpHMeHHJIH 3JieK

TpOHHhlH MHKpocKorr Y8MB:100, paapeiiieHHe 

KOTOporo 6biJIO p;onep;eHO p;o 5 A. n pH 3JieKTpOHO

rpatflH'IeCKHX HCCJiep;oBaHHHX 3JieKTpOHHhlH MHKpO

CKOII HCUOJib3'0BaJIH KaK 3JieKTpOHOrpatfl. ,lJ;JIH 

IIOBhliiieHHH TO'IHOCTH IIpii OIIpep;eJieHHH rrepHO,!J;a 

peiiieTKH IIpHMeHHJIH Of\HOBpeMeHHO C'beMKY o6pa3-

u;a H aTaJIOHa. Bee HCCJiet:~oBaHHH 6biJIH BhliiOJIHe

Hhl IIpH YCKOpJIIOIIJ;eM HaiipJIJKeHHH 100 H 110 1\:8. 

PaaMep aepHa ABYOKHCH ypana II IIJIOTHOCTb 

AHCJIOKaiJ;HH orrpe,!l;eJIHJIH KaK cpef~HIOIO BeJIHlJH

HY ITO IIJITH 3JieKTpOHHOMHK potfloTOrpatflHJIM. fOTO

Bhle o6pa3~hl ABYOKHCH ypaHa Ha • TaHTaJIOBbiX 
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PHc. 1. AeyoKHCb ypaHa (90% U235): 

a - o6paaeu; rrocJie nanhiJieHHH (MnKpo!f>oTorpaqmH); 
6- o6paaeu: nocJie HaTibiJieHHH (aJieKTponorpaMMa); e
o6pa3el~ IIOCJie HaTihiJieHHH H OTlKHra IIpH 1500° C; IIJIOT-

JIOCTb AHCJIOKau;nii: - 109 c.«-2 

ll,HacpparMax 3aiwap;hlBaJin B aJIIOMHHHeBhie Racce

Thl H 3aiiaHBaJIH B RBapn;eBhle aMIIYJihl, HaiiOJIHeH

Hhle aprOHOM. 06Jiy'leHHe ocym;eCTBJIHJIH B aRTHB

HOM 30He peaRTOpa liPT -1000 B IIOTORe TeiiJIOBhlX 

HeHTpOHOB 2,5 ·1013 Heiimp/CM2 ·Cell, IIpH TeMne

paType CTeHOR RaHaJia 40° C B Te'leHHe 0,5; 5; 50 
n 500 MUH. BMropaHne orrpep;eJIHJIH pac'leTHhlM 

nyTeM. llocJie Bhlp;epmnBaHHH B Te'leHne p;nyx cy

TOR o6Jiy'leHHhle o6pa3D;hi nccJiep;onaJin rrop; ;:weR

TpOHHhlM MHRpOCROIIOM. 3aTeM o6Jiy'leHHhle o6-

pa3D;bl p;ByORllCll ypaHa IIO,[J;BepraJin ll30XpOHaJib
HbiM OTmnraM B BaRyyMe .-5·10- 5 MM pm. em. 

C Bhlp;epmROH ITO 10 MUH B HHTepBaJie TeMrrepa

Typ OT 400 p;o 1700° C 'Iepe3 Ramp;hie 100°. TeM

rrepaTypy OTmnra orrpep;eJIHJIH TepMonapoii HJIH 

nnpoMeTpOM. llocJie Ramp;oro oTmnra o6pa3-

D;hl llCCJie,!I;OBaJIH ITO,!!; aJieRTpOHHbiM MHRpOCRO
IIOM. 

B. M. fOllfiHOB, H. CO. nPAB.D,IOK 

.. - ·----3• : 
:, 
: • 
• - • 

~ -,---
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- - - ... , , 

PHC. 2. 31leKTpOHOrpaMMbl o6pa3U,OB ABYOKHCH ypa-
Ha (90% U235): 

a- o6paaeu: nepeA o6JiyqeJIHeM (pnc. 1, e); 6-o6pa
aeu; rrocJie 1Q17 iJe.aomi1jc.«3 (pnc. 3, 6); e- o6pa3eu; 
rrocJie 1018 &e.tteNuz'tjc.M3 (pne. 3, e); a-o6Jiyqennhlii 
o6paaeu: noc.lJe OTlKHra npn 1000° C B TeqenHe 10 .MUN 
(pnc. 7, 6); 8--o6Jiyqennhlii o6paaeu; rrocJie OTlKHra rrpn 

1500° C B Teqenne 10 .«UN (puc. 7, a) 

PE3Y Jlb T A Tbl 

113 ypaHa (90% U235) n3rOTOBHJI!f rrapTniO rrJie

HO'IHhlX o6pa3D;OB TOJIID;HHOM 480 A. ~BeT Hanhl

JieHHOro CJIOH 6eJihlH, 3epRaJibHhlH C BhlCORHM 

ROacpcpnu;neHTOM OTpameHHH CBeTa. llJIOTHOCTb 

MaTepnaJia B CJioe 14,8 e/cM3, a yp;eJihHOe aJieRT

pocorrpoTnBJieHne ~90·10-6 oM·CM. TaRne 

<<TOJICThle>> o6pa3D;hl conepmeHHO He rrpocneTinBaiOT

CH B aJieRTpOHHOM MHRpOCROIIe p;ame rrpn YCRO

p.IIIOIIJ;eM Haiip.llmeHHH 110 1'>8. ,il;JIH TOrO 'IT06hl 

orrpep;eJIHT.b CTpyRTypy MaTepnaJia B HaiihlJieHHOM 

CJIOe, rrpHIIIJIOCb ll3rOTOBHTb 6oJiee TOHRHe ypaHO

Bhle o6pa3IJ;hl. Ha puc. 1, a H306pameHn TaRo if 
HanhlJieHHhlH CJIOH ypaHa TOJIID;HHOH .-50 A. Bnp;

HO, 'ITO CJIOH COCTOHT ll~ MeJIRHX IIOJIH3,!1;pH'IeCRHX 

3epeH pa3MepoM ,...,50 A. Ha puc. 1, 6 n3o6pa-
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meHa :meKTpoHorpaMMa aToro CJIOJI. ,ll;mppaK:u;u

OHHhle MaKCUMYMhl pa3MhlThl, 3TO yKa3hlBaeT Ha 

,li;UCnepCHOCTb CJIOJI. «l>aaOBhlH COCTaB CJIOJI no 
3JieKTpOHOrpaMMe ,..._,UQ 2, 0):\HaKO 3TO He 03Ha

qaeT, qTo TaKOH COCTaB o6paayeTCJI npu HanhlJie
HUU. ,lJ;eJIO B TOM, qTO TOHKUe ypaHOBhle CJIOU 

oqeHh 6hlCTp0 OKUCJIJIIOTCJI npu COnpUKOCHOBeHUU 

C B03,li;YXOM nOCJie U3BJieqeHUJI U3 ycTa~OBKU KaTO,li;

HOrO pacnhlJieHUJI. ToJICThle (,..._,500 A) ypaHOBhle 

CJIOU o6Jia):\aiOT ropa3,li;O 60JihiiieH CTOHKOCTbiO 

R OKUCJieHUIO Ha B03,ll;yXe. 
Ha puc. 1, e uao6pameH o6paae:u; ABYOKucu 

ypaHa (90% U 235), noJiyqeHHhlH nyTeM Me,li;JieHHO

ro OKUCJieHUJI U OTJRUra B BaKyyMe npu TeMnepa

Type 1500° C HanomeHHoro ypaHosoro ctJIOJI. ToJI
ID;UHa cJIOJI nepe,ll; OT

0
muroM 6DIJia 480 A, a nocJie 

oTmura CTaJia 700 A. Bu,li;HO, qTo ,ll;aHHhlH nJie

HOqHhlii o6paae:u; COCTOUT U3 <<KpynHhlX)> nOJIU3,ll;pU

qeCKUX aepeH, cpe,li;HUH paaMep KOTOphlX paBeH 

""0,25 .Mn. B :u;eHTpaJihHO:ii qacTu OT,ll;eJihHhlX 

aepeH UMeiOTCJI ):le«fJeKThl ynaKOBKU 1!, BU,ll;e IIIeCTU

yrOJibHUKOB paaMepoM OT 50 ,li;O 150 A. IlJIOTHOCTb 
,li;UCJIOKaD;UH pasHa ,..._,109 C.M - 2• IJpu nOBhliiieHUU 

TeMnepaTyphl OTIRUra ,li;O 1600° C nJieHOqHhle o6-

pa3D;hl paapyiiiaJiuCh aa cqeT UHTeHCUBHOH co6upa

TeJihHOH peKpucTaJIJiuaa:u;uu. Ha puc. 2, a uao6pa

meHa aJieKTpOHorpaMMa aToro o6paa:u;a npu ycKo

pHIOJD;eM HanpameHuu 100 ne. qeTKUe Au«flpaK:u;u

oHHhle MaKCUMYMhl CBU,ll;eTeJibCTBYIOT 06 OTCYT

CTBUU HanpameHUH B OTOJR/ReHHOM o6paa:u;e. 

TaonHL\a 1. nepHOA H MemnnocKOCTHble 
paCCTORHHfl oopa3L\a ABYOKHCH ypaHa, 

noKaaaHHoro Ha pHC. 1, B 

HaMepeno Ha Taomn.\7 

06pa3eQ ABYORHCH ypana 

dhkl [A] a [A] dhkt [Al hkl 

3,1514 5,458 3,157 111 
2,7294 5,459 2,735 200 
1,9293 5,456 1,934 220 
1,6460 5,460 1,649 311 
1,5762 5,460 1,579 222 
1,3649 5,459 1,368 400 
1,2528 5,461 1,255 331 
1,2210 5,460 1,223 420 
1,1149 5,462 1,116 422 
1,0513 5,463 1,052 511 
0,9653 5,460 0,9666 440 
0,9229 5,459 0,924 531 
0,9100 5,460 0,911 600 

a=5,461 ± 0,002A a-5,470 

B Ta6JI. 1 npuBe,ll;eHhl peayJioTaThl uaMepeHUJI 

MemnJIOCKOCTHhlX paCCTOJIHUH no 3JieKTpOHOrpaM

Me U peayJinTaThl peHTreHOBCKOrO UCCJie):\OBaHUJI 

MeJRnJIOCKOCTHhlX paCCTOHHUH7 U02. lf3 Ta6JIUD;hl 

BU,li;HO, qTo «fla30BhlH COCTaB OTOJR/ReHHOrO ypaHO

BOrO o6paa:u;a noqTu TOqHO COOTBeTCTByeT CTeXUO

MeTpuqeCKOMY COCTaBy uo2. Ha 3JieKTpOHO

rpaMMe HeT HU O,li;HOH <<JIUIIIHeH)) JIUHUU, qTO CBU

):\eTeJibCTByeT o6 OTCYTCTBuu npuMece:ii. IIocJie 

OTJRUra 3HaquTeJibHO U3MeHHeTCH IJ;BeT HanbiJieH-

HOrO ypaHa: o6pa3D;hl CTaHOBJITCH npoapaqHhlMU CO 

CBeTJIO-JReJIThlM OTTeHKOM. IJJIOTHOCTb MaTepuaJia 

nOCJie OTJRUra paBHa 10,8 e/c.M3, a y,ll;eJibHOe 
aJieKTpoconpoTUBJieHue soapacTaeT 6oJiee qeM B 
106 paa (c ,...,90·10-6 AO 6oJiee 100 o.M·c.M). 

Ha puc. 3 uao6pameHhl o6paa:u;hl ABYOKucu ypa

Ha (90% U 235) nocJie paaJiuqHhlX cpoKoB o6Jiyqe

HUH (UHTerpaJibHhle nOTOKU HeHTpOHOB, Bhlropa

HUH u np. npuse,ll;eHhl B Ta6JI. 3). Ha puc. 3, a 
uao6pameH o6paae:u; nocJie 1016 oe.!leHuii/c.M3

• Bu,li;
HO. qTo CJie):\hl OCKOJIKOB ):\eJieHUH He perUCTpU

pyiOTCH, a Ha MUKpo«floTorpa«fluu, noJiyqeHHOH 
C nOMOJD;biO 3JieKTpOHHOrO MUKpOCKOna, nOCJie 

o6JiyqeHUH nOHBJIHeTCH HeKOTOpOe KOJIUqeCTBO 

,D;UCJioKa:u;uoHHhlX neTeJih. B ocHOBHOM ,li;UCJIOKa

:u;uoHHhle neTJIU pacnoJiomeHhl xaoTuqecKu no 

BCeii nJIOJD;a,li;U o6paa:u;a. IJJIOTHOCTb ,li;UCJIOKan;uii 

pasHa 1010 c.M- 2. Ha puc. 3, 6 noKaaaH o6paaeu; 

nocJie 1017 oe.!leHuii/c.M3• Bu,li;HO o6paaosauue 6c)Jib

IIIoro KOJiuqecTBa ,li;UCJIOKau;uoHHhlX neTeJih. ,ll;ua

MeTp neTeJib J'OJie6JieTCH B IIIUpOKUX npe):leJiaX 

OT 20 ,li;O 300 A, a nJIOTHOCTb ,li;UCJIOKa:u;u:ii cocTa
BJIHEiT 10u c.M - 2• Ha puc. 2, 6 npe,li;CTaBJieHa 

aJieKTpOHorpaMMa aToro o6paa:u;a. Ha6JIIO,ll;aiOTCH 

CJie,ll;yiOJD;Ue U3MeHeHUH: 1) BCe ,D;U«flpaKD;UOHHhle 

MaKCUMY.Mhl paCIIIUpUJIUCb, a UX OTHOCUTeJibHhie 

UHTeHCUBHOCTU yMeHhiiiUJIUCb; 2) ,li;U«fJ«flyaHhlH «floH 
yseJiuquJICH; 3) OTHOCUTeJihHhle IIHTeHCUBHOCTH 

HeKOTOphlX ,li;U«fJpaKD;HOHHhlX MaKCUMYMOB nepe

pacnpe,ll;eJIUJIUCh: JIHHHH ( 111), (200), ( 400) CHJih

HO OCJia6JieHhl, a JIUHHH (220) yCHJieHa. 

Ha puc. 3, e noKaaaH o6paae:u; nocJie 1018 oe.JLe
llUU/C.M3. IJJIOTHOCTb ,li;HCJIOKan;uii yBeJiuquJiaCb no 

cpaBHeHUIO C npe,li;I!IAYJD;UM CpOK_OM o6JiyqeHUH npn

MepHO Ha O,li;UH nopH,li;OK. ITo rpaHnn;aM aepeH 

o6paaosaJI~Cb 6oJihiiioe KOJiuqecTBO nop paaMe
poM ,..._,20 A. B OCHOBHOM nophl pacrroJiaraiOTCH 

Ha nosepXHOCTHX 3epeH no HX rpaHUD;aM. 8JieKTpO

HOrpaMMa aToro o6paa:u;a (eM. pnc. 2, e) noKa3hl
saeT, ·qTO U3MeHeHUH, KOTOphle Ha6JIIO,ll;aiOTCH y 

npe,li;DIAYID;ero o6paa:u;a (eM. puc. 2, 6), BhlpameHhi 
a):leCh eiD;e B 6oJioiiieii CTeneHn. 

Ha puc. 3, e uao6pameH o6paae:u; nocJie 1019 oe
.!£eHuii/ c.M3

• BII,D;HO, qTo nJIOTHOCTh ,li;HCJIOKa:u;ni'I 
B ):laHHOM o6paa:u;e eiD;e 6oJioiiie, qeM B npe,li;DIAY

ID;eM. ,lJ;IICJIOKaD;IIH HaCTOJibKO MHOrO, qTO o6paae:u; 
noqTif He npocseqiiBaeTCH B 3JieKTpOHHOM MIIKpO

CKone np11 yCKOpHIOJD;eM HanpHIReHIIII 100 ne. 
MIIKpo«floTorpa«fJIIH 6hlJia noJiyqeHa c noMOJD;hiO 
3JieKTpOHHOrO MUKpOCKOna npii YCKOpHIOJD;eM Ha

npHJReHIIII 110 1>e. Bee npe,ll;hlAYID;IIe o6paau;hl (eM. 

piic. 3, a, 3, 6 11 3, e) xopoiiio Bhl,D;epmaJIH o6Jiy

qeHIIe n He paapyiiiiiJIIICb ua ,D;na«flparMax, Ha 

KOTOphlx OHII 6hlJIII aaKpenJieHhl. Bee o6paa:u;hl 

nocJie 1019 oe.!leHuii/c.M3 paapyiiiiiJIUCh, 11 Ha ,li;IIa

«flparMaX coxpaHIIJIIICh JIIIIIIb He6oJibiiiiie o6JioM

Kn. ,ll;JIH periiCTpaD;IIll OCKOJIKOB ,D;eJieHIIH, KOTO

phle o6paayroTCH B o6paa:u;ax npn o6JiyqeHIIII, 

6hlJI nOCTaBJieH OnhlT. ,ll;JIH 3TOrO 6hlJill II3rOTOB

JieHhl ,li;ByxcJioiiahle MeJIKoaepHIICThle <:!,6'beKThl \V
U0 2 (90% U 235) TOJIJD;IIHoii 50-60 A, KoTophle 

o6Jia,ll;aiOT BhlCOKOH a«fl«fleKTIIBHOCTbiO np11 pern

CTpaD;IIII OCKOJIKOB ,D;eJieHIIH. 
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PH c. 3. 06ny'leHHble o6pa3U,bl ABYOKHCH ypaHa (Ao 90% U235): 
a-1016 8e.tteuuiijc.M3, IIJIOTHOCTb AHCJIOKaiJ;HH 1010 CM-2; 6-1017 8e.aeuuii/c.M3, IIJIOTHOCTh ):\HCJIOKaiJ;HH 1011 C.M-2; 
e-1018 ae.aeuuiifcMa, IIJIOTHOCTh AHCJIOKau;nn- 1012 cM-2, A--KpynaaJI rropa aa rpannu;e qeThlpex aepeH; 

z-1019 8e.aeuuiijc.M3, IIJIOTHOCTb AHCJIOKaiJ;HH > 1012 C.M-2 
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PHC. 4. Aayxcnoi\Hbllt ol5beKT w - uo2 (90% U235) 
nocne orlny'leHHR, 1018 iJe.1enuii,fcM3 

Ha pnc. 4 IIOKaaaH TaKoll: ,n;ByxcJIOHHhlH o6pa

aeu; IIOCJie 1018 iJeJ£enuu/cJ.£3• Bee IIOJie o6paau;a 

IIOKphlTO cJie,n;aMH ocKOJIKOB ,n;eJieHHJI. Bn,n;Ho, 'ITO 

perHCTpHpyiOTCJI He TOJibKO Te OCKOJIKH, KOTOphle 

paaJieTaiOTCJI 110)1; HeOOJibillHMH yrJiaMH K IIJIOCKO

CTH OO'beKTa, HO H Te, KOTOphle BhlJieTaiOT IIeprreH

)l;HKYJIJipHO IIJIOCKOCTH o6'beKTa. 

AJIJI Toro 'lTOOhl BbiJICHHTb, KaK BJIHJieT HHTeH

CHBHOCTb ,n;eJieHHJI Ha CTpyKTypy )l;BYOKHCH ypaHa 

rrpH o,n;HOM H TOM me BLiropaHHH, OhlJIH naroTOB

JieHhl H OOJiy'leHhl o6pa3IJ;hl )l;BYOKHCH H3 ecTeCTBeH

HOro ypaHa (0,7% U 235). Ha pnc. 5 IIOKaaaH 

TaKoll: o6paaeu; IIOCJI.e 9 ·1016 iJeJ£enuU/cJ.£3. Tomu;n

Ha o6paau;a ,..,.,600 A. Ma pncyHKa CJie,n;yeT, 'ITO 

IIJIOTHOCTb )l;HCJIOKaiJ;HH B OOpaau;e IIpHMepHO TaKaJI 

me, KaK y o6paau;a ,n;ByoKHCH ypaHa (90% U 235) 

Ha pHC. 3, 6 H paBHa ,...., 1_011 CM - 2• <l>opMa H paa

Me phi )l;HCJIOKaiJ;HOHHhlX IIeTeJib aHaJIOrH'lHhl. 

AJIJI Toro 'lTOOhl BhlJICHHTb 11pnpo.n;y ,n;HCJIOKa

u;noHHhlX IIeTeJib, 6LIJIO ocy~ecTBJieHo IIpnu;eJibHOe 

aJieKTpOHHOMHKpOCKOIIH'leCKOe HCCJie)l;OBaHHe 0)1;

HOrO H TOrO me yqaCTKa o6paau;a )l;BYOKHCH ypaHa 

.n;o H IIOCJie o6Jiy'leHHJI. C aToll: u;eJibiO OhlJIH naro

TOBJielihl o6pa3IJ;hl )l;ByOKHCH H3 ypaHa, OOe)l;HeHHO

ro no H30TOIIY U 235 m> 0,11% ,n;JIJI Toro, 'lTOOhl 

IIOJIY'lHTb IIOHHmeHHYIO IIJIOTHOCTb ,n;elfleKTOB. 06-
pa3IJ;hl OhlJIH clfloTorpalflnpoBaHhl B aJieKTpOHHOM 

MHKpOCKOIIe H OOJiy'leHhl B peaK TOpe )1;0 1,4 X 
x 1016 iJeJ£enuii/cM3. 3aTeM Te me y'laCTKH ABYOKHCII 

ypaHa OhlJIH HCCJie,n;oBaHhl B aJieKTpOHHOM MIIKpo

CKOIIe IIOCJie o6Jiy'leHIIJI. Ha pnc. 6 nao6pameH 

O)l;HH H TOT me y'laCTOK OOpaau;a )l;BYOKHCII ypaHa 

(0,11% U 235) A!> H IIOCJie o6Jiy'leHHJI. Tomu;nHa 

o6paau;a ,...., 700 A. TaK me KaK Ha pnc. 3, a, cJie)l;bi 

ocKoJIKOB )l;eJiemm He perncTpnpyroTcJI. Bn)l;HO, 

'ITO Ha Ha'laJibHOH CTa)l;HH OOJiy'leHHJI )l;HCJIOKa

IJ;IIOHHhle rreTJIH Ha'lHHaiOT o6paaoBLIBaTbCJI BHY

TPH aepeH BOKpyr BCeBoaMomHLIX <mpeiiJITCTBHii>> 

(y'laCTKH A H A', B H B' HAP· OKOJio )l;elfJeKTOB 

yrraKOBKH Ha pHC. 6). 

PHc. 6. Orlny'leHHblll orlpaae4 ,D,BYOKHCH ypaHa 
(0,7% U23•), 9 . 1016 i1e.tenuu/cM3, nnoTHOCTb 

,D,HCnOKQ4HI\ - 1011 CM- 2 

PHC. 6. 0,D,HH H TOT me y'laCTOK oripa34a ABYOKHCH 
ypaHa (0,11% U235): 

a - nepe.n; o6JiyqeHHeM; 6 - nocJie o6JiyqeHHH, 
1,4 . 1016 iJeunuu/c.M3; A-A', B-B' - o6paaouaHne 

)l;HCJIOKa~HH OKOJIO ,n;ecpeKTOB ynaKOBKH 
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PHc. 7. 06ny'ieHHbiH o6paaeu, ,D,BYOKHCH ypaHa (90% U235), yKaaaHHbiH Ha pHc. 3, e; 
a - llOCJie OTiKHra IIpH 900° C B Teqeune 10 ~tun; 6 - IIOCJie OTil\Hra IIpH 1000° C B TeqeHIIe 10 ~tun; 6 - !IOCJie OT

iKHra rrpn 1100° C B Teqeune 10 ~tun; e - rrocJie oTmnra npn 1500° C B Teqeune 10 MUH 
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Mayqeaa Kaaenma OTiimra o6Jiyqeaaoro o6paa
~a ,n;ayoKHCH ypaaa (90% U 235) (eM. puc. 3, e) 
B 3aBHCHMOCTH OT TeMnepaTypbi. floCJie H30Xpo
HaJibHhlX OTmHrOB B BaKyyMe B HHTepBaJie TeMne
paTyp oT 400 ,n;o 800° C qepea Kam,rt;hle 100° c Bhl
,n;epmKoii no 10 MUH cTpyKTypa o6paa~a ocTaaa
Jiaci> npaKTH'leCKH 6ea H3Meaeaaii. Ha puc. 7, a 
noKaaaa aToT o6paae~ nocJie oTmara a aaKyyMe 
a Teqeaae 10 MUH npa TeMnepaType 900° C. Ba,n;
ao HeKOTOpOe yMeHbllieHHe nJIOTHOCTH ,!l;HCJIOKa
~HH. Bo seeM o6'beMe o6paa~a paaaoMepao BhlHB
JIHeTCH 60JibiTIOe KOJIH'leCTBO O'leHb MeJIKHX <<CBeT
JihlX ,n;eljleKTOB>> paaMepoM ~ 10 A. RoaTpacT 
<<CBeTJihlX ,rt;eljleKTOB>> He 3aBHCHT OT KpHCT8JIJIO
rpaljlH1JeCKOH opaeaTa~HII aepea. Ha puc. 7, 6 
aao6pamea TOT me o6paae~ nocJie ,n;onoJIHIITeJII>-

He H3MeHHIOTCH II COXpaHHIOTCH no BCeMy 06'beMy 
o6paa~a. Roa~eaTpa~aH <<caeTJII>IX ,n;eljleKTOB>> 
oqeab BhlCOKaH H COCTaBJIHeT 1018 CM- 3 • flpa 
ae6oJII>rnoii nepeljloKycapoaKe o6'beKTHBa aJieKTpoa
aoro MHKpOCKona KOHTpaCT (<CBeTJibiX ,rt;eljleKTOB» 
MeaHeTCH aa o6paTHhlii: caeTJihle ToqKa aa cepoM 
ljloae cTaHOBHTCH 6oJiee TeMHhlMH, 'leM ljloa. Ma 
MexaaaaMa ljlopMapoaaaHH IIao6pameHIIH a aJieK
TpoaaoM MHKpOCKOne BhlTeKaeT, qTo 3TH <<CBeTJihle 
,rt;eljleKTbD> HBJIHIOTCH nycTOTaMII, a He BKJIIoqeHHH
MH. Ha puc. 7, z noKaaaa TOT me o6paae~, qTo 
II Ha pHC. 7, 6, HO noCJie ,rt;OnOJIHHTeJibHhlX OTmHrOB 
npii TeMnepaTypax 1200; 1300; 1400 a 1500° C 
no 10 MUll. Ma pacyaKa CJie,rt;yeT, qTo <<caeTJihle 
,n;eljleKThl>> MHrpapyroT a o6paaY;,IOT 6oJiee Kpyn
HI>Ie ,n;eljleKThl paaMepoM ,n;o 100 A. O,n;aoapeMeaao 

Ta!5mn~a 2. HeKOTOPble !flH3H'IeCKHe caoi:icTaa HanbllleHHbiX 
ypaHOB~X o6pa340B 

HaanaHIIe o6pas11a 
nJIOTHOCTb, 

zjc.M3 

HanMJieHHhlil: ypaHO- 14,8 
0 BhlH CJIOH llOCJie H3-= Q:> rOTOBJieHHH Po 
Q:> 

HanMJieHHhlii: 10,8 ::. ypaHO-

"' BhlH CJIOH llOCJie ::::: 
OKHCJieHHH H OTii\Hra 

~ 
;.:; MeTaJIJIH'leCKHii: ypan 19,04 = = l>' 
0 
~ 

)J;ayOKHCh ypaHa 10,96 ~ 
Po 
t:l 
0 

"' ::::: 

aoro oTmara B aaKyyMe B Teqeaae 10 MUll npa 
TeMnepaType 1000° C. Ma pacyaKa cJie,n;yeT, 'ITO 
a peayJII>TaTe oTmara aa <<MeJIKHX>> neTeJII> o6pa
ayiOTCH <<60JibiTIHe>> neTJIH, Kam,rt;aH H3 KOTOphlX 
COCTOHT H3 naphl KpaeBhlX ,!l;HCJIOKa~HH npOTHBO
nOJIOmHhlX aaaKoB. Roa~eaTpa~aH ,n;acJioKa~a
oaaDix .neTeJII> aaMeTao yMeHI>rnaeTcH. Ha puc. 2, z 
noKaaaaa aJieKTpoaorpaMMa aToro o6paa~a. Ba,n;
ao, 'ITO ,rt;HijlpaK~HOHHhltl MaKCHMYMhl nOCJie OTmH
ra cymaroTcH, ,n;aljlljlyaahlii ljloa yMeai>rnaeTcH, 
a OTHOCHTeJibHhle HHTeHCHBHOCTH ,rt;HijlpaK~HOHHhlX 
MaKCHMYMOB aaqaaaiOT B03Bpa~aTbCH K HCXO,!l;
HhlM. Ha puc. 7, e aao6pamea TOT me o6paae~, 
qTO Ha pHC. 7, 6, nOCJie ,rt;OnOJIHHTeJibHOrO OTmara 
npa 1100° C B Teqeaae 10 MUll. Ha pacyaKe 
aa,n;ao, qTo npa ,n;aaaoii TeMnepaType npaKTaqecKa 
ace ,!l;HCJIOKa~HOHHhle neTJIH BHYTPH aepea OTmH
raiOTCH H BOCCTaHaBJIHBaeTCH npemHHH noJIH
a,rt;pHqecKaH CTPYKTypa, KOTopaH 6DIJia nepe,n; o6Jiy
qeaaeM. llo rpaaa~aM aepea nophl <<aaJie'laaaroT
CH>> a, KpoMe Toro, o6paayroTCH SKOnJieHHH B aa,n;e 
TeMHhlX nHTea paaMepoM ,...,50 A. TiocJie .()Tmaroa 
,n;acJioKa~aii <<cBeTJihle ,n;eljleKThl>> paaMepoM -10 A 

Y,lleJibHDe 
8JieRTPDCOnpo- <l>aaoBbifi 

Bnennmfi BHi( THBJieHHe, COCTaB 
OM.· C.M. 

-90.10-6 EeJioro ~BeTa, aep-
KaJihHbiH 

>100 uo2 II poapa'IHhlii: c 
il\eJITOBaTbiM OT-
TeHKOM 

32,2·10-6 u EeJioro ~BeTa c 
il\eJITOBaTbiM OT-
TeHKOM 

OT 10 AO 2,5 ·107 uo2 KopH'IHeBor<:r~aeTa 

MHrpapyroT cKonJieHHH no rpaaa~aM aepea H o6pa
ayroT ,rt;eljleKThl yna!\OBI<H B BH,rt;e ITieCTHyrOJibHHKOB 
paaMepoM ,n;o 300 A. 8JieKTpoaorpaMMa aT oro o6-
paa~a (eM. pHC. 2, 0) COOTBeTCTByeT aJieKTpOHO
rpaMMe (eM. puc. 2, a) aeo6Jiyqeaaoro o6paa~a. 

CJie,n;yeT oTMeTHTI>, qTo HHTeacaaaaH co6Hpa
TeJII>HaH peKpHCTaJIJIH3a~HH B o6JiyqeHHhlX o6pa3-
~ax ,n;ayoKacH ypaaa aaqaaaeTcH JIHITII> npa TeMne
paType 1800° C, a To apeMH KaK ,rt;JIH aeo6Jiyqea
HhlX o6paa~oa aaaJiorHqaaH TeMnepaTypa paaaa 
1600° c. 

05CY}t{,&EHI-1E PE3YnbTATOB 
B Ta6JI. 2 npe,n;cTaaJieHhl peayJII>TaThl aaMepeaaJI 

nJIOTHOCTH, y,rt;eJII>HOrO SJieKTpOCOnpOTHBJieHHH, 
ljlaaoaoro cocTaaa a np. aanDIJieHHhlX H oTom
meaHhlX ypaaoahlx o6paa~oB. ConocTaBJIHH H3Me
peaahle a Ta6Jiaqahle ,n;aaaDie, Momao c,n;eJiaTI> Bhl
ao,n;, 'ITO npa KaTo,rt;HOM pacnDIJieaau ypaaa o6pa
ayeTcH MeJIKO,!l;HCnepCHhlH CJIOH MeTaJIJiaqecKoro 
ypaaa, KOTOphlH aarpH3HeH OCTaTO'lHhlMH raaaMH. 
llpu Me,rt;JieHHOM aarpeaaHHH ,n;aaaoro CJIOH a sa-
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KyyMe "-'5 ·10- 5 MM pm. em. npoHCXOAHT OKH
CJieHHe ypaua AO COCTaBa U02. 3aTeM ITO Mepe 
ITOBLIIDeHHH TeMnepaTypLI AO 1500° C npOHCXOAHT 
C06HpaTeJII>HaH peKpHCTaJIJIH3a~HH MeJIKOAHCITepc
HOH ABYOKHCH ypaua, paaM~p aepeu aoapacTaeT 
B 50 paa c "'50 AO ,....,2500 A (0,25 Mx:). 0TAeJIJ>
HLie aepua AOCTHraroT paaMepa ""1 MX:. AAcop6H
poaaHHhle raaLI BLIAeJIHIOTCH Ha o6paa~a, a Aeif>eK
TLI KpHcTaJIJIH'IecKoii: pemeTKH oTmHraiOTCH. B pe
ayJI~>TaTe rroJiyqaeTcH xopomo oTommeuu~ii: nJie
HO'IHLiii: o6paae~ ABYOKHCH ypaua IIJIOTHOCTI>IO 
10,8 Z/CM3 C npaBHJII>HhlMH IIOJIH3ApH'IeCKHMH aep
HaMH C ITJIOTHOCTI>IO AHCJIOKa~HH ""109 CM- 2 • 

BoJII>man (c TO'IKH apeHHH aJie.KTpouuoii: MHKpo
CKOIIHH) TOJIITJ;HHa, paBHaH 700 A HJIH 74 MX:Z/CM2, 

He rrpeiiHTCTByeT llpOCBe'IHBaHHIO TaKOrO KpHCTaJI
.JIH'IeCKOrO o6paa~a B aJieKTpOHHOM MHKpOCKOIIe 
H IIOJiy'leHHIO BLICOKOfO paapemeHHH (BhlHBJieHHe 
OTA£;,JILHLIX aJieMeHTOB CTPYKTypLI paaMepoM AO 
10 A). 0'1eBHAHo,, 3TH IIJieHO'IHLie o6paa~LI ABYO
KHCH ypaHa HBJIHIOTCH BllOJIHe IIpHfOAHhlMH o6paa
~aMH AJIH HCCJieAoBaHHH Aeif>eKToa, o6paayrom;Hx
CH B MaTepHaJie IIpH o6Jiy'leHHH, TaK KaK paa!'t\epLI 
aTHX Aelf>eKTOB aHa'IHTeJILHO MeHJ>me 700 A H 
KOJie6JIIOTCH OT aTOMHLIX paaMepoB AO HeCKOJII>KHX 
COT aHrCTpeM. 

B Ta6JI. 3 npHBeAeHLI peayJIJ>TaThl o6Jiy'leHHH 
acex nJieHO'IHLIX o6paa~oa ABYOKHCH ypaHa. Ha 

Tat>11H4a 3. PeaynbTaTbl ot>nyYeHHR 

llaMepeao 

i tr. ., 
=:: "' =:: ::f>i<.> 

til :<: ':a---:<: " ==~ :<: :r ====" :>-:>- Haasaane oopaa~a ·~ ~f!~ " 'l 
§. " 

10 tt::r<: 0 "'"' -2: "" "'"'"' " §f tt ;!;IO'l 
:a :>!;~: o.>'l"' 
0 'l "';:s "'"'"" 
~ 0 

~"' 
IO:S:O.> ... 0 I'!~ 

1, 6 uo2 (90% U235) 700 0 ~3-1014 

3, a uo2 (90% u2as) 700 0,5 3,6-1015 
3, 6 uo2 (90% U235) 700 5 3,6-1016 
3, 6 uo2 (90% u2as) 700 50 ~3-1017 

3, e uo2 (90% U235) 700 500 >3-1017 
5 U02(0,7% U235) ~600 650 ::...3-1016 
6 U02(0,11% U23a) ~700 650 
4 w-uo2 (90% u2?16) ~50-6 50 

OCHOBaHHH 3THX peayJibTaTOB MOiKHO CAeJiaTb CJie
AYIOITJ;He BLIBOALI. IlpH <<MaJihlX>> Aoaax o6Jiy'le
HHH ABYOKHCH ypana (Ao ~1018 oe.aeHuu/c.M3) 

HMeeT MeCTO nporrop~HOHaJibHOCTb MeiKAY IIJIOTHO
CTbiO AHCJIOKa~HH, o6paayiOITJ;HXCH IIpH o6Jiy
'leHHH, H Aoaoii: o6JiyqenHH. 

llaBeCTH08, 'ITO B XOpOIDO OTOiKiKeHHLIX MeTaJI
JiaX ITJIOTHOCTI> AHCJIOKa~HH paBHa ~ 108 C.M- 2, 
a CHJII>HO Aelf>opMHpoBaHHhlX ,-....,1012 C.M - 2. lla 
Ta6JI. 3 BHAHO, 'ITO ITJIOTHOCTI> AHCJIOKa~HH B OTOiK-

B. M. ronHHOB, H.m. n~AB~~H 

meHHLIX o6paa~ax ABYOKHCH ypaHa pasHa 
~109 c.M- 2, a B o6Jiy'leHHhlX o6paa~ax 6oJII>me 
1012 C.M-2• 0TCIOAa MOiKHO CAeJiaTI> BLIBOA, 'ITO 
MHHHMaJIJ>HaH H MaKCHMaJIJ>HaH ITJIOTHOCTI> AHCJIO
Ka~HH, uaii:AeHHLie AJIH ABYOKHCH ypaHa, npHMep
Ho COOTBeTCTBYIOT MHHHMaJibHOH H MaKCHMaJib
HOH IIJIOTHOCTH AHCJioKa~Hft B MeTaJIJiax. 

B HCCJieAOBaHHhlX rrJieHO'IHhlX o6paa~ax ABY
OKHCH ypaHa (90% U 235) HMeeT MecTo cJieAyrom,ee 
COOTHOIDeHHe MeiKAY KOH~eHTpa~HeH AHCJIOKa~H
OHHLIX ITeTeJII> H KOH~eHTpa~HeH CJieAOB OCKOJIKOB 
AeJieHHH: 
HOJIH'leCTBO AHCJIOK311HOHHhlX rreTeJib B 1 cM3 uo2 ""'0 3 
1\0JIH'leCTBO CJie):\OB OCKOJIKOB ):\eJieHHJI B 1 c.M3 U02 - ' . 

0HO ITOKa3LIBaeT, 'ITO alf>lf>eKTHBHOCTI> .o6pa30BaHHH 
AHCJIOKa~HOHIILIX neTeJII> OCKOJIKaMH AeJieHHH 
B cpeAHeM aechMa He6oJibmaH. iho xopomo BHAHo 
Ha conocTaBJieHHH ABYX o6Jiy'leHHLIX o6paa~oB 
(eM. pHC. 3, a H 4). qepea 1 C.M2 ITOBepXHOCTH 
o6paa~a, npeAcTaBJieHHoro Ha pHc. 3, a, <mpomJio>> 
TaKoe me KOJIH'IeCTBO OCKOJIKOB AeJieHHH, 'ITO 
H qepea 1 c.M2 noaepXHOCTH o6paa~a, rrpeACTaBJieH
Horo Ha pHC. 4. 0AHaKO BHAHO, 'ITO KOJIH'IeCTBO 
o6paaoBaBIDHXCH AHCJIOKa~HOHHhlX ITeTeJII> B o6paa
~e Ha pHC. 3, a cpaBHHTeJII>Ho ue6oJihmoe (Ha 
pHC. 3, a HMeeTCH 2,5·1010 AHCJIOKa~HOHHhlX ne
TeJII> Ha 1 C.M 2 , a Ha pH C. 4 HMeeTCH 6 ·1 0 1° CJieAOB 
Ha 1 C.M2). 

nneHO'lH~x ot>paa40B ABYOKHCH ypaHa 

PaccqnTaao ... 
' ~ ... .,i ' ,>lSI>; .,., _., 

0 o"" 'l>; ~ ., .. o= 'l ~==~:>; ~ 
=~ I'! :I: 

0 "" m~ "" = >lSI>~!: ~'~;;;- 'l~ 1'! .. ;a:li>;S " o"' 0;$ :ii~ I ,; I'! 

"'"' 
="'" .,;~: .0- ., : § ;~:_ ,..., = ~{:; ..... ,. tu 0~ = "'"' OOu 

0 - """' "'" .. o<> 
0 ., __ 

"'"" ~Eo-~ 
:r"'> "" s.~ ='l:s ... ::: = - 0 ~~~ O::f '":<:o l"l .. <. 

""' 'l<U :<:oo. o:s: :a .;~ l"lo~ 
~:<: ::: ...... :<::t: .. ~0<.> 

~109 0 0 0 0 0 
1010 8-1014 1016 4-10-5 0,35 7 ·1010 
1011 8-1015 1017 4-10-4 3,5 7 ·1011 

~1012 8-1016 1018 4-10-3 35 7.1012 
>1012 8-1017 1019 4-10-2 350 7-1013 
~1011 1018 9-1016 3,6·10-4 400 5-1011 

1018 1,4-1016 5,6-10-5 400 10·11 
8-1016 1018 4-10-3 35 6-1010 

06Jiy'leHHhle o6paa~LI ABYOKHCH ypana (90% 
U235, 0,7% U 235) na pHc. 3, 6 H 5HMeiOT npHMepno 
OAHHaKOBOe BhlropaHJie, HO HHTeHCHBHOCTb AeJie
HHH B nepBoM o6paa~e aa C'leT BLICoKoro o6oram;e
HHH: HaoTonoM U 235 6LIJia B 120 paa Bhlme, 'leM ao 
BTOpOM. 0AHaKO Ha CTpyKType ABYOKHCH ypana 
(0,7% U 235) aTo He oTpaaHJIOCL: paaMep H nJioT
HOCTb AHCJIOKa~HH B o6JiyqeHHOH ABYOKHCH ypaHa 
(0,7% U 235) npHMepHo cooTBeTCTBYIOT paaMepy 
H ITJIOTHOCTH AHCJIOKa~HH B o6JiyqeHHOH ABYOKHCH 
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(90% U 230). ,l(JUI )l;BYOKHCH ypaHa (0,7% U 235) 

OTHOlliCHHC 

_l>:oJill'leCTBO AliCJIOK8~liOHHLJX neTeJih B 1 cM 3 uo2 ~ 0, 3 
KoJIH'leCTBO rJie)J.OB ocKOJIKOB )J.eJieunn B 1 cM3 C02 

COOTBCTCTBYCT aHaJIOfH'l.HOMY OTHOlliCHHIO B )l;By

OKHCH ypaHa (90% U 235). 0TCIO)l;a MOII\HO c)l;eJiaTh 

BhiBO)l;, 'ITO npH noTOKe TCDJIOBhiX HCHTpOHOB 

2,5 ·1013 neiimp/c.M2 • ce,;, 11 npH )l;UHHoii TeMnepa

Type ooJiy'IeHHH HHTeHCHBHOCTh )l;eJieHHH He Bhl3hi

BaeT pa3JIH'IHH B CTpyKType OOJiy'IeHHhiX oopaa

~OB. YcnoBHH Tennonpono)l;HOCTH B aKcnepHMeH

Te, o'IeBH)l;Ho, OhiJIH TaKHMH, 'ITO o6ecne'IHBaJIH 

Ha)l;emHhlii: TenJIOOTBO,ll; OT DJieHO'IHhiX o6pa3~0B 
,n;nyoKHCH ypaHa (90% U 235) 11 no npeMH o6ny'IeHHH 

TeMnepaTypa, DO-BH)l;HMOMy, He npeBhllliUJIU 800° C 

(TeMnepaTypa HU'IUJIU OT/l>Hfa )l;HCJIOKU~HOHHhiX 
neTeJih). ,l(pyrHMH CJIOBUMH, nJieHO'IHhle o6pa3Qhl 

)l;ByoKHCH ypaHa (0, 7% U 235) MO/HHO o6ny'IaTh B no

TOKe TeDJIOBhiX HeHTpOHOB 2,5 ·1 0 15 neiimp/c.M 2 ·eel> 
11 xapaKTep CTPYKTYPhl nocJie o6ny'IeHHH 6y)l;eT 

TUI\OH me, KUK DOC.Tie o6Jiy'IeHHH ::JTHX o6paa

~OB B DOTOKe 2,5·1013 neiimp/c.M2 ·ce,;,. 
MccJie)l;onaHHe KHHeTHKH onKHra o6Jiy'IeHHhtX 

o6paa~on )l;ByoKHCH ypaHa (90% U 235) noKaaaJio, 

'ITO OT/nllf )l;e«<JeKTOB DpOHCXO)l;HT B )l;Be CTa)l;llll: 

BHa'!aJie npH TeMnepaType 800-1100° C nepe

noJiaaroT H DOJIHOCTbiO OTmHfUIOTCH )l;HCJIOKU~HOH

Hhle neTJIH, a aaTeM npH TeMnepaType 1200-

17000 C MHrpHpyroT <<cneTJihle )l;e«<JeKThl>>. ManecT

Ho, HUDpHMep, 'ITO B roMeOnOJIHpHhiX KpHCTUJIJIUX 

HUHUOJiee HH3KYIO ::meprHIO UI\THBU~HH MHrpa~HH 
HMeiOT BHe)l;peHHhle UTOMhl (- 3/ 4 36). 0)l;HHO'IHhle 

BUKUHCHH HMeiOT OOJlblliYIO aHeprHIO UKTHBU~l111 
MHrpa~HH (,..,..,1 ao). E~e 6onee BhiCoKyro ::mepr1110 

UKTHBU~HH MHrpa~HH HMeiOT )I;BOHHhle BUKUHCllll 

(- 1 3/ 4 a6)8. Cne)l;oBaTeJibHO, Ha ocHoBaHHH peayJih

TaTon OTmHra MOmHO npe)l;DOJIOiKHTh, 'ITO )l;HCJIOKa

~HOHHhle neTJIH HBJIHIOTCH CKODJieHHHMH BHe)l;peH

HhiX UTOMOB, a «CBeTJihle )l;e«<JeKThl» -· CKOnJieHHH

MH naKaHcHii. BaKaHCHOHHaH npHpo)l;a <<CBeTJihiX 

)l;e«<JeKTOB>) DO)l;TBepm)l;aeTCH TUKine HUJill'l.HeM a«<J

«<JeKTU H3MeHeHHH KOHTpUCTU DpH nepe«<JoKyCHpOB

Ke H306pameHHH, 0 'leM 6biJIO CKU3UHO Bhlllle. 

B 6onee paHHeii pa6oTe 6 6hiJIO noKaaaHo, 'ITO 

OCKOJIKH )l;eJieHHH Bhl3hiBUIOT 3HU'l.HTeJibHhle nonpe

ih)l;eHHH B UMOp«<JHhiX DJICHO'l.HhiX ypaHOBhiX o6paa

I\UX. B TaKHX o6paal\aX B)l;OJib nyTH ocKoJIKa )l;ene

HHH o6pa~yiOTCH nyCTQTeJihle 1\UHUJihl )l;HaMeTjlOIII 

40-140 A, no KpaHM HoTophiX pacnonaraiOTCH 

<<CMe~eHHhle aTOMhl>>. B KpHCTaJIJIH'IecKoii )l;ny

OKHCH ypaHa KapTHHU )l;OJiii\HU OTJIH'lUTbCH OT 

BhlllieODHCUHHOH: Bhi6HThle UTOMhl C DOMOII\hiO «<Jo

KYCHpOBUHHhiX coy,n;apeHHii MoryT «nepeMell\aTb

cH» HU 3HU'l.HTeJihHhle paCCTOHHHH OT TpaeKTOpHll 

OCKOJII\U ,ll;CJICHHH. 8TH aTOMhl 6y)l;yT 3U)l;Cpil>HBUTh

CH H KOH)l;eHCHpOBUTbCH OKOJIO pa3JIH'l.HhiX «npe

nHTCTBHH» BHYTPH aepHa H no rpaHHI\e aepHa. 

TaK MoryT o6paaonhiBaThCH ,n;HcJioKai\HOHHhle neT

JIM. Ha pHc. 6, 6 xopomo BH)l;Ha Ha'laJibHUH CTU,ll;HH 

o6pa30BUHHH )l;HCJIOKUI\HOHHhiX DeTCJlh DO rpaHH-

1\UM )l;e«<JeKTOB ynaKoBKH BHYTPH aepeH. llycToTe

Jihle RUHUJlhl B RpHCTUJIJIH'IeCKOH ,D;ByOKHCH ypaHa 

B)l;OJih nyTH OCHOJIHOB )l;CJJCllltH 1\WryT «3aJie•IIIBUTh

CH>) 11 HU UX MCCTC MOI'YT OUjlU:JOllhlDUThCH IIUKUH

CllH, )J;HBaKaHCHU 11 noo6~e KOMUJieKChl BaKaucuii. 

MomHo npe)J;IIOJtomHTh, '!.To <<CBCTJihle Ae«<JeHThl» 

paaMepoM .-.- 10 A, KOTophle panHoMcpuo pacn pe

JieHhl no nceMy o6'heMy ooJiy•IeuHoro o6paaQa 

(eM. puc. 7, a, 7, 6, 7, 6) 11 1\UTU}JhiC llMelOT IIUKUH

CUOHHYIO np11po)J;y, oopaayiOTCH II peay JlhTUTC 1111'HO

BCHHOii CHTyaQI111 li)J;OJih IIYT11 UCRUJIKa )-'CJiellltH. 

Hau6oJiee nepoHTHhiMU MccTaMu aapon>;~euun 
raaOBhiX nop B ABYOKUCU ypaua, U'IeB}l)J;HU, 

HBJI.fliOTCJI <<cBeTJihle Ae«<JeKThl», rpamtQhl aepeH 

ll OCOUCHHO CThiKH HeCKOJihKUX aepeH llO rpaHU

QUM. Bo ncex HCCJie)J;oBaHHhiX ooJIY'ICHHhiX o6paa

~ax ABYORHcu ypaHa nophl OhiJJU o6uapymeHhi 

TOJII>Ko no rpauuu.aM aepeu. Hanpu:Mep, aTo Mom

HO BH)J;eTh ua puc. 3, 6, n~e no rpaHMQaM aepeH 

IIMeeTCH MHomeCTBO MCJIKIIX nop, a Ha CTh!Ke 

'leThlpex aepeH" o6paaonanach KpynHaH nopa paa

MepoM .-.-400 A. 0TCIO)J;a CJie)l;yeT, 'ITO rpaHUQhl 

aepeH JIBJIJIIOTCJI HUllOOJiee CJiaOhiMII y'laCTKUMlf 

B MaTepuaJie. flo3TOMY HapymeHUe CnJIOIIIHOCTif 

11 paapylllemte o6ny'leHHhiX o6paau.on ABYOKncu 

ypaHa nponeXO)J;IIT no rpaHHQUM aepeH. 

PacmHpemw AH«<JpaKQHOHHhiX MaKeHMYMOB Ha 

aJICKTpOHOrpaMMaX (eM. pHe. 2, 6 II 2, t1), KOTopoe 

YBCJIH'l.HBae'feJI no Mepe B03paCTaHHJI )1;03hl OOJiy

'l.CHIIJI, MOmeT YKU3hiBaTh Ha o6pa30BUHHe B MUTC

pHaJie HanpHmCHHii 11 Ha )l;po6neHHe 6noKOB Mo

aaHKH. fla paJIJieJihHOe ::JJieKTpOHHOMHKpOeKOnH'IC

eKOeH::JJieKTpOHOrpa«<JH'l.eCKOeueeJie)l;OBaHHeO)l;HllX 

H TCX me o6pa3QOB )l;aeT O)l;H03Ha'l.Hhlll OTBeT HU 

::!TOT nonpoe. ,l(po6neHHJI aepeH 11 cy6aepeH noene 

OTmHra He Ha6JIIO)l;aeTeJI, cne)l;oBaTeJibHO, npu 

06Jiy'leHHl1 )J;BYOKHeU ypaHa B MaTepHaJie B03Hl1-

KaiOT TOJihKO HanpHmeHHJI. Ha MHKpo«<JOTorpa

«<JHHX, noJiy'l.eHHhiX C nOMO~biO ::JJieKTpOHHOI'U 

M11KpOeKona (eM. pHC. 3, 6, 5 l1 )l;p.), XOpOlliO BH)l;

Hhl MHKpOOOJiaeTU, B KOTOphiX MaTepHaJI HaXO)J;IIT

en B HanpHmeHHOM eoeTOJIHHH. ::ho - o6naCTH no

Kpyr )J;HeJIOKUQliOHHhiX neTeJib, o6pa30BUHHhiX 

eKOnJICHHJIMH BHe)l;pCHHhiX aTOMOB. BoaHHKHOBe

HIIe l1 pOeT HanpHiKCHIIH B ,!I;BYOKHeU ypaHa npu 

o6Jiy'leHHH Ka'l.eCTBCHHO no,!I;TBepm)l;aeTcJI TeM «~JaR
TOM, 'ITO Bee o6pa3Qhl )l;BYOKUeU ypaua (90% 

U 
23 5) nOCJie 1019 iJe.JteJIUU/ C.M3 paapylliHJIHCh. fl pu 

OTmHre OOJiy'l.eHHhiX o6pa3QOB )l;BYOKHeH ypaHa 

B llHTCpBaJie TeMnepaTyp 800-1100° C BHC~pCH
Hhle aTOMhl MHrpupyiOT, HanpHiKeHJIJl CHUMaiOTCH 

II )l;H«<JpaKQHOHHhiC MaKeiiMYMhl eymaiOTeJI (eM. 

pHe. 2, z). Cne)l;yeT OTMeTHTb, 'ITO npu cpaBHU

TeJII>HO MaJihiX Bhll'OpUHHJIX (0,04 aT.% ypaHa) 

B ABYOKHeH ypaua (90% U 235) TPY)l;HO aaMeTHTb lla

MeHeHHe nepiio)l;a pemeTKH U0.2, KoTopoe ooHapy

meHo npH BhleOKHX Bhll'OpaHHJIX (33 aT.% ypaHa) 1• 

BbiBO,Abl 

1. Y CTaHOBJieHo, 'ITO npH ooJryqeunH B )l;nyoKnen 

ypaHa o6paayiOTeJI )l;e«<JElKThl )l;BYX THnOB: liiiCJiq

KUQHOHHhle neTJIH )l;HaMeTpoM OT 20 flO 300 A 
11 «cneTJihle )l;e«<JeKThl>> paaMepoM .-.-10 A. 
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2. fl pHIJ.eJibHOe <JJieKTpOHHOMHK pOCKOITH'leCKOe 

HCCJiep;oBaHHe H OTiJ\Hr p;e«J>eKTOB ITOKa3aJIH 1 'ITO 

,IJ;HCJIOKaiJ.MOHHhlC ITeTJI·M OUpaayiDTCH 3a C'ICT KOH

,IJ;eHCaiJ.HH BHep;peHHbiX aTOMOB OKOJIO pa3JIH'lHblX 

<<npenHTCTBnih> B aepnax p;syoKucu ypaHa. MecTo

noJiomeHHe ,IJ;HCJIOKaiJ.HOHHhlX neTCJib He CBH3aHO 

C MeCTOITOJIOiKeHHeM CJIC,Il;OB OCKOJIKOB p;eJieHHH. 

<<CBeTJibie p;e«J>eKThl>> HMeiDT BaKaHCHOHHYID Ilpii

pop;y, H IIX MCCTOIIOJIOiKeHIIe, O'leBH,Il;HO, CBH3aHO 

C paCIIOJIOiKeHHCM CJie,IJ;OB OCKOJIKOB p;eJieHHH. 

3. Haii,a;eHo, 'ITO p;o BhlropaHnii, cooTBeTCTBYID

IIJ.UX ,_, 1018 8CJleflUii/ C.M3, KOJIU'leCTBO ,Il;UCJIOKa

IJ.UOHHhlX neTCJib, o6pa3YIDIIJ.UXCH B ,IJ;BYOKliClf ypa

Ha npH o6Jiy'leHUlf 1 IIpOIIOpiJ.UOHaJibHO ,Il;03e OUJiy

'leHHH. 

4. MaMepeHa nJIOTHOCTb ,a;ucJioKan.nii B oTom

meHHhlX o6pa3IJ.aX ,IJ;BYOKUCH ypaHa, OHa paBHa 

,_,109 c.M - 2• B o6paau.ax p;syoKnCII ypaHa nocJie 

1019 8e.!£eHUU/C.M3 IIJIOTHOCTb ,Il;UCJIOKaiJ.UH npeBhl

IIlaeT 1012 CM 2 • 

5. Haiip;eHo, 'ITO a«J>«J>eKTUBHOCTb o6paaoBaHIIH 

,IJ;UCJIOKaiJ.IIOHHhlX neTeJib B ,IJ;aHHhlX o6Jiy'leHHhlX 

o6pa3IJ.aX p;ByOKIICII ypaHa CpaBHIITeJibHO He6oJib

IIlaH: B cpep;HeM Ha O,Il;IIH CJiep; OCKOJIKa ,IJ;eJieHHH 

IIpiiXO,IJ;IITCH ,_,0,3 ,IJ;HCJIOKaiJ.IIOHHhlX neTeJib. 

6. flpii IIOTOKe TeiTJIOBhlX HeHTpOHOB 2,5 X 
x1013 Heump/C.M2

• CeK II TeMnepaType KaHaJia pe

aKTOpa 40° C IIHTeHCIIBHOCTb p;eJieHIIH B ,IJ;BYOKIICII 

ypaHa He BJIIIHeT Ha KOHelJHYIO ee CTpyKTypy: npii 

O,IJ;HOM II TOM iKe BhlrOpaHIIII B · ,IJ;BYOKUCII eCTe

CTBCHHOro ypaHa II B p;syoKIICII ypaHa (90% U 235) 

KOJIII'leCTBO, «J>opMa ll pa3Mephl ,Il;IICJIOKaU.UOHHhlX 

neTeJib O,IJ;IIHaKOBble. 

7. Haiip;eHo, 'ITO OTiKIIr ,a;e«J>eKTOB o6JiylJeHnH 

B ,IJ;BYOKIICU ypaHa npOIICXO,IJ;IIT B ,IJ;Be CTa,IJ;HH: 

B. M. rOllHHOB, H. CO. nPAB,lJ,IOK 

B ooJiaCTH TeMnepaTyp 800-1100° C OTiKIIraiDTCH 

IIeTJieBhle ,Il;IICJIOKaiJ.IIII, a B 06JiaCTH TeMTiepaTyp 

1200-1700° C MUrpi1pyiDT (<CBeTJihle p;e«J>eKThl>). 

8. 8JieKTpOHOrpa«J>II'leCKOe UCCJie,IJ;OBaHIIe ITOKa-

3aJIO, 'ITO IIpH o6Jiy'leHHII B ,IJ;BYOKUCll ypaHa 

o6pa3yiDTCH HanpHiKeHIIH, KOTOpbie yBeJIIIlJHBaiDT

CH op;HospeMeHHO c yseJin'leHIIeM ,a;oahl ooJiyqe

HI:IH. 8TII HanpHiKeHIIH B03HIIKaiDT BOKpyr ,IJ;H

CJIOKaiJ.HOHHhlX neTeJib ll IIOCTeiieHHO OTiimra

IOTCH napaJIJI8JibHO C OTiKifrOM neTJieBhlX ,IJ;IfCJIO

KaiJ.Ifif:. 
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ABSTRACT -RESUME-AHHOTAU.V1JI-RESUMEN 

A/338 USSR 

Behaviour of nuclear fuel under irradiation
study of thin layers of irradiated uranium 
dioxide 

By V. M. Golyanov and N. F. Pravdyuk 

The paper presents results of the study of irradiated 
uranium dioxide under the electron microscope. 
Polycrystalline film specimens of uranium dioxide 
700 A thick were examined by transmitted ray with 
resolutions of up to 5 A. The same-area, sighting and 
electron-diffraction methods were used simulta
neously. Specimens containing different percentages 
of 235U (0.11 %, 0. 7% and 90%) were irradiated in a 
reactor thermal neutron flux of 2.5 x 1013 n/cm2 s, 
at from 1016 to 1019 fissions per cubic centimetre 
(f/cm3), i.e., to breakdown of the specimen. 

It was found that two types of defect are caused in 
uranium dioxide by irradiation: dislocation loops, 
20-300 A in diameter; and "light" defects, about 
10 A in size. It was also discovered that the dislocation 
loops are formed by the condensation of interstitial 

atoms around various "obstacles" and are unrelated 
to fission fragment tracks, whereas "light" defects 
are agglomerations of vacancies, and clearly depend 
on the site of fission fragment tracks. With irradiations 
of up to about 1018 f/cm3, the dislocation concentration 
is proportional to the dose. Dislocation density in 
annealed uranium dioxide specimens was found to be 
about 109 cm-2• After irradiation to 1019 fjcm3, it 
rises to more than 1012 cm-2• The efficiency of dis
location loop formation in the specimens examined 
was found to be 0.3 loop per fission fragment track. 
In the irradiated uranium dioxide, pores were seen 
to have formed along the grain boundaries. 

It was established that the annealing of irradiation 
defects takes place in two stages: dislocation loops 
anneal in the range 800-1 100 °C, and "light" defects 
(vacancy migrations) in the I 200-1 700 °C range. 

Electron-diffraction studies showed that irradiation 
creates stresses in the uranium dioxide. These stresses 
increase as the radiation dose rises, and may finally 
lead to damage to the specimen. They develop around 
dislocation loops, and gradually disappear in the 
800-1 100 °C range as the dislocations are annealed. 
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A/338 URSS 

Comportement du combustible nucleaire sous 
irradiation (etude de couches minces de 
dioxyde d'uranium irradie) 
par V. M. Golyanov et N. F. Pravdyuk 

Le memoire expose les resultats d'une etude au 
microscope electronique d'echantillons de dioxyde 
d'uranium irradie. Des echantillohs polycristallins de 
films de dioxyde d'uranium d'une epaisseur de 100 A 
ont ete examines par transmission avec une resolution 
jusqu'a 5 A. On a utilise en meme temps Ia methode 
de visee et Ia methode de diffraction electronique. 
Des echantillons a differentes teneurs en isotopes 
235U (0,11, 0, 7 et 90%) ont ete irradies en pile dans un 
flux de neutrons thermiques de 2,5 x 1013 nfcm2 s 
de 1016 a 1019 fissionsfcm3 (destruction des echan
tillons). 

II a ete etabli que l'irradiation cause dans le dioxyde 
d'uranium des defauts de deux sortes: des boucles de 
dislocation d'un diametre de 20 a 300 A et des defauts 
« clairs » de 10 A environ. On a determine que les 
boucles de dislocation sont des amas d'atomes intersti
tiels qui se forment autour de divers « obstacles» et 
ne sont pas lies aux trajets des fragments de fission 
alors que les defauts « clairs » sont des groupes de 
lacunes et leur position depend nettement des trajets 
des fragments de fission. Pour des irradiations jusqu'a 
1018 fissions/cm3 environ, Ia concentration des boucles 
de dislocation est proportionnelle a Ia dose d'irra
diation. La densite des dislocations dans les echan
tillons de dioxyde d'uranium recuit etait de 109 cm-2 

environ, et apres irradiation jusqu'a 1019 fissions/cm3 

elle etait superieure a 1012 cm-2• On a trouve que le 
taux de formation des boucles de dislocation dans les 
echantillons de dioxyde d'uranium examines est en 
moyenne de 0,3 boucle de dislocation environ par 
trajet de fragment de fission. On a remarque une 
germination de pores aux joints de grains dans le 
dioxyde d'uranium irradie. 

~ 
Il a ete etabli que le recuit des defauts dus a !'irra-

diation se fait en deux etapes: entre 800 et 1 100 °C 
il y a guerison des dislocations en boucle, et entre 
1 200 et 1 700 oc guerison des defautS" « clairs » 
(migration des lacunes). 

L'etude par diffraction d'electrons a montre que 
!'irradiation provoque dans le bioxyde d'uranium des 
contraintes qui augmentent avec la dose d'irradiation 
et peuvent provoquer la degradation des echantillons. 
Ces contraintes apparaissent autour des boucles de 
dislocation et disparaissent a des temperatures de 800 
a 1 100 °C avec le recuit des dislocations. 

A/338 URSS 

Comportamiento del combustible nuclear 
sometido a irradiaci6n (estudio de capas 
delgadas de di6xido de uranio irradiado) 
por V. M. Golyanov y N. F. Pravdyuk 

La memoria presenta los resultados obtenidos en 
el estudio del di6xido de uranio irradiado utilizando 
el microscopio electr6nico. Se examinaron muestras 
de peliculas policristalinas de di6xido de uranio 
de 700 A de espesor mediante rayos transmitidos 
con resoluciones de hasta 5 A. Se utilizaron simul
taneamente los metodos del area equivalente, de 
enfoque y de difracci6n electr6nica. Se irradiaron 
probetas que contenian diferentes porcentajes de 
235U (0,11, 0,7 y 90%) con un ftujo de neutrones 
termicos de 2,5 x 1013 nfcm2 s, e irradiaciones 
comprendidas entre 1016 y 1019 fisiones por centimetro 
cubico (f/cm3), es decir, hasta Ia rotura de Ia probeta. 

Se observ6 que se producian dos tipos de defectos 
en el di6xido de uranio causados por Ia irradiaci6n": 
bucles de dislocaci6n, de 20-300 A de diametro; 
y defectos « claros » de unos 10 A. Se descubri6 
que los bucles de dislocaci6n se forman por Ia con
densaci6n de los atomos intersticiales alrededor 
de varios « obstaculos » y que no guardan relaci6n 
con las trazas de los fragmentos de fisi6n, mientras 
que los defectos « claros » son aglomeraciones de 
vacancias y dependen indiscutiblemente de Ia localiza
ci6n de las trazas de fragmentos de fisi6n. Con irradia
ciones de unas 1018 f/cm3, la concentraci6n de disloca
ciones es proporcional a Ia dosis. Se encontr6 que 
Ia densidad de dislocaci6n en probetas de di6xido de 
uranio recocido era de 109 cm-2• Despues de Ia 
irradiaci6n de 1019 f/cm3 aumenta hasta mas de 
1012 cm-2• Se vi6 que Ia eficiencia de Ia formaci6n de 
bucles de dislocaci6n en las probetas examinadas 
era de 0,3 bucles por traza de fragmento de fisi6n. 
En el di6xido de uranio irradiado se observ6 que se 
formaban poros a lo largo de la superficie limite 
de los granos. 

Se comprob6 que el recocido de los defectos de 
irradiaci6n se efectua en dos etapas: recocido de los 
bucles de dislocaci6n entre 800-1 l 00 °C, y defectos 
« claros » (migraciones de vacancias) en el intervalo 
de temperaturas de 1 200-1 700 °C. 

Los estudios de difracci6n electr6nica muestran 
que Ia irradiaci6n crea tensiones en el di6xido de 
uranio. Estas tensiones aumentan a medida que se 
incrementa Ia dosis de radiaci6n y puede terminar 
por provocar dafios en Ia probeta. Se producen 
alrededor de los bucles de dislocaci6n y desaparecen 
gradualmente entre 800-1 100 °C a medida que se 
va efectuando el recocido de las dislocaciones. 



P/338b CCCP 

H. CD. npaa.qiOK, c. M. AcTpaxaHu.ea, K. n. Ay6pOBMH, 

E. r. MaaHOB, B. M. KapnyxMH 

Hccnep;oBaHue H,n;epuoro ronnuBa B ycnoBHHX 
o6nyqeuu.H HBn.HeTCH op;uoii ua Bamueiimux npo6-
neM coBpeMeuuoro .H,n;epuoro MerannoBep;eHu.H. 
Jipo6neMa ara BOCLMa cnomHa, nOCKOnLKY nop; 
BnUHHUOM HeiirpOHHOrO nOTOKa B p;en.HII\UXC.H MaTe
puanaX B03HHKaer PHA cne~uclmqecKux npo~eccoB, 
OTHOCUTenLHa.H BamHOCTb KOTOpbiX aaBUCUT KaK 
OT CBOHCTB Marepuana, TaK HOT ycnOBHH o6nyqe
HUH. B aTOM p;oKnaAe npuBep;eaLI peaynLTaTLI 
aKcnepuMearanLHLIX uccnep;oBaauii BnUHHHH o6-
nyqeau.H Ha CBOHCTBa p.Hp;a p;en.HII\UXCH MaTepua
nOB. PaccMorpeHLI BonpocLI BaauMop;eiicrBHH nop; 
p;eiicrBueM o6ny11eHHH ABYOKucu ypaua c amoMu
aueM, aMop«fluaa~uu uarepMerannup;oB ypaaa u 
no»e,n;eau.H aBreKruqecKoii Marpu~LI (AI + UAI 4). 

IIpuBOAHTCH p;aHHLie o cocro.HHHU KOMnal\rHoii 
ABYOKUCU ypaHa U, B 'laCTHOCTH, U02 H3 OTpa6o
TaHHLIX TennOBLI,D;OnJHOII\UX aneMOHTOB. nep;OKOJJa 
«Jieaua», a raKme uaMeaeau.H cTpyi<TYPLI ABY
OKucu ypaaa, ,n;ucneprupoBauuoii B Mep;uoii MaT
pu~e. RpoMe Toro, o6cym,n;aeTc.H Bonpoc o cTpyR
TYPHLIX npeBpall\eHu.Hx B cnnaBe ypaua c 3 °o 
Monu6p;eaa u o CB.Hau Mem,n;y npo~eccaMu pap;ua
~uoaaoii penaKca~uu H nonayqecTH B ypaae. 

HCCnE.ztOBAHHE COEAHHEHHA YPAHA 
8 AniOMHHHEBOA MA TPHUE 

HeKoropLie rennoBLip;enHIOII\Ue aJieMeHTLI uaro
raBnuBaiOTC.H ua p;ByoKucu ypaaa u aniOMHHHH. 
AniOMUHHii no cpaBHeauiO c ypaHOM o6na,n;aeT 
66nbillHM XUMH'IOCKH;M CpO,D;CTBOM K KUCnopop;y, 
11eM ypau. IIoaTOMY ae HCKJIIO'IeHa BOaMomaocTL 
B3aHMO,D;OHCTBHH Memp;y ABYOKHCLIO ypaaa H an10~ 
MUHUOM B npo~ecce U3fOTOBneHH.H H o6ny'IOHU.H. 
B pa6orax 1•2 noKaaaao, 'ITO no,n;o6aoe BaauMo
p;eiicTBue npu TeMnepuypax 500-620° C npoTe
KaeT cpaBHuTenLHO 6LicTpo. Hccnep;oBaaue 3 coB
MOCTUMOCTU ,D;BYOKHCU ypaHa C aJIIOMUHUOM nop; 
o6nyqeaueM noKaaano, 'ITO aa BpeMH o6nyqeau.H, 
ucqucn.HeMoe TLIC.H'IaMu qacoB, npu TeMnepaTypax 
100-300° C raKme B03Momaa peaK~u.H Mem,n;y 
uo2 H AI. B Ta6neTKax B peaynLTaTe B3aUMO
p;eiiCTBH.H o6paaoBLIBanacL cnoucTa.H CTPYKTypa. 
BayTpeaaue cnou, reMnepaTypa KOTOpLIX p;ocTu
rana B HaqanLHLIH MOMOHT 300° C, COCTO.Hnu U3 
UAI4• Baemauii cnoii, "MeBmuii reMnepuypy 

npu o6nyqeauu oKono 100° C, cocTo.Hn ua UA13 
H U02. B HOKOTOpbiX Ta6neTKaX BO BHOillHHX 
cno.Hx npucyTcTBOBano coep;uaeuue UAI2• 

B ra6n. 1 npuBep;euLI p;aHHLie no BaauMop;eiicT
BUIO Mem,n;y U 0 2 H Al. PeaK~u.H BaauMo,n;eiicTBU.H 
p;ayoKucu ypaaa c aJIIOMUHHeM, npuBOA.HII\a.H 
K o6pa30BaHUIO paanH'IHbiX HHTOpMeTaJIJIU,D;OB 
(UAI 2, UAI3 u UAI4), conpoBom,n;aeTC.H yMeHL
meaueM o6'LeMa. O,n;uaKo npu aanH'IHH a,n;cop6u
poBaHHLIX ra30B H BO,D;LI B nopomKaX ,D;ByOKHCH 
ypaaa u aniOMUHHH peaK~H.H npoTeKaeT c y»enu
qeuueM o6'LeMa, 'ITO B HeKoTopLix cnyqa.Hx npu
BOAUT K paapymeHHIO TOnJIOBLI,D;OJIHIOII\OfO 3JIO
MOHTa (puc. 1). IIocKOJILKY Memp;y ABYOKHCLIO 
ypaHa H aJIIOMHHHOM UMOOT MOCTO B3aUMO,D;OHCT
BHO, TO Bp.H,D; nH ~OJIOC006pa3HO B 3JIOMOHTaX 
c aJIIOMHHHeBoii MaTpu~eii B KaqecTBe .H,n;epuoro 
TODnHBa HCnO.TJb30BaTb ,D;BYOKHCb ypaHa. 

IIOMHMO uo2 B aniOMHHHH HCCJIO,D;OBaJIOCb 
TaRi~>e noBep;euue HHTepMeTaJIJIH'IeCKHX coep;u
ueuuii ypaaa B 3BTOKTU'IOCKOH MaTpH~e CDJiaBaAI 
c 23 Bee.% U. PeaTreuocTpyKTYPHLiii aaanua 
CnJiaBa DOMHMO aniOMHHHH Bbi.HBHn ,D;BO p;pyrHe 
«flaaLI, OTBO'IaiOmue coep;uHeHH.HM UA1 4 H UA13 • 

HaMepeuue MHKpOTBep,n;ocTH TaRme cBu,n;erenL
crByer o uanH'IHII B cnnaBe p;Byx ypauco,n;epmam11x 
«flaa c rBep,n;ocrLIO no BuKKepcy 250 11 4RO KZ/.M.M2 

u aBreKruim c TBep,n;ocrLIO no BHKRepcy 60 KZ/.M.M 2• 

B cnnaBe oLin llcnonLaoBaH ypau 90 %-uoro o6o
rall\eHu.H. OnLITHLie o6paa~LI cnnaBa B aJIIOMHHue
BOii o6onoqKe o6nyqaJIIICh npu TeMneparype 
120° C Ha nOBOpXHOCTH ,D;O BLiropaHH.H 25% II 
53% U 235. 

06paa~LI nocne o6nyqeuu.H uaxo,n;11n11ch B y,r(o
BnerBopuTeJILHOM COCTO.HHHH. Jipu Merannorpa
«flii'IOCROM aHaJIII30 B o6nyqeHHOM CnJiaBe BLI.HBII
niiCb ,D;BO CTpyKrypHLie COCTaBJI.HIOII\110: HHTep
MeranJIIIA ypaua u aBreKTIIRa. BoKpyr aepea 
HHTOpMeTannup;a HaOJIIOp;aeTC.H nO.HCOK, nOBTO
p.HIOII\HH oqepTaHH.H aepua (puc. 2). lli11p11ua 
nO.HCKa COCTaBn.HeT ~ 10 .MK, 'ITO, BOpO.HTHO, 
COOTBOTCTBYOT p;nHHO npo6era OCROJIKOB B 3BTOK
TUKO (AI + UAl 4). MIIKporBep,n;ocTL aepua no 
BuKKepcy cocraBn.HeT 325 Kz/.M.M

2
, no.HcRa -

265 KZ/.M.M 2 , MHRpOTBep,D;OCTb MaTpH~bi nOHH
maeTC.H no Mepe yp;aneuu.H or aepua OT 200 ,u;o 
150-135 KZ/.M.M2• Momuo npe,n;nonomHTL, 'ITO 
o6uapymeHHLiii no.HcoK npe,n;cTaBn.HeT co6oii 

496 
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Ta!5nHf.la 1. BaaHMOA6HCTBHe uo2 c Al MaTPHf.I6H B npOf.16CCe o!5ny'leHHR 

Cocras CJIOR 

CoAepmauue U01 Homtc.e-
RAepBOI'O ro-

Pacnyxa- PJO'Iero no 
TeMnepa- BpeMR Bhlropa- ATOMHOe CTBO paa- AaHHhiM Me-B KOMDOBHI\HB U01+Al Ol5orallle- HHB CJIOR HoMnOBBI\HR HHe,% rypa, ol5ny'le- nne no ahlropa- Aenuamux- ropJO'Iero, Tannorpalllu-

Oi51>eMHOe, oc aecoaoe, 
% % 

U02+Al 46 16,7 20 120 

U02+Al 35 12,0 75 120 

U02+AI 35 12,0 75 120 

PHc. 1. PaapyweHHble TennoBbiAenRI011.1He aneMeHTbl 
Ha OCHOBe U02+Al C aniOMHHHeBOH o!5ono'lKOH 

06JiaCTb MaTpU~hl, DO~BeprHyTOH B03~eHCTBUIO 
OCIWJIKOB ~eJieHUH B ~OnOJIHeHUe K ~eiiCTBUIO 
HeiiTpOHOB. 

Pac'IeT noKaahlBaeT, 'ITO ecJiu cpe~HHH KOH
~eHTpa~uH OCKOJIKOb ~eJieHUH nOCJie BhlropaHUH 
48 aT.% ypaua B SBTeKTU'IeCKOH MaTpU~e COCTa-

BJIHeT C = 1,5%, TO B DOHCKe C = 5,0%. lfaMe
peHHaH MUKpOTBep~OCTb MaTpU~hl C pa3JIU'IHOH 
KOH~eHTpa~ueii OCKOJIKOB ~eJieHUH npe~cTaBJieHa 
ua puc. 3. 

II pu peHTreaocTpyKTypHOM aaaJiuae o6Jiy'IeH
HhlX o6paa~OB BhlHBJIHIOTCH JIUillb JIUHUU aJIIO
MUHUH, CMe~eHHhle B CTOpOHy MaJihlX yrJIOB. 
Jluauu UHTepMeTaJIJIU~OB ypaaa aa peaTreao
rpaMMax OTCYTCTBYIOT, XOTH Ha MUKpolfloTorpa
lfluHX KpUCTaJIJihlUHTepMeTaJIJIU~OB XOpOIDO BU~Hhl 
(eM. puc. 2). IIapaMeTp pemeTKU aJIIOMUHUH B 
SBTeKTUKe ypaH- aJIIOMUHUH nOCJie 06Jiy'IeHUH ~ 0 
BhlrOpaHUH 23% aTOMOB ypaHa yBeJIU'IUJICH 
oT ao = 4,041 ± 0,001 -,.X ~o a = 4,048 ± 

HBR, 'I U235,% HUe,% cR aro- % 'leCKOrO K 
MOB, CM-3 peHTreHO-

CTPYKTyp-
HOrO aHaJIHSOB 

5400 10 0,1'1 8,0·1019 5,5 U02+AI+ 
+UAI:r 

6 200 50 1,82 11,2·1020 11,0 U02+Al+ 
+UAI:r 

11000 80 2,91 17,8.1020 17,0 U02+AI+ 
+UAl:r 

PHc. 2. CTPYKTypa cnnaaa anroMHHHR c 22 sec. % 
ypaHa nocne o!5ny'leHHR a peaKTope PUIT AO Bbrro
paHHR 48 aT. % ypaHa. BoKpyr aepeH HHTepMeTan
nHAa ypaHa HMeeTCR noRCOK, npeACTaBnRI01.4HH 
peaynbTaT B03A6HCTBHR OCKOnKOB AeneHHR Ha MaT-

PHf.IY (X 1000) 

± 0,002 KX, a npu Bhlropaauu 48% ~o 
a = 4,051 ± 0,002 t>X, 'ITO npuBeJIO K 06'beM
HOMY pacnyxaauro aJIIOMUHDH ~o 0,75% (eM. 
puc. 3). 

YBeJiuqeaue nepuo~a pemeTKD aJIIOMHHUH CBH
aaao C BHe~peHUeM OCKOJIKOB ~eJieHUH B pemeTKY 
aJIIOMHHUH. lfcqe3HOBeHHe JIHHUH HHTepMeTaJI
JIU~a Bhl3BaHO, no BCeii BepOHTHOCTU, aMoplfluaa-
~ueii CTpyKTyphl. . 

H3YYEHHE HOMnAHTHOA ABYOKHCH 
YPAHA 

lfayqaJIOCb noBe~eHHe KOMnaKTHOH ~BYOKDCH 
ypaaa no~ o6JiyqeaueM npu paaJIU'IHhlX aaepro
Bhl~eJieHHHX Ha e~HHU~Y ~JIUHhl. ,lJ;JIH UCCJie~o
BaHUH D3fOTaBJIUBaJIHCb o6pa3~hl B BU~e Ta6JieTOK 
~HaMerpoM OT 4 ~o 40 MM. 06ora~eaue no U235 
ycTaHaBJIHBaJIOCL B aaBHCUMOCTH OT meJiaeMoro 



498 3ACE,D,AHHE 2.2. P/338b H. $. nPAB,D,IOK et al. 

200 

100 

~ 

0 
0 

.4V 
v 

0,50 

0,25 

~ 0 
0 

v 

/ 

,.... 
~ 

~ 
~ 

-"' 

1 

v ~ / 
/ 

r 

0,5 

~ -~ ~ --- ---:,...... ---
~ 

,. ,.. 
!.' 

2 3 4· 5 

~ -~ ~ ..... 
.,.,. .,.,. ---,. ~ 

• 
.,.,.. 

1,0 

PHc. 3. 3aeHCHMOCTb MHKpoTeepp,ocTH seTeKTHKH Al + UAI4 (a) H o()beMHoro 
paCWHpeHHR peWeTKH an tOM HHHR (6) OT aTOMHOH KOHU,eHTpaU,HH OCKOnKOB p,ene

HHR B KpHCTannH"'eCKOH peWeTKe antOMHHHR 

aHeproBLip;eJieHHH B npep;eJiax 0,6-90%. llJioT

HOCTb HCnOJib30BaHHOH p;ByOKHCH ypaHa COCTa
BJIHJia 75-95% OT TeopeTHqecKoii. 06paan;LI 
06JiyqaJIIICb np11 :lHeprOBhlp;eJieHIIII OT HeCKOJibKIIX 
p;o 750 Bm/c.M. 

,lJ;ByOKIICb ypaHa B TenJIOBhlp;eJIHIOID;IIX aJie
MeHTaX Jiep;oKoJia «JleHIIH>> o6JiyqaJiacL np11 aHep

roBLip;eJieHIIII q1 = 150 Bm/c.M. 06JiyqeHIIe np11 
TaKOM 3HeprOBhlp;eJieHHH He MOfJIO npiiBeCTII K 

nponJiaBJieHIIIO n;eHTpa cepp;eqHIIKa 4. ,[t;eiicTBII

TeJILHo, nocJie o6JiyqeHIIJI o6HapyamBaeTCH TOJibKO 

pacTpeCKIIBaHIIe Ta6JieTKII ABYOKIICII ypaHa 

(p11c. 4). PacnoJiomeHIIe Tpern;IIH no ceqeHIIIO Ta6-

JieToK CaMOe npOII3BOJibHOe. 

PacTpecKIIBaHIIe Ta6JieTOK Bhl3BaHo, nO-BIIAII

MOMy, p;eHCTBIIeM paCTHfiiBaiOID;IIX TepMIIqeCKIIX 

uanpHmeHIIH. BeJI11q11Ha nocJiep;HIIX np11 nepenap;e 

.TeMnepaTyp 6 no ceqeHIIIO Ta6JieToK 11 t = 530° C 

p;ocTIIraeT a = 33 Ka/.M.M2 , qTo 6oJiee qeM B 2 paaa 

npeBLimaeT npep;eJI npoqHOCTII U 0 2 B IIHTepBaJie 

TeMnepaTyp 20-1000° C. Cp;epm11Ba10rn;ee p;eii:

CTBIIe o60JIOqKII HaqHHaeT npOHBJIHTbCH np11 

aaaope Memp;y Ta6JieTKaMII p;ByOKIICII ypaHa 11 

o60JIOqKOH 6 .,;;;; 0,016 .M·.M, TO eCTb HaMHOfO 

MeHLme IIMeBmero MecTo aaaopa 6 = 0,05 .M.M. 

06pa30BaHIIe DOJIOCTII B D;eHTpe cepp;eqHIIKa 
o6Ha pymiiBaeTCH B onLITax c o6JiyqeHIIeM U 0 2 
np11 aueproBLip;eJieHIIII 290 Bm/ c.M 11 6oJiee (eM. 

p11c. 4). Op;HoBpeMeHHO c n;eHTpaJII.Hoii noJIOCTLIO 
BLIHBJIHeTCH 11 cToJI6qaTaH cTpyKTypa p;ByOKIICII 

ypaHa. 
llp11 KpaTKOBpeMeHHOM o6JiyqeHIIII p;ByOKIICII 

ypaHa Dpll BhlCOKIIX TeDJIOBLip;eJieHIIHX (qz = 
= 750 Bm/c.M, -r = 4 tt) c'toJI6qaTLie aepHa 

cpaBHIITeJibHO DOpHCThle, n;eHTpaJibHaH DOJIOCTb 

cocTaBJIHeT Bcero 0,4 p;llaMeTpa Ta6JieTKII. YBe
JIIIqeuHe npop;OJiiKIITeJibHOCTII 06JiyqeHIIH B TeX me 
ycJIOBIIHX npiiBOAIIT K ynJIOTHeHIIIO CTOJI6qaTLIX 

aepeH aa cqeT p;11cpcpya1111 nop B pap;11aJILHOM Hanpa

BJieHIIII K n;eHTpaJILHoii nope. PaaMep nycTOThl 

yBeJIIIqiiBaeTCH OT 0,4 p;O 0,63 d, TO eCTb OT 1,8 
p;o 2,6 .M.M. 

06pa30BaHIIe DOJIOCTII B D;eHTpaJibHOH 30He 

Ta6JieTOK 113 p;ByOKIICII ypaHa CBH3aHO, nO-BIIf);II

MOMy, He TOJibKO C pacnJiaBJieHUeM n;eHTpa, HO II C 

f!;llcpcpyaHeH DOp OT BHeillHeii: DOBepXHOCTII B 

n;eHTp. RaK Bllp;Ho, np11 p;ocTaToqHoii mecTKOCTII 

o6oJioqeK BHYTPIICTpyKTYPHLie npeBparn;eHIIH B 

KOMnaKTHOH p;ByOKIICII ypaHa He npep;cTaBJIHIOT 
onaCHOCTB. 
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PHc. 4. AayoKHCb ypaHa nocne o()ny'leHHa npH pasnH'IHbiX SHeproBblp,eneHHax: 
a-qz=150 BmfcM, JieAOKOJI •JieHHH~; 6~qz=290BmjcM; B-qz=750 BmjcM, 't'=4 q; 

a-qz=750 BmjcM, 't'=200" 

1-13MEHEHI-1E nEPI-10,&A PEWETKH 
,&BYOK!-iCI-1 YPAHA nPI-1 OonYYEHI-11-1 

IIccJiep;oBaJiacb p;ByoRHCb ypana c Hcxop;HbiM 
DepHop;oM pemeTRH ao = 5,461 ± 0,001 -,.x, 
qTO OTBeqaeT «JlopMyJie U02,05• ,[t;ByORHCb ypaHa 
ObiJia ,u;HcDeprHpoBaHa B Mep;noii MaTpHIW. llJioT
HOCTb ,D;ByORHCH ypaHa COCTaBJIHJia 90% OT TeO
peTHqeCROH. PaaMep qaCTHil; uo2 BbiOHpaJICH DO 
B03MOii\HOCTH MHHHMaJibHbiM (MHHYCOBaH «JlpaR
Il;HH 60 MIS:). MeTaJIJiorpa«JJHqecRHH anaJIH3 DORa
aaJI, qTo cop;epmanHe «JlpaRu;Hii c paaMepoM qacTHil; 
ooJiee 20 H MeHee 20 MIS: DpHMepno paBHO. llo
CROJibRY ,II;JIHHa DpOoera OCROJIROB p;eJieHHH B ,D;By
ORHCH ypaHa COCTaBJIHeT 9-12 MK 6•7, TO rpyoaH 
Oll;eHRa ROJIHqeCTBa OCROJIROB, DORH,D;aiOIIl;HX U02, 
p;aeT BeJIHqHHY DOpH,D;Ra 50-60%. 

06'beMHoe cop;epmaHHe p;ByORHCH ypana B cDpec
coBannoii H CDeqeHHOH ROMD03Hil;HH uo2 - Cu 
COCTaBJIHeT 32%. flopHCTOCTb ROMD03Hil;HH He 
DpeBblmaJia 4-5%. 06paau;bl ooJiyqaJIHCb B peaK
Tope PC!>T p;o BblropaHHH 1/ 3 Bcex aTOMOB ypana. 
TeMnepaTypa DOBepxHOCTH o6paau;oB cocTaBJIHJia 
80-90° C. B u;enTpe o6paau;oB (TaoJieTRH p;Ha
MeTpoM 5 MM) pacqeTHoe anaqenHe TeMnepaTypbi 
B DepBbiH MOMeHT DOCJie DYCKa peaKTOpa He Dpe
BbiiDaJIO 120° C. PenTrenocTpyRTypHbiH anaJIH3 
OOJiyqeHHOH ,D;ByORHCH ypaHa DORaaaJI, qTO De
pHO)J; pemeTRH )J;ByORHCH ypaHa 3HaqHTeJibHO 
yMeHbiDHJICH OT a0 = 5,46 KX p;o a . 5,40 ± 
± 0,02 KX. 

II a pacqeTa CJiep;yeT, qTo ROJIHqecTBO ocBooo
)J;HBmerocH RHCJIOpop;a DpH BblropaHHH 1/ 3 aTOMOB 
ypaHa BDOJIHe ,II;OCTaTOqHO ,II;JIH ORHCJieHHH U02 
p;o U03• Op;naRo DO JIHTepaTypHhiM p;aHHbiM 8 
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nepHOA pemeTKH a = 5,40 KX cooTBeTCTByeT 
cocTaBy UO 2, 25 • IIoaTOMY MomHo omHJ:(aTb, "<ITO 
OCTaJibHaH "<IaCTb BbtCB060J:(HBillerocH KHCJIOpOJ:(a 
6yAeT AH~~YHAHpOBaTb B nopbt H yqacTBOBaTb B 
OKHCJieHHH OCKOJIKOB J:(eJieHHH. 

TaKuM o6paaoM, noKaaaHo, "<ITO aHa"<IHTeJibHaH 
qacTb RHCJiopoAa, ocBo6omJ:(arom;erocH npu J:(eJie
HHH ypaHa, paCXOJ:(yeTCH Ha J:(ODOJIHHTeJibHOe 
ORHCJieHHe ypaaa 6ea yBeJIH"<IeHHH o61>eMa. IloAo6-
uoe DOBeJ:(eHHe ABYORHCH ypaHa HBJIHeTCH J:(OCTOHH
CTBOM npH HCDOJib30BaHHH ee B MeTaJIJIH"<IeCRHX 
MaTpHn;ax, He B3aHMOJ:(eHCTBYIOin;HX C ABYOKHCbiO 
ypaaa. 

CTPYHTYPHbiE nPEBPALl\EHHR 
B cnnABE YPAHA C 3% MOnJ.16.D,EHA 

no.n, .D,E~CTBHEM 06nY4EHJ.1R 

B pa6oTax 10•11 6btJIO noRaaauo, "<ITO noA Aeii
CTBHeM o6Jiy"<IeHHH npOHCXOJ:(HT nepeXOA reTepo
reHHOH CTpyRTypbt CDJiaBOB ypaHa C 9-10 Bee.% 
MOJIH6J:(eHa B OJ:(HO~a3HbiH TBepJ:(btH paCTBOp. 
TaRoii nepexoA 6btJI o6'I>HCHeH9 npo:n;eccoM cBoe
o6paaHoii paJ:(uan;uoHHoii AH~~yauH, o6ycJIOBJieH
HOii nepeMeiiiHBaHHeM aTOMOB B 061>eMe TepMH'Ie
CROrO nHRa. RaR H3BeCTHO, y-TBepAhlH pacTBop 
B CDJiaBaX ypaaa, 6oraTbtX MOJIH6)1;eHOM, HBJIHeTCH 
O'IeHb yCTOH'IHBbtM npH HH3RHX TeMnepaTypax 
H pacnaJ:(aeTCH TOJibRO DpH J:(JIHTeJibHbtX Bbtll;epm
RaX B HHTepBaJie TeMnepaTyp 350-550° C. 
lJOaTOMy RaR C Hay'IHOH, TaR H C npaRTH'IeCROH 
TO'IKH apeHHH npeJ:(CTaBJIHJIO HHTepec H3Y'IHTb 
~aaoBbte npeBpain;eHHH, Bhl3biBaeMbte o6Jiy'IeHHeM 
B MaJIOJierHpOBaHHhlX MO.TJH6J:(eHOM CDJiaBaX, MeTa
CTa6HJibHbtH TBepJ:(btH paCTBOp B ROTOpbtX HBJIHeTCH 
MeHee ycTOH"<IHBbtM. HHn\e 6YAYT onHcaHbt HeRo
TOpbte npeJ:(BapHTeJibHbte 8RCnepHMeHTbl DO BJIHH
HHIO HeiiTpOHHoro o6Jiy'IeHHH Ha CTPYRTypHbte 
H3MeHeHHH B CDJiaBe ypaHa C 3% MOJIH6J:(eHa. 

B Ra'IeCTBe uccJieAyeMoro MaTepHaJia 6btJI BaHT 
cnJiaB, co.n.ep}Kai:n;Hii 96,48 Bee.% ypaHa H 
3,32 Bee.% MOJIH6AeHa. B peayJibTaTe aaKaJIRH 
npH BbtCOROH TeMnepaType B aTOM CDJiaBe DpH ROM
HaTHOH TeMnepaType ~HRCHpyeTCH nepeCbtiiJ;eH
HbiH MOJIH6J:(eHOM a'- TBepJ:(biH paCTBOp. 0TmHr 
DpH D.OBhlilleHHbtX TeMnepaTypaX Bbt3btBaeT pac
na)]; TBepJ:(oro pacTBopa ua ~aabl a H U 2Mo, conpo
BOmJ:(arom;HiiCH yMeHLilleHHeM 3JieRTpOCODpOTH
BJieHHH, H3MepeHHOro DpH ROMHaTHOH TeMnepa
Type, npuMepHo Ha 40% • II pon;ecc pacnaJ:(a npo
HCXOAHT J:(OBOJibHO 6btCTpO (aa HeCKOJibRO 'IaCOB) 
B HHTepBaJie TeMnepaTyp 400-550° C. C yMeHb
meHHeM TeMnepaTyphl OTmHra CKopocTb pacnaJ:(a 
CHH$aeTCH. HHme TeMnepaTypbt 250° C pacnaA 
TBepll;OrO paCTBOpa npaKTH'IeCRH He npOHCXOJ:(HT. 

06pa3ll.bt 06JiyqaJIHCb B DOTORe 2·1013 TeDJIO
BbtX neump/c.M2•ceK DpH TeMnepaType 190 ± 10° C 
H npH TeMnepaType MeHee 100° C. ):{o o6Jiy'IeHHH 
o6pa3D;bt HaXOAHJIHCb B ABYX COCTOHHHHX. 0J:(Ha 
'IaCTh o6paan;oB 6biJia aaRaJieHa c 800° C B BOAY, 
a ApyraH qacTh nocJie aaRaJIRH B MacJio c 900° C 
DO)];BepraJiaCb OTmHry DpH 515° C B TelJeHHe 50 't. 

H. Ill. nPAB,li,IOH et al. 

PeayJihTaTbt llaMeHeHuH aJieRTpoconpoTHBJie-
HHH Tex u Apyrux o6paa:n;oB nocJie paaJIH"<IHhlX 
CpOKOB 06Jiy"<IeHHH npell;CTaBJieHbt B Ta6JI. 2. 
Ua Ta6JIHJJ;bt BHAHO, 'ITO o6Jiyqeaue reTeporeHHLIX 
o6pa3JJ;OB DpHBOJ:(HT R DOCTeneHHOMy yBeJIH'IeHHIO 
HX aJieRTpOCODpOTHBJieHHH, ROTOpOe J:(OCTHraeT 
11,6% noCJie A03Ll OROJIO 6 ·10 19 neiimp/cJt£2. 
flo BeJIH'IJ:HHe H CROpOCTH H3MeHeHHH pOCT aJieRT
pOCODpOTHBJieHHH HeJih3H 061>HCHHTb TOJibl\0 Ha
RODJieHHeM paJ:(uan;uoHHbtX Ae~eRTOB 10•12• 

Ta6nH~a 2 HaMeHeHHe sneKTpoconpoTHeneHH~ 
cnnaea ypaHa c 3% MonH6AeHa a npo~ecce 

o6ny~eHH~' 

TeMnepa-
Typa BpeMJI oliJiy'leHII/1 B DOTORe 

OliJiy'leHH/1 2 o 10-13 HeltTP/CM2 o CeR 
•c 

190 1 
190 3 
190 9 
190 24 
100 346 
100 840 

HaMeHeHI!e sneRTpo
conpoTIIBJieHIIII 

t.R ot 
R, to 

OTOlfllfleH
Hble 

o!ipaa~bl 

+0,9 
+1,7 
+2,5 
+5,6 
+7,5 

+11,6 

aaRaJieH
IIble o!i
paa~bl 

-0,9 
-2,5 
-9,0 

-12,3 
-11,5 
-15,0 

IIoaTOMY ocTaeTcH npeAnonomHTh, 'ITO yBeJIH'Ie
uue aJieRTpoconpoTHBJieHHH reTeporeHHhiX o6paa
n;oB o6ycJIOBJieHo paJ:(Han;HOHHOii roMoreHHaan;ueii 
CnJiaBa, D0)];06HOH TOH, ROTOpaH Ha6JIIOJ:(aJiaCh 
AJIH cnnaBoB, 6oraTbtX MOJIH6)1;eHOM. 

8JieRTpoconpoTHBJieHHe aaRaJieHHbtX o6paa-
n;oB, CTpyRTypa ROTOpbtX )1;0 o6Jiy'IeHHH npell;CTa
BJIHJia OJ:(HO~a3HbiH TBepll;biH paCTBOp, B npon;ecce 
o6Jiy'IeHH.fl yMeHbmaeTCH. 'YMeHbilleHHe aJieRTpO
COnpOTHBJieHHH aai\aJieHHbtX o6paaJJ;OB DpOHCXO
J:(HT J:(OBOJibHO 6btCTpO B npon;ecce o6JiyqeHHH npH 
TeMnepaType 190° C H aHa'IHTeJibHO MeJ:(JieHHee 
BO BpeMH 06Jiy'IeHHH npH TeMnepaType HHme 
100° C. TaRoe HaMeaeune aJieRTpoconpoTHBJieHHH 
MOlliHO 061>HCHHTb TOJihRO TeM, 'ITO B npon;ecce 
o6ny'IeHHH npH yRaaaHHbtX TeMnepaTypax npo
HCXOAHT pacnaA TBepJ:(oro pacTBopa. RaR yme 
OTMe'IaJIOCb, B 06bt'IHbtX ycJIOBHHX npon;ecc pac
naJ:(a TBepJ:(oro pacTBOpa npaRTH'IeCRH He npoTe
RaeT HHme 250° C. IIoaToMy MOmHo cJ:(eJiaTb 
BbiBOA 0 TOM, '<ITO 06Jiy'IeHHe aHa"<IHTeJibHO aRTHBH
pyeT npon;ecc pacnaJ:(a nepechlm;eHHoro TBepAoro 
pacTBOpa B cnnaBe ypaHa c 3% MOJIH6AeHa. O'Ie
BHAHO, ycRopeHHe npon;ecca pacnaJ:(a CB.HaaHo 
C TeM, 'ITO 06Jiy"<IeHHe coa;o;aeT DOBbtilleHHYIO 
Roan;eHTpan;nro Ae~eRTOB. B MeTaJIJie, o6ner'Ia.H 
;D;H~~Y3HIO aTOMOB Ha He60JibillHe paCCTOHHHH. 
IIocROJihRY npH cpaBHHTeJihHO HH3RHX TeMnepa
Typax, ROTOpble HMeJIH MeCTO npH 06Jiy'IeHHH, 
npon;ecc pacnaAa nepecbtm;euuoro TBepJ:(oro pacT
Dopa B OCHOBHOM onpe;o;eJIHeTCH CROpOCTbiO ;D;H~
~Y3HH, TO yBeJilt"<IeHHe DOCJieJ:(Heii J:(OJilliHO npH
BOAHTb R 3Ha"<IHTeJibHOMy yCROpeHHIO npon;ecca 
pacnaAa. 
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TaxuM o6paaoM, npuee~eHaLie peaym:.TaTLI ceu
~eTeJibCTBYIOT o coeepmeaao paanu'IHOM noee~e
auu cnnaeoe ypaaa c 9 u 3% MOJiu6~eaa no~ 
o6nyqeaueM. ECJIU aal\aJieHHOe COCTO.HHUe B CnJia
Be ypaaa c 9% MOJiu6~eaa otieHb ycToiiqueo u ~ame 
o6paayeTc.H e npon;ecce o6nyqeau.H ua ~eyxl}laaaoii 
CTpyRTypLI, TO a' -TBep~hlll paCTBOp, o6paayiO
ID;UHC.H B peayJibTaTe aaxanxu cnnaea ypaaa c 3 ~o 
Monu6~eaa u ~OBOJibHO ycTOH'IUBLiii B o6LitiHLIX 
ycnoeu.Hx, no~ ~eiicTeueM o6nyqeau.H npeTep
neeaeT 6LICTpLiii pacna~. 

PAA~AU~OHHAA PEnAKCAU~A 
~ nOn3Y4ECTb a-YPAHA 

B pa6oTe 10 6LIJIO noxaaaao, 'ITO no~ ~eiicTeueM 
o6nyqeau.H aeiiTpoaaMu B o6paan;ax a-ypaaa 
npOUCXO~UT penaxcan;u.H MURpO- U MaRpOHanp.H
meauii. ToT <flax~, 'ITO peJiaxcan;u.H aanp.Hmeauii 
B a-ypaae B OTJIU'IUe OT v-ypaaa npaRTU'IeCI\U 
npoTexaeT ~o HYJIH, noaeon.HeT c~eJiaTb npe~no
nomeaue, 'ITO pa~uan;uoaaa.H nonayqeCTb u pa~ua
n;uoaaa.H penaxcan;u.11 B aTOM MaTepuane npouc
xo~uT no o~aoM:y u TOMY me MexaauaMy. Ecnu 
6LI onLIT aa penaxcan;uro Momao 6LIJIO 
BOCnpOU3BeCTU Ha O~HOM o6paan;e MHOrORpaTHO 
6e3 U3MeHeHU.II CROpOCTU CHumeHU.II Hanp.Hme
HUH Ha Ram~oii CTyneHU, TO, OtieBU~HO, CJie
~OBaJIO 6LI OTOm~eCTBUTb pa~uan;uoHHYIO peJial\
can;uro u nonaytieCTb. B noM cnyqae cxopocTb 
nOJI3ytieCTU B ycTaHOBUBIDeHC.II CTa~uu MOmHO 

6LIJIO 6LI npOCTO npupaBH.HTb 1\ CROpOCTU peJiaR
cai~UU npu TOll Harpy3Re, 1\0TOpa.H COOTBeTCTByeT 
Harpyaxe B OnLITe Ha nOJI3ytieCTb. lloaTOMY 
npe~CTaBJI.IIJIO UHTepec BOCnpOU3BeCTU CTyneHqa-

t></0 3 

0,75 

1,45 

2,0 

7,1((/N. 

---- 2,75 
2 3 4 5 6 tf018Heilrpjc~ 

PHc. 5. CryneH'laraR penaHCai..IHR. PaccroRHHe 
Mem,D,y ropH30HTanbHOH nyHHTHpHOll nHHHeH H Ha
'lanoM y'laCTHa KPH80H, OTMe'leHHoro roll me LIH!fl· 
poll, coor8ercr8yer MaKCHManbHOH ynpyroll ,D,elflop
Mai..IHH, C03,D,a8aeMOH 8 3amHMe Ha ,D,aHHOH CTyneHH 

penaKCai..IHH: 
A - penaHcai..IHR npymHHbl Ha 4 cryneHH npH reM

.neparype 100° C tlea otlny'leHHR 
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Tyro penaxcan;uro aanp.11meauii uaru6a nnacTUH 
a-ypaaa cne~yrom;uM o6paaoM. 

llJiocxa.H npymuaa a-ypaaa paaMepoM 30 X 
X 1,5 X 0,1 MM noMem;anacb Mem~y BRJia~LI

maMu, uaru6arom;uMu ee no ~yre, pa~uyc Rpu
BU3HLI 1\0TOpOH no~6upaJIC.H TaR, 'IT06LI Hau60Jib
mee aanp.11meaue e npymuae ~ocTurano eeJIU'IUHLI 
npu6JiuauTeJibHO 15 r>a/MM2• B TaROM ynpyro 
U30rHyTOM COCTO.HHUU npymuaa nO~BepraJiaCb 

06JiytieHUIO npu TeMnepaType 80° C B nOTORe 
2,7·10 12 1teiimp/cM2·cer>, nputieM epeM.H OT epe
Meau 06Jiyqeaue npepLIBaJIOCb U npOU3BO~UJIOCb 
uaMepeaue cTpeJILI nporu6a. llocJie nepeoro 
cpoxa (1,4·10 18 Heiimp!c.~t2 ) npymuae coo6m;aJiacb 
~OnOJIHUTeJibHa.H RpUBU3Ha C Tai\UM paCtieTOM, 
'IT06LI nonyqarom;eec.H MaxcuMaJibHOe aanp.Hme
aue BHOBb ~ocTurano npeeoaaqaJibHoii eenu
'IUHLI. 

8TUM CDOC060M 6LIJIU nOJiytieHLI 4 CTyneHU 
penaxcan;uu, npuee~eHaLie aa puc. 5. Ha puc.· 6 
Te me ~aHHLie OTJIOmeHLI B nonynorapui}IMuqe
cxux xoop~uaaTax. Kax eu~ao ua noro pucyaxa, 
cxopocTb penaxcan;uu aa BTopoii u nocne~yrom;ux 
CTyneH.HX OCTaeTC.H npaRTU'IeCI\U O~UHai\OBOH, 'ITO 
CBU~eTeJibCTByeT 0 B03MOmHOH TOm~eCTBeHHOCTU 
npon;eccoe pa~uan;uoaaoii peJiaxcan;uu u noJiay
qecTu Ha BTOpoii U nOCJie~yiOID;UX CTyneH.HX. 
Penaxcan;u.H aa nepeoii cTyneau npoucxo~uT 
eaaqane c 6onbmeii cRopoCTbiO, tieM aa nocne
~yrom;ux cTyneH.HX. TaxuM o6paaoM, ~JI.H a-ypaaa 
penaxcan;uro aanp.11meauii yme aa BTopoii cTyneau 
MOmHO UCnOJib30BaTb Ral\ ~OBOJibHO npOCTOH 
cnoco6 npo6LI aa nonayqecTb. 

liHTepecao cpaeauTb aamu ~aHHLie c peayJIL
TaTaMu pa60TLI Po6epTca u KoTpenJia 13• Onpe
~eneaaa.H no npuee~eaaoii e :noii pa6ore <flop-

15 

10 
"' ~ 
R 
~ 
cu'5 
~ 
QJ 

~ 
~2 
~ 

' ~ \ 
""l 

~ ~ s. t--... 

~ ~ ~ ~ <( ro 
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0 2 3 4 5 6 7 8 9 10•105 
BpeMR,ceK 

PHc. 6. HaMeHeHHe HanpRmeHHR Ha Kam,D,oll cryneHH 
8 3a8HCHMOCTH OT BpeMeHH o(5ny'leHHR 8 nOTOHe 
2,7 X 1011 neiimp/cM2·ce~r. L.J,HijlpaMH otloaHa'leHbl 

HOMepa cryneHeH 
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MyJie ciwpocTh nonayqecTH fi:JIJI uanpJimeHHJI, 
uanpuMep, 5 r>z!MM2 cocTaBJIJieT 0,57-10-9 cer>- 1• 
CRopocTh p;ecfiOpMa~uu, ua:iip;euuaJI ua uamux 
RpHBhiX, cocTaBJIJieT 0,47-10-9 cex:- 1. TaRoe 
Xopomee COBnap;eHHe p;aHHbiX rOBOpHT B UOJib3Y 
cp;enauuoro BhiBop;a o Tomp;ecTBeHHOCTH npo.IJ;ec
COB pap;ua~HOHHOH peJiaRCa~HH H UOJI3yqeCTH. 
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Behaviour of nuclear fuels under irradiation 

By N. F. Pravdyuk eta/. 

The paper presents the results of experimental 
investigations into the effects of irradiation on the 
properties of some fissionable materials. It considers 
the problem of the interaction between uranium 
dioxide and aluminium under irradiation, the problem 
of uranium intermetallide amorphisation and the 
problem of eutectic matrix (Al + UAI4) behaviour. 
The report also presents data on the state of solid, 
dense uranium dioxide, especially the uo2 in the 
spent fuel-elements of the Lenin atomic ice-breaker, 
as well as on the structural change in uranium dioxide 
dispersed in a copper matrix. Lastly, the problem of 
structural transformations in an alloy of uranium 
with 3% by weight of molybdenum and that of the 
relationship between the processes of radiation 
relaxation and creep in uranium are discussed. 
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Comportement des combustibles nucleaires 
sous irradiation 

par N. F. Pravdyuk eta/. 

Le memoire presente les resultats de travaux expe
rimentaux concernant !'influence de !'irradiation sur 
les proprietes de matieres fissiles. On examine les 
problemes de !'interaction sous irradiation entre le 
dioxyde d'uranium et !'aluminium, de l'amorphisation 
des composes intermetalliques de !'uranium et du 
comportement de la matrice eutectique (Al + UA14). 

On presente des donnees sur l'etat du dioxyde d'ura
nium compact, et en particulier de uo2 provenant des 
elements de combustible irradies du brise-glace 
Lenine, ainsi que sur les modifications de structure du 
dioxyde d'uranium disperse dans une matrice de 
cuivre. Enfin, on discute le probleme des transfor
mations de structure dans un alliage d'uranium con
tenant 3% de molybdene en poids et celui de Ia rela
tion entre les processus de relaxation par irradiation 
et de ftuage dans !'uranium. 
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Comportamiento de los combustibles nu
cleares sometidos a irradiaci6n 

por N. F. Pravdyuk et a/. 

La memoria presenta los resultados de investiga
ciones experimentales concernientes a los efectos de 
Ia irradiaci6n sobre las propiedades de algunos 
materiales fisibles. Se examina el problema de Ia 
interacci6n entre el di6xido de uranio y el aluminio 
bajo la irradiaci6n, el problema de la amorfizaci6n 
de compuestos intermeUtlicos de uranio y el del 
comportamiento de Ia matriz eutectica (AI + UA14). 

La memoria presenta tambien datos sobre el estado 
del di6xido de uranio compacto, especialmente el 
uo2 de los elementos combustibles gastados del 
rompehielos at6mico Lenin, y sobre los cambios 
estructurales del di6xido de uranio dispersado en 
una matriz de cobre. Por ultimo se examina el pro
blema de las transformaciones estructurales en una 
aleaci6n de uranio con 3% en peso de molibdeno 
y de la relaci6n entre los procesos de la relajaci6n 
y ftuencia de la radiaci6n en el uranio. 
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Irradiation behaviour of coated fuel particles* 

By H. Bildstein, A. Burtscher, P. Koss and F. P. Viehbock** 

The fuel cycles of all high temperature gas-cooled 
reactors under design or construction are based on 
the coated fuel particle concept. In order to avoid the 
use of impermeable graphite as a canning material, 
the fuel inserts themselves are made to retain fission 
products. The individual UC2 particles which are 
dispersed in the graphite matrix of the insert are 
coated with layers of impermeable pyrolytic carbon or 
other suitable materials (e.g. SiC). 

Development work in the field of particle prepa
ration as well as the pre-irradiation evaluation of 
coated particles was started at the laboratories of the 
Austrian reactor centre at Seibersdorf under contract 
for the OECD DRAGON Project early in 1961. 
After the termination of the development contracts, 
the work in this field was continued, however, and a 
pilot plant was built which allows the production of 
coated particle fuel in quantities of several kilograms. 

The information which can be obtained from the 
testing of unirradiated particles with respect to their 
behaviour under actual reactor conditions is only very 
limited. These tests, which include metallographic 
and radiographic inspection, the chemical analysis 
as well as the determination of the Xenon-133 reten
tion by an activation technique, etc., can only reveal 
properties necessary but not sufficient for a good 
reactor behaviour. 

In order to further evaluate the particles produced 
in the pilot plant, it was therefore necessary to perform 
burn-up tests at temperatures comparable to those 
which are expected in a power reactor. 

A series of high temperature capsule experiments 
was performed in the ASTRA reactor with the aim 
of achieving burn-up values up to 10% fifa. The fuel 
particles, which are contained in the capsule as a loose 
filling, are kept at temperatures of 1 200-1 400 °C. 
After dismantling, the capsules burn-up and post
irradiation tests are performed. 

THE HIGH TEMPERATURE FUEL IRRADIATION 
. CAPSULES 

Irradiation requirements and design data 

For the testing of the irradiation behaviour of 
coated fuel particles at high temperatures within the 

* Work supported by Bundesministerium fiir Handel und 
Wiederaufbau, Vienna, and Metallwerk Plansee AG, Reutte. 

** Reaktorzentrum Seibersdorf, Osterreichische Studien
gesellschaft fiir Atomenergie GmbH. 
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existing facilities of the reactor centre at Seibersdorf, 
the 5 MW swimming pool type ASTRA reactor is 
used. With available undisturbed neutron fluxes of 
6 x 1013 nfcm2 s up to 1014 n/cm2 s in irradiation 
positions in the core centre'l burn-up values of the 
order of I 0% fifa can be achieved within reasonable 
times. The fuel temperature during the irradiation was 
specified to be within the range of 1 200-1 400 °C. 
One special requirement is the irradiation of the 
coated fuel particles in the form of a loose filling. 

During a series of preliminary tests, the feasibility 
of these high-temperature irradiation experiments in 
the ASTRA reactor was studied. The dimensions of 
the available irradiation channels in the reactor core, 
having an inside diameter of 35 mm, strongly in
fluenced the design of the instrumented capsules. The 
reactor cooling water is used to remove the fission 
heat from the outer aluminum container of the 
capsule. Due to the space limitation, the water flow 
in the cooling channels of the capsule was adjusted 
for a maximum heat flux at the surface of the order 
of 40 Wfcm2 ; with the diameter given, a specific 
power ,per unit capsule length of 350 Wfcm results. 

In order to obtain faster burn-ups in terms of% fima 
(fissions per initial metal atoms) with the neutron 
fluxes available, 90% enriched uranium was used as 
fuel. For statistic reasons 10 000 particles from one 
production batch were considered as a minimum 
number; this amount correspounds approximately to 
2 g uranium-235 and to a volume of 2 cm3

• Due to 
these high fuel densities for a loose filling of coated 
particles, the power densities in the fuel volume attain 
values up to 1 500 W /cm3. With the permissible heat 
flux at the surface of the cooling channels, the mini
mum active length of the fuel carrier is therefore 
approximately 8 em. 

From these considerations, and so as to be able to 
measure the fuel temperature as precisely as possible, 
an annulus within a refractory material was chosen as 
the fuel geometry during irradiation. The high value 
of the power density within the fuel not only causes 
difficulties with the heat removal but also, combined 
with the low thermal conductivity of a loose filling 
of coated particles, results in a high temperature 
gradient across the fuel annulus. With the figures 
given above and using a helium gas filling, the tem
perature gradient is in the range of 300-400 °C across 
the annulus having a width of 2-3 particle diameters. 
Therefore tests were performed with a 50 vol% 
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Figure 1. Cross sections of high temperature fuel irradiation capsules 

Figure 2. Exploded view of high temperature fuel irradiation capsule 
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mixture of coated particles and graphite powder 
(100-200 f.L) in order to reduce the power density in 
the annular gap and to increase the thermal con
ductivity. 

The measurement of the thermal conductivities of 
coated fuel particles with and without added graphite 
powder indicated an appreciable increase, if graphite 
is added. For 50 vol% graphite added to the fuel and 
for temperatures of 500 and 1 200 °C, · the values 
obtained were 0.045 Wfcm °C and 0.080 Wfcm °C 
respectively. Compared with the results without 
graphite, these values have increased by a factor of 3. 
The temperature drop across a 1.5 mm annular gap 
can therefore be kept within 125 °C. 

Irradiation capsule layout 

Two different capsule types were developed for the 
irradiation of the coated fuel particles. The layout of 
both capsules is shown in Fig. 1. The central fuel 
carrier, consisting of a refractory material such as 
graphite or niobium, is thermally insulated from the 
water cooled outer aluminium container. The fission 
heat produced in the fuel during irradiation is radially 
conducted through the insulation, thereby causing a 
temperature drop. The required fuel temperature can 
be attained by appropriate selection of the insulating 
material, the layer thickness and the heat flux. 

In these capsules no electrical heaters for tempe
rature control have been installed because of the 
rather large permissible temperature range of I 200-
1 400 °C. The fuel carriers were positioned in the 
maximum of the neutron flux so that flux shifts 
during operation did not affect the temperatures 
significantly. 

In the first type of fuel capsule designed, the fuel 
carrier consists of pure graphite and is composed of 
two main parts, the outer cylindrical shell and the 
central spine, which together form the annulus for 
the fuel particle loading (Fig. 1 ). Two silica discs 
center the cylindrical shaped fuel carrier within the 
stainless steel container. The resulting second annular 
gap acts as the thermal barrier between the heat 
source and the water cooled outer container. Two 
fuel earriers, each 10 em long, are placed in one 
capsule which is filled with pure helium at atmospheric 
pressure. Double end closures ensure maximum 
safety and minimize the leakage rate through the 
thermocouple penetrations. 

Thermocouples placed in the central graphite 
spine and the cylindrical graphite shell monitor the 
maximum and minimum fuel temperature during 
irradiation. As indicated previously, the thermal 
conductivities of different fuel loadings were measured 
with this arrangement. 

For low burn-ups, bare Pt/Pt-10%Rh thermo
couples contained in alumina capillary tubes proved 
satisfactory. Because of the difficulties experienced 
with the thermocouple penetrations and to increase 
reliability during extended operation periods, tan
talum sheated W/W-26%Re assemblies have been 
installed later in both capsule types. 
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With this design concept, the power rating is 
limited to 3 kW per fuel carrier since the width of 
the helium gap would have to be decreased below 
1 mm, which was considered unsafe at temperature 
gradients exceeding 1 000 °C/mm. Because of this 
limitation and the resultant safety aspects, a more 
refined capsule type was developed and put into ope
ration, although the first design has proved to be 
very reliable during operation at temperatures up to 
1 400 °C. 

In the second type of capsule, the fuel carrier 
consists of niobium and is similar in design to the 
first one. A central spine again provides for the 
measurement of the maximum fuel temperature with 
a thermocouple. The high temperature gradient of 
the previous type of capsule is avoided by means of 
a thermal barrier of Al20 3 powder in a helium atmo
sphere. Due to the better thermal conductivity of this 
insulator the gap width has appreciably increased. 
Therefore two thermal barriers could be tolerated and 
a second nimonic container was introduced (Figs. 1 
and 2). This provides additional safety, especially at 
the thermocouple penetrations. In addition to the 
high central temperature, an intermediate temperature 
can be monitored with Chromel/Alumel thermo
couples which are more reliable than high temperature 
elements. Further, the maximum obtainable fuel 
temperature is not restricted to 1 400 °C and it is 
anticipated that the temperatures in these capsules 
can be raised appreciably above the present limit for 
future irradiations. 

The increased safety and reliability of this capsule 
design, due to the second container and the niobium 
fuel insert, could only be achieved by allowing a larger 
neutron flux depression and consequently a larger 
negative reactivity influence on the reactor. The 
disturbed neutron flux has been measured with 
mock-up capsule assemblies of both types; the 
depression factors for the graphite and niobium 
capsules were 0.65 and 0.5 respectively. 

Dismantling of the irradiation experiments 

In the present irradiation series, the low burn-up 
values were achieved during one-shift operation of 
the reactor, giving a corresponding large number of 
thermocycles. For the higher burn-ups, however, a 
three-shift full power operation was required. 

After a cooling period of 4-6 weeks the hot irra
diation experiments are dismantled in the hot cell 
adjacent to the reactor pool. With the existing facilities 
at the ASTRA reactor, irradiated experiments can be 
transferred directly from the reactor pool into the 
hot cell without a transport cask. The end caps of the 
capsules are cut with a remote handling machine, 
especially designed for this purpose. 

Then the fuel carriers are pushed out of the inner 
container using a press. The fuel carrier itself is 
designed to allow the removal of the central spine 
together with the fuel loading using the same machine. 
The coated particles are collected in a funnel shaped 
container and after separation from the graphite 
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powder they are sent to the junior cave for post
irradiation analysis. 

BURN-UP DETERMINATION 

Bum-up figures are obtained by: 
(a) Calculations based upon the neutron flux and 

reactor operation data; 
(b) Cobalt flux monitors; 
(c) Mass spectrometric measurement of the ura

nium isotopic ratios before and after irradiation. 
The first method is only used for predicting the 

reactor operation period at the required power level 
because of the uncertainties involved (e.g., flux 
depression, etc.). 

More precise values for the integrated neutron flux 
are obtained from the cobalt monitors incorporated 
in the capsules. From these, the bum-up is calculated 
using certain assumptions regarding the energy 
dependence of the respective cross sections and the 
ratio of average flux in the fuel to the measured flux. 

The determination of bum-up by mass spectro
metric measurements of the uranium isotopic ratios 
before and after irradiation yields the highest pre
cision compared to the other methods [1]. For en
riched fuel the isotopic ratio of 236U: 235U instead of 
2asu: 2asu is used because this yields a higher accuracy 
and because a small contamination of the sample by 
natural uranium would change the 238U: 235U ratio 
significantly [2]. The bum-up (% fifa) is given by 

% fifa = Ra - Rb X 100 
a+ (a+ l)Ra 

where Ra is the isotopic ratio 236U: 235U after irra
diation and Rb the isotopic ratio of 236U: 235U before 
irradiation, oc = 0.171 ± 0.003 [3], the capture to 
fission cross section ratio of 235U. 

Mass spectrometric measurements of the uranium 
isotopic ratios of fuel samples are usually carried out 
with a triple filament surface ionization source. In 
this case the coated fuel particles have to be treated 
chemically first to dissolve the coatings and to get the 
uranium into a solution of uranyl nitrate. A small 
amount of this solution is then placed in the sample 
filament of the triple filament source. 

To reduce the handling of radioactive material and 
to avoid the chemical preparation, a new ion source 
for isotopic analysis of coated fuel particles was 
developed (Fig. 3). This source permits the chemical 
preparation of the particles as well as the ionization 
of the metal atoms. After loading the sample into the 
graphite tube furnace, the source unit is evacuated. 
The furnace is then heated up to a temperature of 
about 2 300 °C to crack the coating layers. The cracked 
particles are exposed to a stream of a halogen gas to 
form the volatile halide compounds of the metal 
atoms of the kernel. The stream of the uranium 
halides hits the hot surface of a tungsten or rhenium 
filament where dissociation and ionization occurs. 
The U+ ions obtained are accelerated by an electric 
field into the analyser system of the mass spectro
meter. 
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Figure 3. Diagram ofthe ion source for isotopic analysis of coated 
fuel particles 

Because of the high activity of the irradiated 
samples, the isotopic ratios were measured with. the 
electromagnetic isotope separator which has espectally 
been designed at the reactor center Seibersdorf to 
handle radioactive materials [4]. This machine uses 
as analysing field an inhomogeneous magnetic sec~or 
field with a field gradient of n = 1/2, a deflectiOn 
angle of <I> ,., 180 ° and a mean radius of 1 m. The 
accelerating voltage can be varied from 5-60 kV and 
the magnetic field from 0-5 000 Gauss. For sa~e 
handling of radioactive samples, a glove-box ts 
attached to the separator, which contains the ion 
source [5] (Fig. 4). Mass spectra are obtai~ed .by 
sweeping the ion beam across the collector sht usmg 
the magnetic scan method. As an ion collector, a 
Faraday cup is used with a secondary electron repeller 
plate in front of it. The ion current is amplified by a 
vibrating reed electrometer and recorded. 

PRE-IRRADIATION EXAMINATION 
Four different batches of coated particles have 

been prepared using our production equipment [6] to 

Figure 4. Electromagnetic isotope separator for radioactive 
samples 
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Table 1. Specification of test samples (all 90% enriched with 235U) 

Sample Kernel 

Type Diameter 
(v.) 

El ........... Sintered UC2 300-500 
E3 ........... Melted UC2 360-380 
E4 ........... Melted UC2 300-315 
E5 ........... Sintered UC2 350-370 

study the influence of different parameters on the 
burn-up behaviour (Table 1). 

Two types of UC2 kernels were used. One type was 
spheroidized and reacted U02 and C heated in a bed 
of graphite flour in a vacuum induction furnace at 
about 2 600 °C. The other type was a sintered UC2 
kernel produced by an agglomeration technique. The 
sintering was also performed in a graphite bed but 
the temperature was only raised to 1 900 °C for four 
hours. 

The pyro1ytic carbon coatings were applied in a flu
idized bed reactor using methane as the hydrocarbon. 
Two types of coatings were used for the preparation 
of the test samples, a structureless so-called laminar 
coating and a duplex coating consisting of first a lam
inar and then an outer columnar layer (Figs. 5 and 6). 

The pre-irradiation evaluation of these samples [7] 
on the basis of which th~ production parameters were 
optimised included the following tests: 

(a) Chemical analysis to determine the actual 
uranium content of the particles and the presence of 
contaminants. 

(b) X-ray analysis of the kernel to reveal undesired 
phases in the uranium dicarbide. 

(c) Visual inspection of the kernels and the coated 
particles for the detection of irregularities such as 
doublets, cracks, etc. 

(d) Metallography for evaluating the structure of 
the kernel, porosity, bonding between kernel and 
coating, reaction zones, cracks, etc. 

(e) tx-activity measurements with an ionization 
chamber to determine the surface contamination of the 
particles containing fissionable material. 

(f) The crushing strength of the particles to obtain 
data on the mechanical properties of the particles 
which are required for the preparation of fuel com
pacts. 

(g) X-ray microradiography for measuring kernel 
diameter, coating thickness as well as for the detection 
of uranium contamination of the coating. 

(h) Xenon-133 emission in an out-of-pile diffusion 
experiment which also yields data on the release of 
volatile fission products, such as barium. This is one 
of the most important types of information required 
from the pre-irradiation assessment. 

POST-IRRADIATION EXAMINATION 

The most important information required from 
these capsule experiments is the determination of the 
number of particles that failed dur-ing irradiation. 
After the dismantling of the capsule, small batches of 

Carbon coating 

Type Thickness Temperature 
(v.) (•C) 

Laminar 95 1 550 
'Laminar 150 1 550 

Duplex 110 1 550 
Laminar 100 1 550 

particles are removed from the hot cell and trans
ferred to a junior cave where a macroscopic and 
microscopic inspection is performed. 

For the macroscopic examination a low magni
fication (20 times) microscope is used which allows 
the evaluation of the change of particle morphology, 
e.g. surface appearance, formation of large cracks 
etc. Oblique illumination and an additional diffuse 
light is used to give maximum contrast (Figs. 5 and 6). 
No mounting of ~he particles is necessary. 

For the microscopic examination the samples are 
mounted in lucite by the standard technique. The 
grinding and polishing operation is performed on fully 
automatic equipment using diamond pastes of dif
ferent particle size as an abrasive. A comparison of 
the metallographic sections of particles before and 
after irradiation enables the determination of the 
radiation-induced changes such as reaction zones 
between the kernel and coating, growth or shrinkage 
of the kernel, formation of spearhead attack, etc. 

While the examinations described above help in 
determining the causes of particle failure, the number 
of broken particles in the samples is determined by 
two other techniques. 

By comparision with the pre-irradiation assess
ment, the out-of-pile xenon release of the irradiated 
particles can be used to determine changes in the 
xenon retention characteristics of the coating as well as 
the detection of broken particles. Due to the high 
xenon retention of particles with good quality coatings, 
the quantity released from one broken particle is 
orders of magnitude larger, e.g. broken particles from 
a typical irradiation sample of 104 particles gives a 
fractional release of 1 x 10-4 compared with an 
average of about 10-6 for sound particles. 

Since the particles are at high temperatures during 
the burn-up test, most of the xenon-133 from broken 
particles is released into the capsule atmosphere. 
After a cooling period which is long enough to allow 
the decay of most of the xenon-133, it is necessary to 
reactivate the particles at low temperatures for these 
release measurements. 

The xenon release is measured by heating the sample 
up to about 1 500 °C in a constant stream of purified 
helium. This helium sweep carries the xenon released 
through a system of traps to remove volatile fission 
products and through a measuring chamber to deter
mine the activity of the helium sweep by a scintil
lation probe. This measurement gives direct infor
mation on the xenon release rate. Information on the 
integrated xenon release during the experiment is 
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Figure 5. Typical macroscopic view and section of particles with a laminar coating 

Figure 6. Typical macroscopic view and section of particles with a duplex coating 
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Figure 7. Diagram of the xenon release apparatus 

dry Cl2 gas 

Fi.gure 8. Diagram of the chlorination apparatus 
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finally obtained by collecting the active xenon in a 
charcoal trap cooled with liquid nitrogen. Figure 7 
shows the simplified flow diagram of the diffusion rig. 

The second method for the quantitative deter
mination of the uranium in broken particles is based 
on the volatility of the metal chlorides (Fig. 8). The 
sample is placed in a quartz tube which is heated to 
about 700-800 °C. By passing chlorine gas over the 
sample, the uranium is removed quantitatively from 
particles with defective coatings and transferred to 
the cooler part of the furnace on to a bed of quartz 
wool. Sound particles remain unattacked. After the 
reaction is complete the uranium is dissolved in nitric 
acid. The quartz wool is dissolved in hydrofluoric 
acid and the uranium collected quantitatively. After 
evaporating to dryness, the residue is taken up with 
hydrochloric acid. So as to be able to remove the 
sample from the hot cell for the analytical determi-
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nation of the uranium, the solution is then passed over 
an ion exchange column to remove most of the 
y-activity. Since the amount of uranium contained in 
one single particle is known, the uranium found can be 
directly correlated to the number of broken particles. 
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Comportement sous irradiation de particules 
de combustible enrobees 

par H. Bildstein eta/. 

Pour obtenir des indications sur le comportement 
des particules de combustible enrobees dans les con
ditions de fonctionnement du reacteur, on a effectue 
une serie d'experiences en capsules dans le reacteur 
ASTRA a des flux thermiques de 3 a 6 x 1013 nfcm2• 

Le taux d'epuisement atteint au cours de ces expe
riences se situait, a des temperatures de fonctionne
ment de 1 200 a I 400 °C, au voisinage de 10%, 
exprime en fissions par atome fissile initial (fifa). 

Pour ces experiences sur le taux d'epuisement, on a 
utilise deux types differents de capsules. Dans l'une, 
Ia partie interieure etait faite de graphite, isolee au 
point de vue thermique du recipient exterieur en acier 
inoxydable par une barriere d'helium. La partie inte
rieure de !'autre type etait en niobium, et !'isolation 
thermique consistait en poudre Al20 3• Dans l'une et 
!'autre des capsules, les particules de com6ustible 
etaient contenues dans un espace annulaire. La tem
perature du combustible a ete mesuree a !'aide de 
thermocouples pour temperature elevee, places des 
deux cotes de l'espace annulaire. Cet arrangement a 
permis en meme temps d'obtenir des valeurs sur Ia 
conductivite thermique des particules de combustible 
en vrac. 

Apres le demontage des capsules dans Ia cellule 
chaude, on a d'abord procede a Ia determination du 
taux d'epuisement par !'evaluation des donnees 
fournies par des dosimetres au cobalt et par !'analyse 
spectrometrique de masse des isotopes d'uranium. 
Pour ce dernier mesurage, on s'est servi d'une source 
d'ions a temperature elevee, dans laquelle les ions 

d'uranium ont ete produits par ionisation superficielle 
apres volatilisation par traitement aux halogenes. 

A pres evaluation visuelle et examen. metallogra
phique, l'etat des particules a ete examine par deux 
methodes. La premiere de ces methodes a permis 
d'obtenir, par Ia mesure de Ia quantite de xenon 
libere des particules reactivees, le nombre de particules 
ayant subi des degats. La seconde methode a permis, 
a !'aide d'un procede dechloruration, d'eliminer com
pletement !'uranium des particules ayant subi des 
degats par Ia formation de chlorures volatils. 
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noseAeHHe 4aCTH~ TOnJlHBa B o6o
Jl04Ke npH o6ny4eHHH 

X. cHnbAWTeHH et al. 

,l(JUI TOfO 'IT06hi nOJIY'IHTh CBC,rl,CHHH 0 IIOBC,rJ,e

HHH 'laCTHIJ; TOIIJIHBa B 060JIO'IHC B pa60'IHX yc

JIOBHHX B peaHTope ASTRA, 6LrJia rrpoBe,rJ,eHa 

cepHH HaiiCYJihHhlX HCIIhlTaHHH IIpH IIOTOHC TCll

JIOBhiX HCHTpOHOB 3-6. 1013 neurplcM2 • eel£. 
,l(oCTHrHyToe BhlfOpaHHC COCTaBHJIO IIO'lTH 10% 
Bhi,rl,CJIHBIIICfOCJI TOIIJIHBa, OTHCCCHHOfO HO BCeii 

MaCCC ,rJ,CJIHIIJ;CfOCH MaTepHaJia IIpH pa6o'lHX TCM

rrepaTypax 1200-1400°C. 
,l(JIJI OIIhlTOB C Tal\HM BhlropaHHCM HCIIOJlh30Ba

JIHCb ABa BH,rJ,a Harrcyn. B OAHOM HCifOJih30BaJicH 

rpacpHTOBMH Bl\Jia,rJ,biiii, TCIIJIOH30JIHpOBaHHhlH OT 

aaiD;HTHOH o6oJIO'lHH HaiiCYJihl H3 HepmaBCIOID;CH 

cTaJIH c rroMOIIJ;hiO reJIHH. l\arrcyJILI ,r1,pyroro BH,rJ,a 

HMCJIH HH06HCBhlC BHJia,rJ,hiiiiH, TCIIJIOH30JIHpOBaH

HhlC c rroMOIIJ;hiO rropoiiiHoo6paarroro Al20a. J\aH 

TOT, TaR H ,r1,pyroll: BRJia,rJ,hliii co,r1,epmanH 'laCTH·· 

n;LI, pacrronomeHHbie ROJihiJ;OM. TeMrrepaTypa TOII

JIHBa H3MepHJiaCh C IIOMOIIJ;hiO BhiCOHOTeMrrepaTyp

HbiX TepMonap, paaMeiiJ;eHHhiX ITO o6e CTOpOHhl 
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ROJib~a. C noMO~biO Taxoro paaMe~eHIUI 6wm1 

llOJiylJeHhl A3HHhie llO TellJIOllpOBOAHOCTH HellJIOT-· 

Hoi!: ynaxoBRH lJaCTH~ TOllJIHBa B o6oJIO'IKe. 

llocne paa6opxu xancyJI B <<ropH'Ieil:>> KaMepe 

BhiropaHHe 6biJIO onpeAeJieHO nyTeM H3MepeHHH, 

npoHaBeAeHHoro Ro6aJihTOBhiM A03HMeTpoM, 11 ny

TeM Macc-cneRTpoMeTpH'Iecxoro aHanuaa uaoTo

noB ypaHa. ::ho H3MepeHHe llpOBOAHJIOCh npH HC

IIOJih30BaHHH BhlCOROTeMnepaTypHOfO HOHHOfO HC

TOlJHHKa, B ROTOpOM HOHhl ypaHa o6pa30BhiBaJIHCh 

npH IIOBepXHOCTHOH HOHH3a~HH llOA AeHCTBHeM 

raJioreHHm'.i: o6pa6oTRH. 

llOCJie BH3Y3JihHOfO OCMOTpa H MeTaJIJIOrpaqm

'IeCROrO HCCJieAOBaHHH ~eJIOCTHOCTh lJ3CTH~ 6hlJia 

npoBepeHa ABYMH cnoco6aMH. llpu nepBOM cno

co6e H3MepHJIH B03AeHCTBHe KCeHOHa Ha peaKTH·

BHpOB3HHhie lJ3CTH~hl H onpeAeJIHJIH KOJIHlJeCTBO 

IIOBpeiKAeHHhiX lJ3CTH~. llpH BTOpOM CllOC06e HC

ll0Jih30B3JIH npo~eCC XJIOpHpOBaHHH, KOTOphiii 

ll03BOJIHeT 1IpOH3BeCTII KOJIH'IeCTBeHHOe H3BJielJe

IIHe ypaHa H3 IIOBpem)J,eHHhiX lJ3CTH~ 33 C'IeT Jie

Ty'IeCTH XJIOPHAa. 

A/398 Austria 

Comportamiento frente a Ia irradiaci6n de 
elementos de combustible revestidos 

por H. Bildstein eta/. 

A fin de obtener informacion sobre el comporta
miento de elementos de combustible revestidos bajo 
las condiciones presentes en un reactor, se realizaron 
una serie de pruebas con capsulas en el reactor 

H. BILDSTEIN et ol. 

ASTRA a niveles de flujo termico de 3-6 X 1013 

nfcm2 s. El grado de quemado obtenido fue alrededor 
de 10% a temperaturas de funcionamiento de 1 200-
1 400 °C. 

Para estos experimentos de quemado se usaron 
dos tipos de capsulas. En uno se empleo una pieza 
insertada de grafito aislado termicamente del envase 
mediante una camara de helio. En el otro tipo se 
utilizo una pieza insertada de niobio aislada termica
mente mediante polvo de Al20 3• Ambas piezas 
insertadas contenian los elementos en una camara 
anular. Se tenia conocimiento de Ia temperatura 
de combustible mediante termopares para altas 
temperaturas situados a ambos lados de Ia citada 
camara. Con esta disposicion se obtuvieron datos 
sobre Ia conductividad termica de una aglomeracion 
no compacta de elementos revestidos. 

Despues de desmontar las capsulas en Ia celda 
caliente se determino el grado de quemado por 
valoracion de dosimetros de cobalto y por analisis de 
espectrometria de masas de los isotopos del uranio. 
Esta medida se hizo usando una fuente de iones de 
alta temperatura en Ia cual se obtuvieron los iones 
de uranio por ionizacion superficial despues de una 
volatilizacion por tratamiento con halogenos. 

Despues de una inspeccion visual y de un examen 
metalografico se .comprobo Ia integridad de los 
elementos por dos metodos. En el primero se utilizo 
una medida de liberacion de xenon en elementos 
reactivados para obtener el numero de ellos que 
habian fallado. En el segundo se uso un proceso 
de cloracion que permite Ia eliminacion cuantitativa 
del uranio de los elementos con fallos por el cloruro 
vola til. 
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Examination of in-pile burn-out damage to a boiling 
water reactor fuel rod 

By R. Schwarzwilder, J. Hochel and J. Fischer* 

For the further development of boiling water reactor 
fuel elements, AEG has performed an extensive 
irradiation programme from 1961 to 1963. General 
Electric, APED, San Jose, has been responsible for 
irradiation tests and the examination of irradiated 
fuel rods. Within this program, 93 fuel rods have been 
irradiated in the GETR in Vallecitos under boiling 
water reactor conditions, in a pressure-tight capsule, 
for periods from 10 minutes to 2 hours. 

In the course of this irradiation programme, burn
out damage occurred on three fuel rods as a result of 
insufficient cooling. Since, as far as we know, details 
of the examination of in-pile burn-out damage is not 
yet available in the unclassified literature, the oppor
tunity offered by this unforeseen circumstance was 
taken to determine by metallographical and other 
methods the state of one of these damaged rods. 

The present paper deals exclusively with the exami
nation of this burn-out damage. 

DESCRIPTION OF IRRADIATION CAPSULE, FUEL 
RODS, AND IRRADIATION HISTORY 

The irradiation tests have been performed in the 
GETR Trail Cable Facility, in a pressure-tight 
capsule, under boiling water reactor conditions, i.e., 
70 atm, subcooled boiling. 

Irradiation capsule 
The capsule used for irradiation tests is schemati

cally represented in Fig. 1. 
The whole capsule is 380 mm long with an outside 

diameter of 48 mm. The fuel rod is inserted from the 
open end into the pressure jacket, which is 255 mm 
long and 38 mm in diameter. The opening is closed by 
a screw plug and sealed by means of a metal gasket. 
Water at 70 atm flows through 1.6 mm stainless steel 
pressure tubing into the pressure jacket. The pressure 
in the capsule is controlled by an automatic pressure 
relief valve and a pressure accumulator in the outlet 
piping. 

During operation, when the fuel rod generates heat, 
water boils locally at the surface. The heat is trans
ferred from the cladding surface to the pressure 
jacket by natural circulation of the water in the 
pressure jacket. A guide tube installed in the pressure
tight jacket serves to improve natural circulation. 

• AEG, Frankfurt-a.-Main. 
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Figure 1. Schematic view of irradiation capsule 

The pressure jacket is surrounded by a cooling 
water jacket and cooled by water of the GETR 
make-up system. The cooling water enters the capsule 
through a flexible line, then flows through the annulus 
between the cooling jacket and the pressure jacket and 
finally reaches the GETR-pool through openings in 
the bottom of the capsule. Thermocouples are 
arranged in the cooling water jacket above and below 
the pressure jacket. The heat generated in the fuel is 
determined by measuring the cooling water flow and 
its rise in temperature. 

Fuel rods 
Figure 2 shows a typical fuel rod with a total length 

of 230 mm. The active length of the fuel is approxi
mately 170 mm. Stainless steel, type AISI 304, has 
been used as cladding material for all three specimens 
of interest in this paper. The fuel consists of uranium 
dioxide pellets with an enrichment of 4.5%. All data 
on the specimens are given in Table 1. 

Table 1. Data on fuel rods Nos. 28, 38, and 42 prior 
to irradiation 

Cladding material ...... __ ........ . 

Outside diameter of cladding (mm) .. . 
Wall thickness of cladding (mm) ..... . 
Fuel ............................ . 

No. 28 No. 38 No. 42 

Stainless steel, 
type AISI 304 

13.82 13.82 13.82 
0.51 0.51 0.51 

U02 pellets, 
enriched to 4.5 % 

Average fuel diameter (mm) . . . . . . . . . 12.4 12.4 12.56 
Radial gap (mm) . . . . . . . . . . . . . . . . . . 0.2 0.2 0.12 
Gap filling gas .......... _ . . . . . . . . . . Xenon Argon Argon 
Length of fuel column (mm) . . . . . . . . . 170 170 170 
Total length of fuel rod (mm) . . . . . . . . 230 230 230 
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Figure 2. Schematic view offuel rod 

Irradiation history 

During irradiation the fuel rods Nos. 28, 38 and 42 
suffered characteristic burn-out damage. The burn-out 
damage has obviously been caused by insufficient 
cooling which must be attributed to hydraulic insta
bilities in the natural circulation of the water in the 
pressure jacket of the capsule. All burn-out damage 
occurred when the pressure-tight capsule has been 
inserted in the direction of higher flux. A precise 
indication of the heat flux at the burn-out point is 
therefore not possible. When activity occurs in the 
hydraulic system it is necessary to withdraw the cap
sule immediately from the neutron flux and to dis
continue the test. 

During all the tests in this programme, the heat flux 
of the fuel rods was determined calorimetrically. To 
get a comparatively reliable basis and to eliminate 
the influence of y-heating in the thermocouples, the 
temperature increase of the cooling water has been 
determined for four different flow rates. When per
forming the four measurements, the fuel rod had to be 
in the same neutron flux position. The fuel rods 
Nos. 28 and 38 caused high activity while being moved 
towards a higher flux, i.e., before exact calorimetric 
measurements could be performed. Consequently, the 
average heat flux for these two fuel rods could only 
be estimated by measuring the temperature increase of 
the cooling water at a single flow rate and not in a 
completely stationary thermal condition. 

As far as fuel rod No. 42 was concerned, the burn
out happened after the heat output of the fuel rod had 
been measured in the normal way at a fixed position, 
when the rod was moved further towards a higher 
flux. Thus one knows an exact lower limit of the heat 
flux for No. 42. But there is no precise calorimetric 
measurement available for any of these fuel rods. 

All burn-out damage occurred in the upper part of 
the fuel rods where the steam content reached the 
maximum value. On the other hand, the higher heat 
flux was in the lower part of these rods. 

Table 2 gives the important irradiation data. With 
the values estimated from calorimetry as a basis, the 
indicated values for the heat flux at the specific 
section positions have been calculated from the axial 
flux profile known for the time of insertions into the 
reactor. Because of the difficulties of determining the 
heat flux, these values may vary within the limits given 
in the table. 

The fuel rod No. 38, which was the most severely 
damaged by burn-out, was selected for a detailed 
examination. The results of this examination are 
described below. 

Table 2. Irradiation data offuel rods Nos. 28, 38, and 42 

Heat flux at 
JTZ ).dT specific Irradiation 

Position 
position period at TR 

of section heat flux 
Fuel rod of section (W/cm') (min) (W/cm) r:t.SKc 

28 ........ C/B 128• 1.5 41.5 
28 ........ B/A 163• 1.5 52.5 0.441d 
38 ........ B/A4 169• 1 54.4 0.53 
38 ........ A3 175• I 56.8 0.61 
38 ........ A3 179• I 58.0 0.30 
38 ........ A2/AI 187• I 60.6 0.38 
42 ........ B2/BI 124b 10.5 39.8 0.577 
42 ........ BI/AI l33b 10.5 42.8 0.603d 
42 ........ AI/A2 138b 10.5 44.5 0.442d 

• Accuracy ± 15 % estimated. 
• Accuracy ± 10% estimated. 
' "'"" = Diameter of columnar grain growth/diameter of pellet. 
4 Diameter of equiaxed grain growth/diameter of pellet. 

EXAMINATION OF THE IRRADIATED FUEL ROD 

Description o'f the fuel rod after burn-out 

The damage was so extensive that the fuel rod had 
to be removed from the irradiation capsule in the 
hot cell and not, as usual, in the GETR pool. The 
view of the fuel rod after being removed is shown in 
Fig. 3. This figure shows that, in the upper 60% of the 
rod, an extensive, but not complete melting of the 
cladding occurred. The flow of molten or partially 
molten steel can be seen distinctly in the centre of the 
rod. Smaller areas of the cladding had completely 
disappeared and exposed the underlying uranium 
dioxide. These exposed fuel surfaces seemed to be 
undamaged. The fuel rod was nearly broken in two. 
During further handling it fell apart and exposed the 
interface of a pellet also shown in Fig. 3. The appear
ance of the interfaces of the two adjacent pellets 
indicates that these have been partially molten. 

Analysis of gamma activity along the fuel rod 
To get the relative flux profile along the fuel rod, 

a gamma-scanning was carried out. However, due to 
the short irradiation time, approximately one minute, 
there was not enough activity to give a characteristic 
profile. From the experience gained by parallel tests 
it was confirmed that the variation of the flux profile 
was very small and that the maximum was at the 
lower undestroyed part of the fuel rod. 

Description of the macroscopiC state of the fuel rod 
after sectioning 

The upper half of the fuel rod was longitudinally 
sectioned to permit the inspection of the fuel and the 
internal cladding surface. The view of the cladding 
after removal of the fuel is shown in Fig. 5. In the 
centre the fuel showed an axially extended void 
which was particularly noticeable in the two upper 
pellets of the rod. The lower picture in Fig. 5 shows 
the inside of the cladding after removal of the fuel. 
One half of the cladding has melted completely at 
some points, whereas the other half of the rod was not 
damaged so severely and the cladding seemed to have 
started melting only at one point. 



SESSION 2.2 Pf469 

The lower half of the fuel rod was broken into two 
pieces and cut in such a way that specimens for 
metallographical examination were obtained. The 
precise positions of the sections are shown in Fig. 3. 
A transverse section has been made in the bum-out 
zone (A4) and in the obviously undamaged zone (A2) 
as well as a longitudinal section through the transition 
zone (A3) between intact and molten cladding. Fig. 6 
shows this longitudinal section in the ground con
dition. 

Description of the microscopic state of fuel 
and cladding 

Description of the fuel 

The examination of the metallographically treated 
sections A4 and A3 showed that molten stainless steel 
from the cladding had flowed towards the fuel rod 
axis at the pellet interfaces and into radial cracks. The 
considerable penetration is distinctly visible in the 
vicinity of the centre of section A3, where relatively 
large quantities of molten and resolidified steel have 
been found even in very fine cracks in the fuel. The 
etchant, HN03-H20 2, normally used for uranium 
dioxide, did not attack the material found in the 
cracks, whereas a subsequent treatment with aqua 
regia - glycerol showed an effect. This difference in 
the etching characteristics identified the included 
material as stainless steel. The presence of solidified 
steel in the fuel is demonstrated in Figs. 7 and 8. 
Figure 7 shows solidified cladding material which is 
finely distributed in the fuel cracks. Figure 8 shows 
solidified cladding material between two pellets at a 
point already rather distant from the bum-out. 
Gas bubbles can be seen distinctly in the steel. The 
precise position of the ground sections is shown in 
Fig. 6. 

Figure 9 shows a type of fusion weld connection 
between obviously unmolten cladding and molten 
steel which has entered the gap between two pellets 
(from the right side in the figure). 

The closer view of the uranium dioxide structure 
showed extensive regions of columnar grains in the 
bum-out zone (sections A3 and A4) as well as in the 
undisturbed zone in section A2. The growth of 
columnar grains was greater in section A4, where a 
central void was also formed. Sectional representations 
of the grain growth in sections A4 and A2 are shown 
in Fig. 4. 

Description of the cladding and X-ray analyses of the 
cladding and oxidation products 

The transition between molten and unmolten 
cladding in the longitudinal section A3 was clearly 
defined by a change of the cladding microstructure 
and by its collapsing due to the external pressure as 
demonstrated in Fig. 10. The difference between the 
resolidified structure and the original structure of the 
cladding can be distinctly detected. Furthermore, it 
can be seen that the cladding surface in contact with 
the coolant shows an unmolten zone; then, towards 
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the interior, there is a dendritic zone produced by 
rapid cooling, and finally a zone which cooled more 
slowly in contact with the fuel. 

At some points in the unmolten zone of the clad
ding, increases in grain size and a heavier surface 
oxidation indicated that temperatures near the 
melting point of stainless steel have been reached. 

The examination of the cladding in the transverse 
section A2 at the lower end of the fuel rod in the 
unmolten region showed a completely normal struc
ture of the steel without any grain growth or abnormal 
surface oxidation. 

A piece of cladding from where the fuel rod broke 
was cut off for an X-ray diffraction analysis. The low 
activity of the specimen permitted the use of con
ventional methods during the analysis. Oxide layers 
were taken separately from the external as well as the 
internal cladding surface and analyzed in a powder 
camera. The determination of the d-values from the 
diffraction lines and their comparison with values ip 
the ASTM-powder data card file showed the following. 
The major constituent of the surface layer taken from 
the coolant side of the cladding was Fe30 4, with 
some austenite and traces of FeO. The layer removed 
from the inside of the cladding contained Fe30 4 

mainly, the minor constituents were ferrite, austenite, 
FeO and U02 as well as traces of y Fe20 3.H20. 

In the Debye-Scherrer films of the two specimens, 
there were some rather weak diffraction lines which 
could not be identified. Relatively high d-values had 
to be associated with these diffraction lines, indicating 
compounds with a large complex structure. Chromium 
or nickel oxide or metallic uranium have not been 
identified in any specimen. 

The presence of a second phase which seemed to 
be concentrated at the grain boundaries and occurred 
partially as an interdentritic precipitate was charac
teristic of the molten and heavily oxidized sections of 
the cladding, as shown by metallographic examination. 
This effect is shown in Fig. 11. A positive identification 
of this phase by X-ray diffraction was not possible 
because the concentration was obviously below the 
limit of detectability. The fact that the etching 
behaviour of this phase was very similar to that of the 
solid surface oxide indicated that this was an oxide 
phase, possibly formed by a partial solution of oxides 
in the molten steel and subsequent precipitation 
during solidification. 

The examination of the cladding, after the surface 
oxides were thoroughly removed, showed that the 
material was stainless steel, type AISI 304, with a 
iattice parameter of 3.59 ± O.oi A. There appeared 
to be preferred orientation with the (200) plane nearly 
parallel to the cladding surface. This orientation effect 
has possibly been produced by an oriented solidi
fication of the molten cladding material. 

DISCUSSION OF THE RESULTS 
The extensive examination of the fuel rod confirmed 

that the failure of the fuel rod was caused by over
heating and melting of the cladding during irradiation. 
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Figure 3. Fuel rod No. 38 after burn-out, with reference to the position of the sections for metallographic analyses shown in Figs. 4-11 
(25% reduction) 

Figure 4. Above: Microstructure of the uranium dioxide in the burn-out zone A 4. Below: Zone A 2, where no burn-out occurred 
(etched with aqua regia-glycerol) (X 23) 

Figure 5. Above: Condition of Section B of Fig. 3 directly after 
longitudinal sectioning of cladding. Below: After removal of fuel 

(approximately actual size) 

Figure 6. Longitudinal section of zone A 3 with reference to 
figures on facing page (in ground state) ( x 3) 
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Figure 7 . .Inclusions of molten and resolidified steel in small 
cracks of the uranium dioxide (etched with HN03-H 20 2) (X 75) 

Figure 8. Molten and resolidified steel between the interfaces 
of two pellets (etched with aqua regia-glycerol) ( x 75) 

Figure 9. Molten and resolidified steel between the interface of 
two pellets (etched with aqua regia-glycerol) ( x 75) 
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Figure 10. Zone of transition from unmolten to molten cladding 
(etched with aqua regia-glycerol) ( x 95) 

Figure 11. Molten and solidified steel with strong oxidation 
products (etched with aqua regia-glycerol) ( x 95) 
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Two important observations follow: (a) there has 
been no reaction between the cladding material and 
the fuel, although the molten stainless steel was 
spread very extensively in the fuel; (b) there has been 
no violent reaction between the stainless steel and the 
coolant; the molten cladding was, however, heavily 
oxidized and alloyed with oxides. The fact that there 
has been no significant reaction between the cladding 
material and the fuel confirms under in pile con
ditions the out-of-pile results found by J. A. Chris
tensen [I]. 

Reaction between U02 and water was not expected 
because the contact between the coolant and the fuel 
only lasted a short time. 

In the uranium dioxide, an extensive columnar 
grain growth occurred in the burn-out zone (sections 
A4 and A3) as well as in the non-overheated zone 
(section A2). The extent of columnar grain growth 
was higher in the region of the molten cladding 
compared with the unmolten cladding zone. From 
this it was concluded that the fuel temperature was 
higher in the overheated zone than in the undamaged 
zone, although the latter was exposed to a higher flux. 
The ·influence of the higher flux on the columnar grain 
growth was clearly visible in the lower region of the 
fuel rod. However this influence was small compared 
to the difference in columnar grain growth in the 
zones of molten and unmolten cladding (see Table 3). 

Table 3. The extent of the columnar grain growth 

Section Position 

A4 Above the region of transition to 

State of 
cladding "' . 

""' 

the molten zone.............. Molten 0.53 
A3 Upper part of pellet at the transi-

tion to the molten zone . . . . . . . Molten 0.61 
A2 Lower part of pellet at the transi-

tion to the molten zone . . . . . . . Unmolten 0.30 
AI Below the zone influenced by over-

heating . . . . . . . . . . . . . . . . . . . . . Unmolten 0.38 

• "'""' is the ratio of columnar grain growth to fuel diameter. 

It must be emphasized that the fuel rod was only 
irradiated for I minute. So far as is known, similar 
short time experiments have only been conducted in 
Canada [2, 3]. In Fig. 4 it is shown that, despite the 
large zone with columnar grains and the central void 
in the rod, there are no lenticular pores in the col
umnar grains. Therefore, it is unlikely that these 
columnar grains have been formed by the mechanism 
of evaporation and condensation of uo2 in pores. 
Since the central regions of adjacent pellets were 
obviously fused together in the centre (A3), the 
columnar structure may be regarded as an indication 
that melting has occurred in this case. But such grain 
growth in U02 cannot always be regarded as an 
indication of fuel melting. 

Since the burn-out happened before exact calori
metric measurements, the average heat flux of the 
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fuel rod could not be determined precisely. As 
already described, the heat flux related to the position 
of the section A4 was estimated as I69 Wfcm2 with 
a calculated accuracy of ± IS%. With this heat flux, 
a surface temperature of only I 020 °C is obtained for 
the fuel, in this position, using the thermal con
ductivity of uranium dioxide from Lyons et al. [4]. 
It has been assumed that the end of the columnar 
grains represented the melting temperature of the fuel 
at maximum flux in this position during the experi
ment. The beginning of equiaxed grain growth could 
not be used as a basis for calculation because a 
reasonable temperature for growth was not reached, 
due to the limited irradiation period. The available 
studies on the grain growth of uo2 are based on 
longer annealing periods [5-7]. 

Of course, the calculated value of the fuel surface 
temperature is too low. Since the cladding melted in 
some places, the fuel surface must have reached at 
least 1 400 °C for short periods. This temperature is 
approximately the melting point of stainless steel 
AISI type 304. The surface temperature of another 
fuel rod, No. 42, whose cladding was also defected to 
give a burn-out, was calculated by means of the 
observed changes in grain structure to have reached 
approximately I 450 °C. As already mentioned, there 
are more precise calorimetric measurements for this 
fuel rod than for fuel rod No. 38. 

The heat flux causing a fuel surface temperature of 
I 400 °C can easily be calculated back from the struc
tural changes in the uo2 and the above assumptions. 
For the position of section A4, a heat flux of approxi
mately I24 W fcm2 is obtained. 

There is quite a difference between the heat flux 
estimated by means of the limited calorimetric 
measurements and that determined by the metallo
graphic analysis. Possible sources of error are the 
estimation of the heat flux from insufficient measure
ments, the applied heat conductivity of Lyons or the 
assumption of the beginning of melting. Also, the 
transient character of a burn-out, the possible in
fluence of a burn-out on the heat conductivity of uo2 
and the uncertainty as to whether the burn-out has 
already occurred prior to reaching the maximum flux, 
could be responsible for this divergence. In this paper, 
no further speculations will be made on this subject. 
Therefore, only qualitative conclusions can be drawn 
as to the fuel and cladding temperatures. 

SUMMARY 

Advantage was taken of an unforeseen in-pile 
burn-out to determine the state of a fuel rod after the 
damage. By means of extensive metallographic and 
radiographic analysis on the fuel and cladding, two 
important observations were made: 

(a) There has been no reaction between the cladding 
and fuel although the molten stainless steel has been 
very widely distributed in the uranium dioxide; 

(b) There has been no vigorous reaction between the 
cladding and coolant although the molten stainless 
steel oxidized strongly and alloyed with oxides. 
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A/469 Republique federale d'AIIemagne 

Examen du dommage cause par brOiage a une 
barre de combustible dans un reacteur a eau 
bouillante 

par R. Schwarzwalder et al. 

Dans le cadre d'un programme etendu d'irradiation 
en vue du developpement des elements de combustible 
pour reacteur a eau bouillante, des dommages par 
brillage se sont produits dans trois barres de com
bustible par suite d'un refroidissement insuffisant. 
Etant donne que l'on n'a qu'une connaissance tres 
limitee des dommages par brillage a l'interieur d'un 
reacteur, }'occasion offerte par cette circonstance 
imprevue a ete utilisee pour etudier, par des methodes 
metallographiques et autres, l'etat d'une de ces barres 
endommagees. 

Des essais d'irradiation ont ete entrepris dans les 
conditions des reacteurs a eau bouillante, c'est-a-dire 
70 atm et ebullition sous-refroidie dans un cylindre 
sous pression, dans la Trail Cable Facility du GETR 
a Vallecitos. 

Les caracteristiques de la barre de combustible 
choisie pour !'analyse etaient, avant son chargement 
dans le reacteur, les suivantes: 

Materiau de gainage: acier inoxydable; 
Diametre exterieur du gainage: 13,82 mm 
Epaisseur du gainage: 0,51 mm; 
Combustible: U02 en pastilles, enrichi a 4,5%; 
Diametre moyen du combustible: 12,4 mm; 
Interstice radial: 0,2 mm; 
Gaz de remplissage dans !'interstice: xenon; 
Longueur de Ia colonne combustible: 170 mm; 
Longueur totale de l'echantillon: 200 mm. 
Le flux thermique moyen de neutrons a la position 

donnee dans le GETR etait environ 7,5 x 1013 nfcm2s. 
L'enrichissement et le diametre des echantillons 
etaient choisis de telle maniere que l'on pouvait 

attendre au maximum un flux calorifique superficie 
moyen d'environ 170 W/cm2• 

Le brillage a ete probablement produit par l'insta
bilite hydraulique de l'eau de refrigeration sous circu
lation naturelle. II s'est produit immediatement apres 
!'introduction de l'echantillon dans le reacteur, quand 
il a ete avance vers les regions de flux eleve. 

L'echantillon retire de son cylindre dans un labo
ratoire a haute activite a montre dans les 60% supe
rieurs de Ia barre combustible une fusion etendue, 
mais non complete, de la gaine. Au centre de l'echan
tillon on pouvait apercevoir distinctement l'ecoule
ment d'acier fondu. A quelques endroits Ia gaine 
avait completement disparu et l'oxyde d'uranium 
etait decouvert. Approximativement au milieu, 
l'echantillon etait presque rompu; il s'est separe en 
deux morceaux au cours de Ia manutention. 

L'etude metallographique a demontre que l'acier 
fondu de la gaine avait coule vers l'axe du combustible 
aux interfaces des pastilles et dans des crevasses 
radiates. La penetration etait considerable comme le 
prouvait !'identification de quantites relativement 
grandes d'acier inoxydable meme dans de .petites 
crevasses du combustible. 

Une oxydation considerable de Ia surface exterieure 
de 1a gaine a ete mise en evidence et les produits 
principaux de la reaction ont ete determines au moyen 
d'une analyse aux rayons-X. 

L'etude de Ia microstructure de l'U02 a montre 
une croissance de grain etendue et en colonne. La 
fusion a pu etre observee au centre. 

En resume, l'etude montre que: 
a) Apparemment aucune reaction n'a eu lieu entre 

uo2 et l'acier inoxydable, quoique l'acier inoxydable 
fondu se soit disperse assez profondement dans le 
combustible; 

b) Aucune reaction violente n'a eu lieu entre l'acier 
inoxydable et le refrigerant quoiqu'une oxydation 
considerable de Ia gaine ait pu etre observee. 
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A/469 I!JPr 

J-iayYeHHe nepemora TOnllHBHbiX cTep
mHeH BOAfiHOro KHnfl~ero peaKTOpa 

P. Wsap~BellbAep et al. 

B xo~e ocyru;ecTBJieHIUI o6rnnpHoii rrporpaMMhr 
IIO paapaOOTI<e TeiiJIOBhi,ll;eJIHIOili;HX :CJJieMCHTOB ,li;JIH 
BO,li;HHOfO HHIIHill;ero peaHTOpa B peayJihTaTe He,n;o
CTaTOqJIOfO OXJJam,n;eHHH HMeJI MeCTO rrepemor 
Tpex TOIIJIHBHhiX CTepmHeii:. iloCHOJJhHY rrepemor 
n peaKTope eru;e oqeHh rrJioxo nayqeH, noaMom
HOCTh, npC,li;OCTaBJieHHaH :JTHMJI HeiipC,li;BJI,ll;eHHhi
MJI o6cToHTeJihCTBaMn, 6hiJia ncrrpJJhaonaHa ,n;JJH 
orrpe,n;eJieHHH MeTaJIJiorpa«flnqecKux n ,'l;pyrnx Me
To,n;on aHaJinaa COCTOHHHH O,'];HOfO H3 :JTHX 
cTepmHeii: rrocJie rrepemora. 

06ny•IeHne 1Ip0113BO,li;HJIOCh B YCJIOBHHX, rrpncy
llJ.HX 1\HIIHili;CMY peaK'J;Opy, TO CCTh IIpH ,n;aBJieHHJI 
70 arM, KJIIIeHUH C He,n;orpeBOM, B repMCTHqecKoii 
KarrcyJie- TaK HaahmaeMoii: Trail Cable Fa
cility (ycTanonKa c o6JiyqaeMoii: HarrcyJJoii:, rro,LJ,
nerneHHoii: Ha Tpoce) n orrhiTHOM peaKTope «flnpMhi 
<<,IJ;meHepaJI aJJeKTpiiK>> B BaJihecuToce. 

XapaKTepucTHHII oTo6paHHoro ,n;JIH aHaJinaa TO
JIJIHBHoro CTepmHH ,li;O ycTaHOBKH ero B peaKTop: 

MaTepuaJI o6oJIU'Inu 

Hapyamhlii ~naMeTp oooJJo•mu, .M.M 

ToJIII\UHa CTeHoi' ofiOJIOqJul, MM 

TonJIHBO 

Cpe~HIIH ~UaMeTp TOIIiiUBH, MM 

Pa~naJJbHhlii 3a3op, M.M 

HanoJJHHIOII\IIH raa B 3a3ope 
J);JJHHa TOIIJIIIBHOH :KO.liOHHbi, .MM 

Oom.aJI ~mma ofipa3~a, .M.M 

1 I epmaneiOU\aH 
CTI\Jlb 

13,82 
0,51 

TafiJJeTim 113 

U02 4,5%-Horo 
ofioram,eHIIH 

12,4 
0,2 

KceHOH 
170 
200 

Cpe,n;HHM IIOTOH TeiiJIOBhiX Heii:TpOHOB B COOTBeT
CTBYIOru;eM MeCTe peaHTOpa COCTaBJIHJI rrpHOJIH311-
TeJihHO 7,5 · 1013 neiirpjcM2 • ce-n. 06oraru;eHne n 
AHaMeTp o6paaiJ.OB 6hiJIH rr.o.n;o6paHhi TaKHM o6pa
aoM, qTo6hi cpe,n;Huii: TerrJionoii: rroToK OhiJI rrpn-
6nnauTeJihHO paneH 170 BrlcM2. 

llepemor, rro-nn,n;nMoMy, 6hiJI o6ycJIOBJieH rn
;~;panJiuqecHoii: HeCTaOHJihHOCThiO OXJiam,n;aroru;eii 
BO,ll;hl rrpn ecTeCTBeHHOM IJ.IIpKyJI1IIl,HII. ~ho rrpo
II30IIIJIO cpaay me IIOCJie YCTaHOBKH o6pa31l,a B pe
aKTOp, Kor.n;a oH 6hiJI rrepecTaBJieH B aoHhi c 6oJiee 
CIIJihHhiM IIOTOHOM. 

HanJieqeHne o6paall,a na HancyJihi B ropHqeii 
KaMepe IIOKa3aJIO, qTO 60% IIOHphiTHH CTepmHH B 
BepxHeM ero qaCTH CHJihHO (HO HeOHOHqaTeJihHO) 
pacrrJiaBJieHO. iloTOH pacnJiaBJieHHOM CTaJIH MOmHo 
ohiJIO oTqeTJIIIBO nn,n;eTh B IJ.eHTpe o6paan;a. B 
HeHOTOphiX MeCTaX IIOHphiTHe COBepiiieHHO HCqea
JIO H IIO,ll; HHM OOHapymeH U02. llpnMepHO B cepe
,li;UHe o6paaen; 6hiJI noqTn nepeJioMJieH, n npn 
,n;aJihHeii:rneii pa6oTe oH paanaJIHJIC.II Ha .n;na HycHa. 

MeTaJJJiorpa«fJnqecHnii aHaJIH3 rroNa3aJI, qTo pac
rrJiaBJieHHaH CTaJih OOOJIOqKU IIOTCI\Jia B,li;OJih OCII 

no aaaopaM Mem.n;y Ta6JieTKaMn n no pa.n;naJih
HhiM Tperu;nHaM. llpoHHKHoneune 6hiJio aHa•nr
TeJihHhiM, o qeM ronopHT 6onhrnne rwnu•recTBa 
uepmanero~eii: cTann, o6napymeHHhie B MeJINnx 
Tperu;nHaX TOIIJIHBa. 

'Y CTaHOBJieHO 3Ha•IHTeJihHOe OKIICJieHHC uapym
Hb!X rronepxHocTeii o6ono•mn, a c IIOMOill;hiO peHT
reHorpa«flnqecKoro aHamraa OhiJIH orrpe.n;e.TJeHhi oc
noBHhie rrpo,n;yKThi peaHIJ.HII. 

AHaJIII3 MIIKpOCTPYHTYPhl uo2 IIOKa3aJI OOJ[h
JIIOH CToJI6qaTbrii: poeT aepua. PacnJianJieHHe Mom
no OhiJIO Ha6nro,n;aTh B IJ.eHTpe. 

Hccne.n;onaHne rroanoJJHCT CACJiaTh cJJeAYIOliJ.IIe 
BbiBO,ll;bl. 

1. QqeBII,li;HO, MCm,'];y U02 H HepmaneiOUJ.eii 
CTaJihiO peaKIJ.HU ne OhiJIO, xoTH paciinanneHIIaH 
IICpmaneiO~aH CTUJih f:J.HCIICprnpoHaHa ,[I,OHOJibHO 
lliHpOKO B TOIIJIHBe. 

2. Memn:y uepmaneroru;eii naJihiO H Tf'HJJOHocH
TeJieM He 6hrJio cnJihHoro naanMon:eiicTnnH, xoTH 
Momno OhiJIO Ha6.Jiro~aTb cnJibHoe oimcJJenue pac
rwannennoii o6o.TJo•mu. 

A/469 Republica Federal de Alemania 

Examen del deterioro en pila por quemado 
de una barra de elemento combustible para 
reactor de agua hirviente 

por R. Schwarzwalder et at. 

Dentro de un amplio programa de irradiacion 
de desarrollo de elementos combustibles para reac
tores de agua hirviente, se ha producido fallo por 
quemado en tres barras combustibles, debido a 
insuficiencia de refrigeraci6n. Puesto que todavia 
se tienen unos conocimientos muy limitados de los 
fallos por quemado en pila, se aprovecho la opor
tunidad que ofrecia esta circunstancia imprevista 
para determinar metalognificamente, y por otros 
metodos de amilisis, el estado de una de estas barras 
despues de haber fallado. 

Los ensayos de irradiacion habian sido concebidos 
simulando las condiciones de un reactor de agua 
hirviente, es decir, 70 atm, fluido en ebullicion 
subenfriado, en una capsula estanca en cuanto a 
presion, en el dispositivo experimental « Trail Cable » 
del GETR en Vallecitos. 

Las caracteristicas de las barras combustibles 
elegidas para su analisis antes de ser introducidas 
en el reactor eran las siguientes: 

Material de vaina: acero inoxidable 
Diametro exterior de la vaina: 13,82 mm 
Espesor de pared de la vaina: 0,51 mm 
Combustible: pastillas de U02, enriquecido al4,5% 
Diametro medio del combustible: 12,4 mm 
Camara radial: 0,2 mm 
Gas de relleno de la camara: xenon 
Longitud de la columna de combustible: 170 mm 
Longitud total de la pro beta: 200 mm. 
El flujo termico medio en la posicion correspon

diente en el GETR era, aproximadamente, 7,5 X 1013 

nfcm2 s. El enriquecimiento y el diametro de las 
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probetas se eligio de modo que resultase, como 
maximo, un flujo t~rmico medio de, aproximada
mente, 170 Wfcm2• 

Probablemente el quemado se produjo a conse
cuencia de la inestabilidad bidraulica del agua de 
refrigeracion bajo circulacion natural. Tuvo lugar 
inmediatamente despues de que se introdujo Ia 
probeta en el reactor, cuando se Ia desplazo bacia 
las regiones de flujo mas elevado. 

Una vez sacada la probeta de la capsula en una 
celula caliente, se comprobo que se babia producido 
una fusion extensa, aunque no total de la vaina, en 
los dos tercios superiores de la barra. En el centro 
de la probeta pudo observarse perfectamente el flujo 
de acero fundido. En algunos puntos la vaina babia 
desaparecido completamente quedando expuesto el 
U02 interior. La probeta estaba casi rota aproxima
damente por la mitad y en las manipulaciones poste
riores termino rompiendose en dos trozos. 

El analisis metalognifico demostro que el acero 
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fundido de la vaina babia fluido bacia el eje del 
combustible en las separaciones de las pastillas y 
en las grietas radiales. La penetracion fue conside
rable, como se pudo comprobar identificando canti
dades relativamente grandes de acero inoxidable 
incluso en las grietas pequefias del combustible. 

Se detecto una oxidacion considerable de la 
superficie exterior de la vaina y por medio de un 
analisis por rayos X se determinaron los productos 
principales de reaccion. 

El analisis de la microestructura de U02 mostro 
un marcado crecimiento columnar del grano. En 
el centro se pudo observar que babia babido fusion. 

El resumen del examen mostro: 
a) Que aparentemente no bubo reaccion entre el 

uo2 y el acero inoxidable, aunque al acero inoxidable 
fundido se disperso ampliamente en el combustible, y 

b) Que no se produjo reaccion intensa entre el 
acero inoxidable y el refrigerante, aunque se pudo 
observar una oxidacion grande de la vaina fundida. 



Pjn6 Netherlands 

The Norwegian-Netherlands fuel irradiation experiment 

By R. G. Scholvinck, P. F. Sens* and E. jensen** 

The purpose of the experiments was to study the 
behaviour of uo2 fuel irradiated at high specific 
power to a high bum-up. In September 1962, a 
water cooled loop was installed in the high flux 
reactor at Petten. Fuel capsules are contained in a 
pressure tube located in one of the beryllium reflector 
elements adjacent to the reactor core. Loop equip
ment and instrumentation are situated in the reactor 
pool and in two shielded cubicles in the reactor 
building. From October 1962 to April 1964, the loop 
operated satisfactorily in conjunction with the HFR. 
Power production by the fuel capsules has been 
gradually raised to 20 kW by relocation of the in-pile 
section and by changing the reactor core loading. 
Maximum thermal neutron fluxes obtained in the 
fuel are about 1.5 x 1014 n/cm2 s. Fuel ratings have 
been achieved up to 750 W /em fuel length and 
fuel exposures around 10 000 MWd/t. After decay, 
fuel capsules are transported in a special fuel coffin 
from the reactor pool to the lead cells for post
irradiation observations. In the lead cells, the influence 
of the irradiation on the dimensions of the capsules 
and on the structure of the uo2 has been studied. 
Puncture tests have been performed to investigate the 
release of fission gases. Fuel burn-up has also been 
determined by radiochemical methods. 

The irradiation programme is carried out at Petten 
as a joint project of the Norwegian In.>titutt for 
Atomenergi and Reactor Centrum Nederland. 

LOOP DESIGN 

The high flux reactor is an enriched uranium 
fuelled, light water cooled, materials testing reactor, 
operating at a power of 20 MW [I]. The in-pile 
section of the loop has been located in the reflector 
positions H8, H5 and H7. Stainless steel flexible 
tubing connects the in-pile section through the reactor 
vessel to the other equipment of the loop. This 
equipment consists of pumps, heat exchanger, pres
surizer, filters, ion exchangers, valves and tubing. 
These are located in the reactor pool, on the balcony 
and in the basement of the reactor building. The 
circuit has extensive instrumentation for automatic 
operation and safeguarding of the experiment. The 
circulating pumps are located in a shielded cubicle 
in the basement of the reactor building. The coolant 

* Reactor Centrum Nederland, Petten, Netherlands. 
** Institutt for Atomenergi, Kjeller, Norway. 
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tubes penetrate the reactor pool shielding wall and 
the reactor vessel. Cooling water leaving the experi
ment flows through a heat exchanger back to the 
basement. The top of the circuit is connected to a 
pressurizer, which is also used for expansion and 
degasification of the water. A demineralizer system 
maintains water quality during operation (Fig. 1). 

The fuel capsules are mounted in a pressure tube, 
which can be opened from the top of the reactor pool. 
A thin walled basket containing the fuel capsules 
can be removed from the pressure tube with a long 
handling tool. While located in the in-pile section, 
the basket acts as a coolant guide tube, in forming 
two annular water channels. Coolant water enters 
the lower inlet pipe, flows down through the outer 
annulus and up through the inner channel along the 
fuel capsule, leaving the in-pile section through 
the upper outlet tube. The fuel capsules and the 
basket are held down by a spring loaded bar. By 
changing the coolant guide tube various fuel diameters 
can be accommodated (Fig. 2). 

The stainless steel" flexible tubing consists of braided 
seamless bellows. This tubing permits positioning 
of the in-pile section in several reflector elements. 
The heat exchanger is a coil submerged in the reactor 
pool. The circulating pumps are of the canned motor 
type, delivering some 3.5 m3/h at 3 kg/cm2 head. 
One pump operates at a time, the second one starts 
when the coolant flow drops below 2.5 m3 /h. If forced 
circulation through the experiment stops, a hydraul
ically operated by-pass valve opens to allow power 
removal from the fuel capsules by natural convection. 
Apart from maintaining system pressure, the pres
surizer is used for expansion of the cooling water. 
A hydrocyclone removes decomposition gases and 
possible fission gases. They also collect in the pres
surizer. To remove corrosion products and fission 
products in the case of a canning failure, some 
50 1/h is continuously by-passed through a demin
eralizer system. The equipment consists of a filter, 
a cation bed, an anion bed, a mixed bed and a filter. 
Filters and ion exchangers are monitored for activity. 
They are placed in tranc;portable lead shields. Equip
ment in the reactor pool is normally shielded by 
water. Equipment in the basement and on the balcony 
is shielded in two cubicles by basalt blocks. This 
shielding is provided for nitrogen-16 activity during 
operation and corrosion product activity during 
shut down. In determining the shielding, possible 
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Mixed Bed Anion bed Hot drain .. 

Figure 1. Loop flowsheet 

contamination of the loop by fission products has 
been taken into account. Both water and gas samples 
can be drawn from several points in the loop. 

The loop is instrumented for fully automatic opera
tion. Measuremenls are recorded on a panel, while 
some also have local indications. Abnormal operating 
conditions are announced on the loop panel and in 
the control room. The measurements made are 
essentially temperature, flow, pressure level, con
ductivity and activity (Fig. 1). 

During the design period much attention has been 
paid to the safety aspects of the experiment. The 
reactor power is automatically reduced by : low 
flow in the main circuit, low pressure difference 
across the pumps, high temperature difference across 
the in-pile section, low pressure in the main circuit, 
high water activity and high activity anion bed. 

LOOP OPERATION 

Performance of the loop has been satisfactory 
during the 18 months' operation in the reactor. So 
far there has been no fuel can rupture. A scram of the 
reactor occurred once due to failure of power supply 

to the circulating pumps. On several occasions, the 
reactor power has automatically decreased because 
of a too large temperature difference accross the 
in-pile section and an increase of the iodine activity 
on the anion bed. Both these actions were erroneous, 
as they appeared to be due to instrument failures. 
Regular maintenance of instrumentation and a 
thorough check-out before every reactor start-up 
improves reliability during operation. Up till now 
three fuel batches have been irradiated in the loop. 
Loading and removal of the fuel capsules from the 
loop is performed with long handling tools under 
water. Fuel capsules are stored in the reactor pool 
for some months decay. They are then transported 
in a special coffin to the facilities for post-irradiation 
examination. 

The in-pile section of the loop has subsequently 
been mounted in the beryllium reflector positions 
H8, HS and H7 of the HFR core. Some typical 
operation data for the various positions are given 
in Table 1. 

The difference between the power from the loop 
and the power from the fuel capsules is the y-heating 
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Table 1. Loop operation data 

Core position ·········· .. H8 H5 H7 
Reactor cycle ............ November October February 

1962 1963 1964 
Circulating pumps ........ 1 2 1 
Pressure head pumps 

(kg/cm2) ••••••••••••••• 3.3 4.5 3.4 
Coolant flow (m3/h) ....... 3.3 3.9 3.4 
Temperature difference (oq 2.8 4.9 4.4 
Temperature system (oq ... 30 31 31 
Pressure system (kg/cm2) ••• 8.3 8.5 8.4 
Powerloop (kW) .......... 10.6 22.2 17.4 
Power fuel capsules (kW) ... 9 20 15 

in the non-fissionable material and the heat trans
ferred from the loop water to the reactor coolant. 

The specific power of the fuel has been determined 
by neutron flux calculations, neutron flux measure
ments and loop calorimetry. 

There is reasonable agreement between the various 
methods. Some typical data for the maximum fuel 
rating obtained so far with oxide pellets of 12.5 mm 
diameter containing natural uranium are listed in 
Table 2. 

Table 2. Maximum fuel rating 

Thermal neutron flux ................. . 
Specific power ....................... . 
fkdT ............................... . 
Power per em fuel length ............. . 
Heat flux from fuel surface ............ . 
Maximum fuel temperature ........... . 

1.5 x 1014 n/cm2 s 
60W/g 
60W/cm 

750 W/cm 
190 W/cm• 

2000 oc 

IRRADIATION DATA 

The active length of the in-pile section is 600 mm. 
So far 5 fuel capsules of 120 mm length have been 
used per batch, to cope with the axial flux distribution. 
By subdividing the fuelled length, discrete samples 
are obtained, which have had a fairly even fuel 
rating. Because of their size, these capsules can be 
handled more easily, while they are also limited in 
activity. Each of the fuel capsules is filled with 
5 uo2 pellets, insulated axially from the end plugs 
with two magnesia pellets (Fig. 2). The canning 
material is low-carbon stainless steel in the annealed 
condition. The capsules are helium-filled at atmos
pheric pressure. Some fabrication data on the fuel 
capsules are listed in Table 3. 

Before loading in the reactor the capsules have 
been radiographed for their contents and helium
tested for leaks. 

The next fuel batches are likely to contain enriched 
fuel samples with 15 mm and 10 mm diameter, 
respectively. 

Three batches of fuel capsules have been irradiated 
up till now. Irradiation conditions have been varied 
with respect to flux position and to exposure time. 
Irradiation data up till April 1964 are given in 
Table 4. 
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Table 3. Fabrication data of fuel capsules 

Dimensions: 

Over-all: length .......................... 120 mm 
diameter . . . . . . . . . . . . . . . . . . . . . . . . 13.1 mm 

Sheath: inside diameter ................... . 
wall thickness .................... . 

Fuel: pellet length ....................... . 
total length ........................ . 
diameter .......................... . 

Cold clearance: axial ..................... . 
diametrical ............... . 

Materials: 

Sheath: stainless steel AISI type 304L 
Fuel: natural uranium MCW and IFA 

12.58 mm 
0.3 mm 

15.0 mm 
75 mm 
12.5 mm 

1 mm 
0.08 mm 

density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.4 g/cm3 

weight ............................. 95 g 

FACILITIES FOR POST-IRRADIATION 
INVESTIGATION 

For the investigations of the fuel material after 
irradiation, two lead cells are at present available. 
Both cells are of the box-in-cell type. They have a 
lead thickness of 7 in and 10 in, respectively. The 
lay-out of the cells is give~ in Figs. 3 and 4. The 10 in 
cell is provided with a stainless steel box with perspex 
windows and ceiling, while the three boxes in the 
7 in cell are entirely made of perspex. All boxes are 
provided with an exhaust system, driven by air-jets, 
and with a gas-supply system to enable the use of an 
inert gas atmosphere inside the boxes. At present all 
work has been carried out in air at a negative pressure 
of 40 mm water gauge. The 10 in lead cell is equipped 
with apparatus that has been designed specifically for 
the irradiation capsules, described in this paper. The 
size of these capsules has been determined, among 
other things, by the maximum activity permitted for 
this cell, namely 1 000 c at 1 MeV. The cell contains 
a metrology rig for the determination of changes in the 
dimensions of the capsules. It can be used for surface 
scanning to detect the formation of circumferential 
ridges. 

For the study of the release of fission gases, a small 
puncture chamber has been installed. This chamber 
is connected to an analysis system that is placed out
side the cell. Furthermore, the cell contains equipment 
for cutting the capsules. 

The dust, produced by cutting, or a small particle 
of the uo2 is used as a sample for the burn-up deter
minations. Photographs of cross sections of the cap
sules can be taken by mounting a camera with tete
lens in one of the holes in the lead-wall (meant for 
the sodium lights). Parts of the capsules can be 
selected for further metallographic study in the 7 in 
cell. The 7 in cell contains a complete metallographic 
line. The first box contains equipment for mounting 
the specimens and for grinding. The second box is 
equipped with a polishing machine. In this box, etch
ing of the specimens can take place. Both boxes con
tain beakers with water and alcohol for ultrasonic 
cleaning of the specimens. In the third box, a remotely 
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Table 4. Irradiation data P3-loop HFR, October 1962 -April1964 

Irradiation batch I 
Core position: H8 

Exposure time (days) ............................ 12 
Capsu1eNo ..................................... 1 2 3 4 5 
Max. specific power (W/g) ....................... 18 27 27 18 9 
Av. specific power (W/g) ......................... 16 24 24 16 8 
Av. jkdT(W/cm) ............................... 16 24 24 16 8 
Max. power/em fuel (W/cm) ..................... 230 340 340 230 110 
Av. power/em fuel (W/cm) ....................... 200 300 300 200 100 
Central temperatUre UQ2 (0 C) .................... 500 750 750 500 250 
Bum-up (MWd/t) ............................... 190 280 280 190 90 

Irradiation batch II 
Core position: H8/H5 

Exposure time (days) ............................ 107 
Capsule No. ................................... 6 7 8 9 10 
Max. specific power (W/g) ....................... 32 48 48 32 16 
Av. specific power (W/g) ......................... 27 40 40 27 13 
Av. JkdT(W/cm) ............................... 27 40 40 27 13 
Max. power/em fuel (W/cm) ..................... 400 600 600 400 200 
Av. power/em fuel (W/cm) ....................... 340 500 500 340 160 
Central temperature UQ2 (0 C) .................... I 000 I 500 1 500 I 000 450 
Burn-up (MWd/t) ............................... 2900 4 300 4 300 2 900 1400 

Irradiation batch III 
Core position: H5/H7 

Exposure time (days) ............................ 172 
Capsule No. ................................... 14 15 16 17 18 
Max. specific power (W/g) ....................... 40 60 60 40 20 
Av. specific power (W/g) ......................... 34 51 51 34 17 
Av. JkdT(W/cm) ............................... 34 51 51 34 17 
Max. power/em fuel (W/cm) ..................... 500 750 500 500 250 
Av. power/em fuel (W/cm) ....................... 430 640 640 430 210 
Central temperature uo2 (0 C) .................... 1 250 2000 2000 1 250 550 
Bum-up (MWd/t) ............................... 5 800 8 700 8 700 5 800 2 900 

controlled metallographic microscope has been in
stalled. After removing the samples from the boxes and 
cleaning with the handling tools, the 7 in cell can be 
entered from the back for further cleaning and service. 

meter measurements was rather large. It is necessary 
to improve the dimensional measurements for further 
work. 

The amount of gaseous fission products, released 
from the fuel during irradiation has been measured. 
The fuel capsule is punctured in an evacuated cham
ber with a small drill operated by the tong manipu
lators. As soon as the canning is pierced, an indication 
is given on a pressure measuring gauge. The fission 
gas is then swept out of the puncture chamber by a 
helium purge stream to which a small amount of 
inactive krypton and xenon is added as carrier gas. 
For the determination of the amount of fission gases 
present, the isotopes krypton-85 and xenon-133 are 
used. In the actual measurements performed so far, 
no xenon could be detected, because the cooling 
time of the capsules has been sufficiently long for the 
xenon-133 to decay. Only krypton-85 has been used 
for the analysis. Krypton and xenon are collected in 
two cold traps, filled with active charcoal at liquid 
nitrogen temperature, while helium passes through. 
Then the connection with the puncture chamber is 
closed and the helium pumped off. After warming up 
the cold traps to ambient temperature, a second 
helium supply unit is used to transport the xenon
krypton mixture through another charcoal column 
at room temperature. Xenon and krypton leave this 

POST-IRRADIATION OBSERVATIONS 

At present only two sets of 5 fuel capsules each 
have been examined after irradiation. The irradiation 
of the third set is under way and will continue a 
burn-up of about 10 000 MWd/tonne has been ob
tained. The irradiation data for these fuel capsules 
are given in Table 4, while the fabrication data of the 
capsules are given in Table 3. It is evident that the 
irradiation conditions of the capsules examined so 
far have been very moderate and that no severe irra
diation effects could be expected. On the other hand, 
these initial experiments were very well suited for 
commis<;ioning the lead-cell operations. 

In no case were distortions of the fuel capsules 
observed by visual examination. No deposits or colora
tion were found on any of the capsules. It is not to 
be expected that significant changes in the dimensions 
will occur at the heat ratings of the first irradiation 
batches. Comparison of the diameter of some of the 
capsules before and after irradiation showed no 
variation within the limits of error of the determina
tion. It appeared, however, that the scatter in the dia-
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Figure 4. Seven-inch lead cell 

column as separate fractions, krypton coming first. 
The appearance of the two fractions can be detected 
by carrying the gas along a G-M counter or· a scintil
lation crystal. Krypton and xenon are collected in 
separate cold traps. Then the amount of krypton is 
determined by comparing the gamma-activity of the 
krypton fraction with that of a standard sample of 
krypton-85 using the same counting geometry. Because 

of some initial difficulties, reliable results have only 
been obtained for capsules Nos. 3 and 7. The results 
are given in Table 5. 

The burn-up of the various capsules has been estab
lished by determining the ratio of caesium-137 to 
uranium in small samples, produced by cutting 
through the fuel with a thin diamond blade. The 
caesium has been isolated and purified by conventional 



SESSION 2.2 R. G. SCHOLVINCK et al. 527 

.. 
b .. d 

Figure 5 
a: Cross section through capsule No. 3 ( x 3); b: Cross section through capsule No. 7 ( x 3) (end-face of a pellet); c: Micrograph of 
the central part of capsule No. 7 ( x 60); d: Micrograph of U02 before irradiation ( x 60} 

Table 5. Fission gas release 

Burn-up MWd/t ............... . 
85Kr calculated ................ . 
85Kr found .................... . 
85Kr found/85Kr calculated ...... . 

Capsule No. 
3 7 

280 
12 me 
1.50 f!.C 

1.24 X 10·• 

4 300 
180mc 
115 f!.C 

6.4 x to·• 

precipitation methods, leading to a CsC10 4 precipi
tate. Corrections for caesium-134 have been applied. 
The uranium has been determined by extraction into 
an oxine-chloroform mixture, followed by spectro
photometric measurement of the concentration of 
the uranium complex in the organic phase. The 
results of these radiochemical burn-up determinations 
are given in Table 6, where they are compared with 
.those obtained from loop calorimetry. 

Table 6. Burn-up values 

Capsule No. 
5 7 I) 

Burn-up, radiochemical . . . . . . . . . . 270 113 4 070 1 770 
Burn-up, loop calorimetry . . . . . . . . 280 90 4 300 1 400 

After cutting the fuel capsules, the interior has 
been observed visually and photographed. Apart 
from severe cracking of the U02 pellets, no changes 
in the structure could be observed in any of the cap
sules of the first irradiation experiment (Fig. Sa). In 
capsule No. 7 of the second batch, some indication 
of changes in structure has been observed (Fig. 5b). 
Sections of the fuel capsules have been further pre
pared and examined in the 7 in cell. The specimens 
have been mounted in a cold-setting epoxy resin, 
using a perspex tube as a standard premould. Elec
trical contact with the specimen, needed for electro
polishing, is made by means of an aluminium plug, 
which is pressed down on to the sample and, at the 
same time, serves as a holder for the grinding and 
polishing machines. The specimens are then ground 
on wet SiC paper. If necessary, they can be im
pregnated before grinding and between the successive 
grinding operations. Afterwards, the specimens are 

rinsed ultrasonically in water and alcohol. The best 
results for polishing have been obtained by using 
attack polishing with a 2 % chromic acid solution, 
containing gamma-alumina. After grinding to SiC 
paper grade 600, a polishing time of 10-15 minutes 
is sufficient to give excellent results. 

For etching, a mixture of sulphuric acid and a 30% 
hydrogen peroxide solution (1 :4) has been used. An 
etching time of 1 ~ minutes reveals the grain bounda
ries and also produces etch pits of different geome
trical shapes depending on the orientation of the grain 
surface. Finally the specimens have been observed 
and photographed on the microscope with magni
fications of from 50 to 1 000 times. Here also, no 
changes in crystal structure have been found, even not 
in capsule No. 7, where a macrophotograph gave some 
indication of grain growth. For comparison, the micro
graph of the central part of the sample of capsule 
No. 7 (Fig. 5c) is presented with a micrograph of the 
unirradiated material (Fig. Sd). 

The experiments, carried out so far, have provided 
a good opportunity of obtaining experience with post
irradiation examination and checking all the proce
dures involved. They should be considered as an 
introduction to a more extensive irradiation Pr<;?gram
me. Because of the lack of changes in crystal structure 
of the fuel and of central melting, it is impossible 
to ascribe a certain temperature to a specific area. No 
indication of the central temperature could be found 
in the fuel itself. The central temperature can, how
ever, be estimated from plots of J~ kdT versus T that 
are given in the literature (T = temperature, k = 
thermal conductivity of the U02) [2, 3, 4]. The sur
face temperature of the U02, Ts, can be estimated from 
the water temperature, taking into consideration the 
temperature drop at the canning-water interface, 
through the canning and at the U02-canning inter
face. For capsule No. 7, a surface temperature for the 
U02 of about 250 °C is found in this way. For all the 
other capsules, lower U02-surface temperatures have 
been found. Using the diagram (kdT versus T, in 
reference [4] and the value of 40 W fern for J~: kdT 
for capsule No. 7 (T0 = central temperature of the 
U02), a central temperature in the neighbourhood of 
1 500 °C has been estimated. Evidently, this temper-
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ature has been too low to produce any discemable 
grain growth. 
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ABSTRACT -RESUME-AHHOTAWV1JI-RI:S' JMEN 

A/726 Pays-Bas 

Experience commune Norvege-Pays-Bas 
d'irradiation de combustible 

par R. G. Scholvinck et at. 

Depuis 1962, des irradiations experimentales de 
combustible en uo2 ont ete effectuees dans une 
boucle du reacteur a haut flux de Petten. Ce reacteur 
(HFR), a uranium enrichi et refroidissement par eau 
ordinaire, est un reacteur d'essai des materiaux 
fonctionnant a une puissance de 20 MW. 

Le but des experiences est d'etudier le comporte
ment du combustible en uo2 irradie a haute puis
sance specifique et jusqu'a un taux de combustion 
eleve. Les cartouches de combustible, d'un diametre 
allant de 10 a 15 mm, sont contenues dans un tube 
de force place dans un des elements reflecteurs de 
beryllium voisins du cceur de Ia pile. La partie en 
pile est du type rentrant. 

Selon l'emplacement, le flux thermique effectif 
dans les cartouches se situe entre 0,8 et 1,5 x 1014 

n/cm2 s. L'equipement de Ia boucle et !'instrumentation 
sont places dans une cellule blindee speciale dans le 
sous-sol du batiment du reacteur. 

Le fonctionnement de Ia boucle a, jusqu'a mainte
nant, ete satisfaisant. On a pu obtenir des puissances 
specifiques atteignant 750 W par em de longueur de 
combustible (f k dT = 60 W/cm) et des taux de 
combustion superieurs a 10 000 MWj/t. 

L'equipement d'examen apres irradiation consiste 
en deux cellules de plomb (epaisseurs de paroi: 
7 et 10 pouces) du type cellule avec boite. Les resultats 
des mesures effectuees apres irradiation sont donnes. 
Ils comprennent des mesures dimensionnelles des 
cartouches, des mesures de degagement des gaz de 
fission, du taux de combustion, du grossissement des 
grains ainsi que d'autres examens metallographiques. 

A/726 HHp,epnaHp,bl 

HopeeJHCKO-HHAepnaHACKHH 3KcnepH
MeHT no o6ny4eHH~ TOnllHBa 

P. r. WenBHHK et al. 

C 1962 ro~a B neTJie lleTTeHeKoro peaKTOpa 

HFR e BJ>IeOKMM rroToKo:M rrpoBO~HTe.JI ::merrepn

~teHTbl 110 o6Jiy'IeHMIO TOIIJIMBa B Bll~e ~BYOKMeU 
ypana. PeaKTop HFR rrpe~naaHa'IeH ~JIH MerrMTa

HMH MUTepMUJIOB, OH pa6oTaeT Ha o6orUI.QCHHOM 

ypaHe, OXJIUiK~aeTeH 06bi'IHOii BO!J.Oii, MOI.QHOeTL 

peaKTopa eoeTaBJI.JieT 20 MBr. 
3aiJ.U'Ieii DpOBOiJ.MMbiX ::menepMMCHTOB .JIBJI.fieT

CH M3y'IeHMe llOBCiJ.CHMH TODJIMBU B BlliJ.C iJ.BYOKJI

en ypaHa npu o6Jiy'IeHMM 11.0 BbleoKoro BJ>Iropa

HMH npM BhieoKoii YiJ.CJihHOii Moi.QHOeTM. Haney

JILl C TOIIJIHBOM, HMCIOI.QHC i'J,HaMCTp OT 10 i'J,O 

15 .MM, IIOMCI.QUIOT B Tpy6y iJ.UBJICHHJI, paeiiOJIO

n\CHHYIO B O)l;HOM na <:~JieMeHTOB GepnJIJIMeBoro 

oTpamaTeJIH B6mraM aKTIIBHoii aoHhi. BHyTpnpe

aRTopHaJI 'lUeTh IICT.THI IIOeTpoena B BII)l;C rJiyxoro 

I>aHaJia. 

B aaBneiiMoeTM oT MeeTa <~lfllfleKTMBHhlii noToJ> 

Tl'Il..10BhiX HeiiTpoHOB B TOIIJIIIBHOii KaneyJie CO

C.TUBJIHCT OT 0,8 )1;0 1,5 • 104 neiirp/c.M2 • cer>. 06o

PYiJ.OB3HMe IICTJII[ If o6eJiyiKMBUIOI.QMe npM60p},[ 

pa3MCI.QCHbl B llO)l;BUJibHOM 3TUiKC 3)1;3HIIH peaK

TOpa B CliCI.J;UUJibHO 3ai.Qlii.QCHHOM llOMCI.QCHIIII. 

8KCIIJIYUTUI.J;HH IICTJIII /1.0 CIIX HOp IIpOTCKUJia 

y.n:onJieTnopnTeJIJ>HO. HoMnHaJIJ>HaH Mo:m;HoeTJ> 

TOIIJIIIBa P,OCTMraJia 750 BT/C.M ,[l,JlliHbl TODJIHBU 

(J kdT = 60 BT/C.M), a BblropaHHe eOeTUBHJIO 6oJICe 

10 000 MBr • cyrr>u/r. 
Y eTpoiieTBO iJ.JIH II3Y'ICHHH noeTpUiJ.IIUI.J;MOHH.LIX 

alfltf>eKTOB npeiJ.eTaBJIHCT eo6oj,i ~Be eBMHI.J;OBhiC 

I>aMepbi e TOJII.QIIHOH eTCHOK 17,8 II 25,4 C.M. llpe,rJ,

eTUBJICH.bi peayJIJ>TaThl IIOeTpU)l;MUI.J;IIOIIHbiX M3MC

peHMii:, BKJIJOqa.JI II3MCHCHMH paaMepoB TOIIJIIIB

HhiX KaneyJI, Bbl)l;eJienMe raaoo6pa3HhiX npo.n:yK

TOB ~eJiennH, BhiropaHHe, poeT aepen 11 p,pyrne 

MeTaJIJIOrpatf>nqeeKMC Ha6JIIO)l;CHIIH. 
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A/726 Paises Bajos 

El experimento noruego-neerlandes de irra
diaci6n de combustibles 

por R. G. Scholvinck et at. 

Desde e1 afio 1962, S(( vienen efectuando irradia
ciones experimentales de combustibles de uo2 en un 
circuito del reactor de ftujo elevado de Petten. Ese 
reactor, que es del tipo de ensayo de materiales, 
consume uranio enriquecido, es enfriado por agua 
ligera y desarrolla una potencia de 20 MW. 

El objeto de los experimentos consiste en estudiar 
el comportamiento del combustible de U02, irra
diado a alta potencia especifica, hasta alcanzar un 
elevado grado de combustion. Las capsulas de com
bustible, de diametro comprendido entre 10 y 15 mm, 
estan contenidas en un tubo de presion situado en 
uno de los elementos reflectores de berilio, adyacentes 
al nucleo del reactor. La seccion dentro del reactor 
es del tipo dedal de doble entrada. 
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El ftujo termico efectivo en las capsulas de com
bustible varia, segun el lugar, entre 0,8 y 1,5 x 1014 

njcm2.s. El equipo y los instrumetitos del circuito 
se encuentran en el sotano del edificio del reactor, en 
una camara blindada especial. 

Hasta ahora, el circuito ha funcionado satisfac
toriamente. Se han alcanzado potencias especificas 
de 750 W/cm de longitud de combustible (fkdT = 
60 W/cm) y grados de combustion superiores a 
10 000 MWd/t. 

Las instalaciones de postirradiacion consisten en 
dos celdas de plomo (de 7 y 10 pulgadas de espesor 
de pared, respectivamente) del tipo celda con caja. 
Los autores presentan los resultados de las medi
ciones efectuadas despues de la irradiacion. Entre 
ellas figuran mediciones de la alteracion de las dimen
siones de las capsulas de combustible, del despren
dimiento de gases de fision, del grado de combusti6n, 
del crecimiento de los granos y otros resultados de 
examenes metalograficos. 
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Development of rod and tubular swaged UOz fuel 
elements and their irradiation behaviour 

By S. Takahashi,* Y. Honda,* T~ Kubota,* S. Fujinaga,* C. Ito,** A. Takashima,** 
Y. Akimoto,** T. Suzuki** and H. Doi** 

The development of rod and tubular swaged U02 

fuel elements was initiated with the prospect that 
uo2 powder contained in a metal tube would be 
easily densified by the repeated dynamic compression 
to give close packing and particle bonding. The fabri
cation cost of the fuel element should be reduced 
considerably, and the method should be useful in the 
fabrication of plutonium fuel elements. The main 
effort has been directed to establishing an economic 
production process for high-density uo2 powder, to 
determining the specification of the uo2 powder and 
sheath tube, to improving the design of the swaging 
machine and to developing the compaction process 
by swaging. The mandrel material required for the 
fabrication of hollow fuel elements was also examined. 
Irradiation and thermal simulation tests were carried 
out on the swaged uo2 fuel rods. 

PREPARATION OF HIGH-DENSITY U02 POWDERS 
BY THE ADU PROCESS 

Although fused U02 powders are widely used for 
swaging, an entirely different economical process has 
been developed for production of high-density uo2 
either from uranyl nitrate or UF6 by extending the 
ammonium diuranate (ADU) process. The essential 
point involved in the development lies in the ADU 
precipitation which generally forms as agglomerated 
particles. The agglomerated condition usually persists 
during calcination of ADU to U03 and/or U30 8 and 
reduction of U03 and/or U30 8 to U02 at low temper
atures (.::; 900 °C). However, if the reduction temper
ature is above 1 200 °C, growth and densification of 
powder particles become marked. A phenomenon 
essential in determining the growth and densification 
is free sintering which can be governed by the physical 
state of the starting ADU precipitate; homogeneous 
agglomeration of the elementary particles in ADU 
.causes rapid growth and densification of the resulting 
U02 in hydrogen at elevated temperatures [1, 2]. Low-
ering of the uranium concentration leads to homo
geneous agglomeration in the precipitate and high
density ( > 98%) uo2 powder is obtained from the 

*Engineering and Research Laboratory, Mitsubishi Atomic 
Power Industries, Inc. 

**Central Research Laboratory, Mitsubishi Metal Mining 
Co., Ltd., Omiya, Saitama. 

mmtmnn11mnnmrrrnnmnnmnnmJtJrmnmnnrr1 
Figure 1. U02 as grown 

precipitate by reduction-sintering at temperatures as 
low as 1 300-1 500 °C. Figure I shows some repre
sentative high density U02 particles as grown. Slight 
mechanical disintegration of the as grown uo2 im
proves the packing without detectable loss. By a 
deliberate choice of experimental conditions for the 
process described above, the tap density was increased 
from 75% [I] to 82% (Table 1). 

Table 1. Properties of swageable U02 powder a from 
enriched UF6 

235U: 13.03% 0/U: 2.00 

Major impurities (ppm/U): 

H20: 0.00% U: 88.06% 

AI: 14 B: 0.25 C: 75 Cd: <0.3 
F: 4 Fe: 250 Mo: 3 N: 30 
Ni: 30 Si: 100 R.E: <0.2 

Total impurities: 750 ppm/U 
Sieve analysis (Tyler standard; wt%): 

530 

+ 24, 5.9 24/48, 31.2 
100/150, 7.1 150/200, 7.8 
250/300, 10.8 -300, 10.0 

Specific surface area: 0.08 m2/gm 
Particle density: 98.0% 
Tapped density•: 82.0% 

48/100, 20.2 
200/250, 7.0 

a Produced for Vib-Swaged fuel for the Mitsubishi research 
reactor in February 1964. 

• With stainless steel tube, 10.0 mm id. 
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Figure 2. Changes in U02 density, inner volume of sheath and 
length of sheath during cold-swaging 

Furthermore high-density spherical U02 particles 
have been successfully prepared by an additional 
treatment between the calcination and reduction steps 
of the process. Evaluation data are now being accu
mulated. The spheroidization is carried out using the 
hydrophilic property of U03 without spoiling the 
nature of the feed powder. Several fabrication methods 
have been developed along this principle (e.g., [3]). 

EFFECT OF SWAGING ON COMPACTION 
OF U02 POWDER 

The change in U02 density, inner volume of the 
sheath, and length of the fuel element during cold
swaging of U02 powder is shown in Fig. 2. At the 
initial stage uo2 particles become closely packed and 
the density increases rapidly. Elongation of the sheath 
at this stage is small. During stage II, the tendency 
for the density to increase with reduction in area 
becomes saturated. Meanwhile, elongation of the 
sheath starts. During stage III, the fuel element elon
gates excessively and void spaces appear in the uo2 
compact and swaged density decreases accordingly. 

In the course of the cold-swaging, especially during 
stage II, repeated dynamic stress concentrates at the 
interfaces of the compacted powder particles, leading 
to a partial fracturing and rearrangement of particles, 
generation of frictional heat and local plastic defor
mation. On the other hand, in hot swaging at elevated 
temperatures, uo2 powder-particles are' plastically 
deformed, and consequently, a large amount of heat 
is generated, leading to enhanced bonding of particles. 
Figure 3 shows the temperature rise of U02 during 
hot swaging due to friction and plastic deformation [4]. 
The effects of swaging - i.e., elimination of voids, 
plastic deformation, heat generation and bonding of 
particles - become accelerated with elevation in 
swaging temperature. Energy stored in the U02 

powder particles by repeated application of stress due 
to the swaging work is released slowly at room tem
perature. The bonding force between particles is 
strengthened with aging at room temperature. 
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Figure 3. Temperature rise of U02 during swaging 

FABRICATION OF ROD TYPE U02 FUEL ELEMENT 

To fabricate high-density swaged U02 fuel elements 
without any defects in the sheath, development of the 
swaging technique and improvement of the swaging 
machine were required. The key factors in the swaging 
process which have been developed are (a) minimiza
tion of the total reduction in area by using a high 
tap-density U02 powder, and (b) a small reduction in 
area for each swaging pass and a large number of 
passes for a given total reduction. The latter facto~ is 
especially important to get the full effect of swagm_g 
on compaction of uo2 powder. Table 2 shows thiS 
effect on the densification and elongation of swaged 
uo2 fuel rod. . 

A swaging machine of 4 tandem type dies was 
designed to improve the effect of swaging. . 

Figure 4 shows the end plugs of the sheath, designed 
so as to simplify the fabrication process. The first end 
plugs are welded at both ends of the sheath. ~fter 
swaging, the bottoms of the first end plugs are. dnlled 
SO as to interconnect the U02 compa~t With the 
plenum chambers. The second end plugs are then 
welded to the first ones. The plenum chamber consist
ing of the first and second end plugs is used to 

{Welding 

Befo•eSwoglng -··9 +--C,+~··"+ 
1st End Plug~ ~~Sheath U02 

2nd End Plug~ _\ I 
Final Fuel Rod 

Figure 4. End plugs of swaged U02 fuel rod 
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Table 2. U02 densities and elongations for different percentage reductions in area 
per pass and number of passes 

Reduction in area % 0 4 I2 I7.5 23 29 39 42.5 

Small reduction rumbe• ohwogiog passes I 2 3 4 5 6 7 
in area by one uo2 density % 75.0 77.0 83.1 86.5 89.3 91.0 91.1 91.0 
pass of swaging Elongation % 0 0.4 1.0 3.0 9.0 I9.8 39.0 46.0 

Large reduction r=""' of """'"" 
passes 1 2 3 

in area by one uo2 density % 75.0 84.9 89.2 89.3 
pass of swaging 

~longation % 0 5.0 20.2 48.0 

Table 3. Results of hydraulic burst tests on stainless steel sheaths of swaged U02 

fuel rods 

Specimen 
No. 

Cold-swaged 

Stainless steel 
sheath 

Dimensions 

Outer Wall 
diam (D) thickness 

mm (I) mm 

8.52 0.48 

Burst Equivalent 
pressure (P) burst 

kg/em• stress (UJt)" 
kgjmm• 

920 72.4 

2 After cold-swaging, annealed at 300 °C 
for 1 h 8.54 0.49 885 68.3 

3 After cold-swaging, solution-treated at 
1100 oc for 20 minutes 8.53 0.47 670 54.1 

Hot-swaged at I 000 oc 8.40 0.48 800 62.0 4 

5 After hot-swaging at 1 000 °C, solution-

6 

7 

treated at 1 100 °C for 20 minutes 

Original sheath received 

After receiving, solution-treated 
1100 oc for 20 minutes 

0 "a= J>-21 p 
21 

accommodate fission gases. The effects of various para
meters were examined in connection with the preven
tion of sheath defects [5]. 

The following data were obtained on swaged fuel 
rods fabricated by the- process described above. The 
maximum cold-swaged density of U02 was 93% of 
the theoretical. Variation of the density along the 
length of the fuel rod was within ± 0.4%. Variations 
of diameter and wall thickness of the fuel rod along 
its length were within ± 0.02 mm. Straightness was 
better than 0.25 mmfm. Helium leakage was deter
mined as less than 1 x 10-8 atomsfcm3 s using a 
helium leak detector, CEC type 24-110 A. Autoclave 
tests in purified water at 300 °C and 87 kg/cm2, 

showed weight changes of swaged fuel rods clad with 
304 type stainless steel and Zircaloy-2 to be less than 
0.005%. After dissolving out the U02 compact in 
nitric acid, a hydraulic burst test was performed on 
the stainless steel sheath. The results are shown in 
Table 3. The hydraulic burst test showed that, irres
pective of heat treatment, swaged sheaths were 
stronger than the original ones (compare specimens 
Nos. 1 and 4 with No.6; Nos. 2, 3, and 5 with No.7). 

The swaging was successfully carried out using 
stainless steel sheaths with a wall thickness as thin as 
0.25 mm without any detectable defects. 

at 

8.37 0.47 610 48.2 

11 0.51 513 50.2 

11 0.51 458 44.8 

FABRICATION OF HOLLOW TYPE U02 FUEL 
ELEMENT 

The fabrication process for tubular U02 fuel ele
ments was as follows. 

An outer and inner sheath are placed coaxially 
with an end plug to make an annular space between 
them, the space is filled with uo2 powder and another 
end plug sealed on. The hollow centre is filled by a 
mandrel and the assembly swaged; the mandrel is 
removed by melting. The mandrel material must be 
highly resistant to plastic deformation during swaging 
and fluid when molten. The former is necessary to 
concentrate the swaging effect on the uo2 powder 
and the latter facilitates the removal of the mandrel 
after swaging. Various materials were studied and 
carbon steel coated with a layer of zinc alloy was 
found to be suitable. 

The end plug was designed to minimize the eccen
tricity of the fuel element. The essential point is con
trolling the respective elongation of the outer and 
inner sheaths and the mandrel. 

The tubular U02 fuel element was successfully fabri
cated without any detectable sheath defects. Dimen
sions of the representative fuel element thus obtained 
were as follows: 36 mm in outer diameter, 23 mm in 
inner diameter, 0.4 mm in wall thickness of stainless 
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Table 4. Release rate of Xe and Kr gases 

Isotope 
Cold swaged U01 

28°C l00°C Total 28 °C 
% % % % 

83l(r 0.79 O.o3 0.82 0.50 
84l(r 0.62 0.006 0.62 0.38 
85l(r 0.67 0.67 0.37 
88l(r 0.63 0.63 0.37 

Kr total 0.66 0.014 0.67 0.39 

t31Xe 0.85 0.44 0.89 0.52 
ts•xe 0.66 0.02 0.68 0.40 
133Xe 
134Xe 0.71 0.0082 0.71 0.43 
lUXe 0 
usxe 0.68 0.0055 0.68 0.41 

Xe total 0.70 0.015 0.72 0.43 

steel sheath, 5. 7 mm in thickness of the annular layer 
of U02 compact, and 800 mm in length. The density 
of the U02 compact was 91 ± 0.5% of theoretical. 
The maximum variation in thickness of the U02 

layer was within ± 0.1 mm. Figure 5 shows a photo
graph of the hollow swaged uo2 fuel elements. 

Figure 5. Hollow swaged U02 fuel elements of 800 mm in length 

b 

Hot swaged U01 Sintered U01 

l00°C Total 2soc toooc Total 
% % % % % 

0.09 0.59 
0.016 0.40 
0.007 0.38 negigible 
0.0025 0.37 

0.018 0.41 

0.0018 0.55 0.082 0.063 0.14 
0.01 0.41 0.045 O.o35 0.075 

0.0085 0.44 0.011 0.0082 0.019 
0 0 

0.0075 0.41 0.056 0.042 0.098 

0.009 0.43 0.019 0.014 0.033 

IRRADIATION BEHAVIOUR 
Two swaged U02 fuel rods and one sintered U02 

fuel rod were irradiated in the Westinghouse Testing 
Reactor during Cycle 14 (25 May 1961 to 24 June 1961) 
and Cycle 15 (25 June 1961 to 17 July 1961). The ther
mal neutron flux at the fuel rod specimen was meas
ured to be 2.28 x 1014 nfcm2 s. The burn-up and 
heat generation. rate per unit length were estimated 
to be 2 700 MWd/TU02 and 10-13 kW /ft, respectively, 
based on Co-Al dosimetry and caesium-137 analysis 
on fragmented U02• The result of post-irradiation 
examinations is outlined below. 

The appearance and condition of the capsule and 
fuel elements were found to be normal in every respect. 

The sheath of each fuel element was punctured by 
drilling, and the fission gases we~ removed at temper
atures of 28 and 100 °C. Collected volumes of gas 
were 5.28, 2.50, and 1.03 cm3 for cold swaged U02, 

hot swaged U02, and sintered U02 fuel rod, respec
tively. 

Mass spectroscopic analysis indicated that most of 
the collected gases were those contained in fuel rod 
specimens before irradiation. Release rates of krypton 
and xenon are shown in Table 4. 

Figure 6. Cross section after irradiation 
a: Cold swaged U02 fuel rod; b: Hot swaged U02 fuel rod; c: Sintered U02 fuel rod 
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Figure 7. Vertical section of cold swaged U02 fuel rod Figure 8. Electron micrograph of U02 portion near sheath in cold swaged 
(after irradiation) U02 

Radial and circumferential cracks were observed in 
the cross section of the hot swaged uo2 fuel, while a 
few radial cracks were observed in cold swaged U02 

fuel (Fig. 6 a and b and Fig. 7). Sintered U02 pellets 
were much less resistant to thermal shock during 
irradiation compared to swaged fuel compacts 
(Fig. 6c). It is notable that sintering occurred in the 
uo2 portion near the cladding, where the temperature 
during irradiation (estimated to be 400 °C) might not 
be enough to give sintering phenomenon in out-of
pile tests (Fig. 8 a and b). Slight grain growth which 
occurred in large particles positioned in the central 
portion suggests that the centre temperature of the 
fuel rods was in the range between 1 300 and 1 600 °C 
during the irradiation (Fig. 9). 

Figure 9. Microphotograph of central portion of cold swaged U02 

(after irradiation) 

The thermal conductivities of swaged U02 fuel rods 
were estimated to be in the range of 1.5-2 Btufhr ft °F 
by measurement of irradiated specimens with a ther
mal comparator. Further irradiation tests at higher 
burn-up are in progress. 

THERMAL SIMULATION TEST 

The thermal behaviour of swaged U02 fuel rods at 
high temperatures near or at the melting point was 

a: Before irradiation; b: After irradiation 

studied by a centre-line heating experiment. _The 
temperature for the initiation of columnar grain 
growth was found to be 1 900 °C using an optical 
pyrometer. In addition, the boundary between the 
molten zone and the solid zone was found to be along 
the interfaces of columnar grains of different shapes. 
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Appendix 

THE VIBRATORY COMPACTION OF FUEL RODS USING 

SINTERED AND CRUSHED U02 POWDER CONTAINING 

BURNABLE POISONS 

By A. Nishiyama, T. Kasamatsu and M. Yata* 

Powder preparations 
In a preliminary study, more than ten kinds of boron 

compounds such as BN, B4C, TiB2, CrB2, etc., were 
chosen and investigated for their applicability as a 
burnable poison in U02 pellets. These compounds 
were mixed in the range of 0.01 to 0.5% with ceramic 
grade uo2 powder, pressed and sintered in hydrogen 
atmosphere. The amount of boron that remained in 
the sintered uo2 fabricated under these conditions 
was found to be small. The borides of TiB2, ZrB2 and 
CrB2, which have higher melting points and are more 
compatible with U02, were chosen for mixing with 
U02 powder. These mixtures were pressed and sintered 
under a pressure of less than I0-4 mm Hg. This pro
cess resulted in a good retention of boron and a good 
reproducibility. Crushed powder from sintered pellets 
made by the above method was used for vibratory 
compaction. The sintered pellets were first crushed 

* Itami Research Division, Sumitomo Electric Industries, 
Ltd., ltami. 
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Table A-1. Characteristics of the electromagnetic vibrator and results of vibratory 
compaction 

Electromagnetic 
vibrator 

Compacted fuel 
rods 

Frequency: 10-2 000 cps. 
Acceleration: 15g 
Wave form: sine wave 

Cladding tube 
(304 L stainless steel) 

Powder size distribution 

Mixture used 

Compaction density 
obtained 

and sieved to get the required amount of coarse pow
der. The remaining powder was then crushed and 
sieved into successively smaller particle size compo
nents. In this way powder with three particle-size 
ranges as shown in Table A-1 was obtained with a 
high yield. 

Vibratory compaction offuel rods 

Table A-1 gives the results of vibratory compaction 
using an electromagnetic vibrator of which the charac
teristics are summarized. Compaction densities of 86 
to 88% of theoretical were achieved in about 20 to 
30 minutes. Almost the same results were obtained 
when all the powder was loaded at one time as when 
it was loaded incrementally. The local density varia
tions of the compacted fuel were confirmed to be 
within ± I% of the theoretical density. No bending 
and deformation of the cladding tube and no scratches 
on the inside surface were found. Sintered and crushed 
uo2, being angular and more flake-shaped than fused 
U02~ had an inferior compactibility giving a I% lower 
density. 

Release of gases from vibrationally compacted fuels at 
high temperatures 

By the use of a gas chromatograph, the degassing of 
the absorbed gas from the vibrationally compacted 
fuel at high temperatures was investigated. Only small 
amounts of gases were released from sintered and 
crushed uo2 powder compared to the fused uo.2. 

Inside diameter: 10 mm 
Thickness: 0.4, 0.5 and 0.7 mm 
Length: 170 em 

Particle size: 
-5 + 10 55 wt% 
-42 + 100 22wt% 
-325 23 wt% 

(a) Sintered and crushed U02 not containing 
burnable poison (particle density: 10.7 gfcm3

} 

(b) Sintered and crushed U02 containing 0.01-
0.5%ofTiB2 

(c) Sintered and crushed U02 containing 0.01-
0.5% of ZrB2 

(d) Sintered and crushed U02 containing 0.01-
0.5% of CrB2 (particle density: 10.6 g/cc) 

(a) Fuel rods not containing burnable poison: 
87-88% of theoretical 

(b) Fuel rods containing burnable poison: 
86-87% of theoretical 

Discussion 

The good stability at high temperatures of vibra
tionally compacted fuels containing burnable poison 
was confirmed. Although boride may possibly be 
decomposed at high temperatures by very small 
amounts of moisture and oxygen, it can be maintained 
in a stable state if high purity of helium and argon 
are used. We have not yet made a study of the re
distribution of burnable poison where a sharp temper
ature gradient exists within the fuel as in an actual 
reactor, but we are making out-of-pile thermal simu
lation tests in which a fuel rod is centrally heated. It 
is planned to confirm the applicability of such fuels 
by irradiation tests. 
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ABSTRACT -RESUME-AHHOTAL!l-'1JI-RESUMEN 

A/843 japan 

Fabrication d' elements de combustible etam pes 
de uo2 en barres pleines et creuses et leur 
comportement sous irradiation 
par S. Takahashi eta/. 

La methode de Ia fabrication d'elements de com
bustible etampes de U02, en barres pleines ou creuses, 
a ete mise au point en vue d'obtenir un comporte
ment determine sous irradiation. On a pris comme 
matiere premiere du uo2 en poudre a haute densite 
prepare par le traitement de diuranate d'ammonium. 
La precipitation de ce dernier doit se faire dans des 
conditions determinees: les oxydes a plus forte teneur 
en oxygene (U03 et U30 8) reagissent dans l'hydrogene 
a des temperatures relativement basses, 1 200-
1 750 °C. 

Pour realiser le compactage et Ia liaison· au cours 
de l'etampage, Ia reduction a chaque passe doit etre 
faible et le nombre de passes eleve. On a utilise une 
machine a etamper avec des series successives de 
matrices en tandem afin d'accroitre l'effet d'etampage. 
Les barres de combustible etampees a froid avaient 
une densite maximale egale a 93% de la densite 
theorique. Elles etaient rectilignes avec un ecart 
inferieur a 0,25 mm/m, tandis que les variations de 
diametre n'excedaient pas ± 0,02 mm. L'epaisseur 
minimale du gainage en acier inoxydable etait 
l,25 mm. Les resultats des essais d'eclatement et des 
;ssais a !'autoclave faits sur des gaines en acier 
moxydable et en Zircaloy-2 de barres pleines de 
combustible uo2 etampees n'etaient pas inferieurs 
a ceux des gaines avant .J'etampage. 

La fabrication de combustible U02 en barres 
creuses s'est faite en remplissant l'espace annulaire 
entre deux tubes concentriques avec uo2 en poudre, 
en inserant un mandrin au centre, en etampant 
!'assemblage et en enlevant finalement le mandrin. 
Des elements etampes en barres creuses ayant 36 mm 
de diarretre exterieur et 800 mm de long ont ete 
fabriques sans que la gaine subisse aucun dommage. 
La densite de U02 compact etait 91 ± 0,5% de Ia 
valeur theorique. La variation d'epaisseur de la 
couche annulaire de uo2 compact n'excedait pas 
±0,1 mm. 

Un essai d'irradiation des barres de combustible 
etampees a froid et a chaud a ete fait avec un taux de 
production de chaleur de 10-13 k W jft et un taux de 
combustion de 2 700 MWjjt U02• Les barres de com
bustible etampees ont offert une grande resistance au 
choc thermique sous irradiation. Les temperatures 
pendant !'irradiation etaient I 300-l 500 °C au centre 
et 55 °C a Ia surface des barres. Le frittage de U02 

a ete observe meme dans Ia partie voisine de la gaine, 
ou la temperature pendant !'irradiation pourrait 
n'etre pas suffisamment haute pour provoquer 
riormalement le frittage. Le comportement des barres 
de combustible uo2 aux hal.ites temperatures, au 

point de fusion ou pres de ce point, a ete etudie hors 
pile par des experiences de chauffage ala ligne centrale. 

En appendice, on decrit des recherches sur une 
technique de compactage par vibration de poudre de 
uo2 obtenue par broyage de pastilles frittees contenant 
des poisons combustibles. 

A/843 flnoHHR 

Paapa6oTKa cTep.mHeBbiX H nollbiX 
WTaMnOBaHHbiX TenllOBbiAellfiiOI.l..\HX 
3lleMeHTOB H3 ABYOKHCH ypaHa H 
noBeAeHHe HX npH 06Jly4eHHH 

,lJ,-p W. TaKaxawH et al. 

ll pO~CCCbi H3rOTOBJieHHH CTCplliHCBbiX H IIOJiblX 

lliTaMIIOBaHHLIX TCIIJIOBLI)J;CJIHIO~HX 3JICMCHTOB H3 

JJ,BYOKHCH ypaHa 6LIJIH pa3pa60TaHbi B CBH3H C 

H3Y'ICHHCM HX IIOBC)J;CHHH 1IpH o6Jiy'ICHHH. 

QqeHb IIJIOTHaH 110pOiliK006pa3HaH )J;BYOKHCL 

ypana 1IpHrOTOBJIHJiaCL B BH)J;C TOIIJIHBa 1IpH IIOMO

~If rrpmrecca ADU. BLIJIO neo6xop;HMo ocam

,".ICHHC ADU B oco6Lrx ycJIOBHHX, Torp;a KaJ{ 

cmnraHHe BLICUIHX oKHCJIOB (U03 n(HJIH) U30s) 
IIpOBO)J;HJIOCL npH CpaBHHTCJibHO HCBbiCOKOii TCM

nepaType 1200-1750° C. 
CpeJJ,CTBOM ocy~eCTBJieHHH a<IJ<IJeKTa IIITaMrron

l.ai, BKJIIOqaH IIJIOTHYIO ynaKOBKY U CBH3L Me

lli,'J,Y 'IaCTJI~aMU, HBJIHCTCH MaJIOC BOCCTaHOBJICHIW 

Ha IIOBCpXHOCTU rrpn .IWlli)J;OM IIpOXO)J;C KOBO'IHOii 

M:lJITUHhl H 6oJILIIIOC 'IIICJIO IIpOXO,Il;OB rrpn p;aHHOM 

06lllt'M BOCCTaHOBJICHUH. ,[I;JIH YBCJIHqeHHH a<IJ<IJeK

Ta IliTaMIIOBKII 6LIJia UCIIOJIL30BaHa KOBO'IHaH 

~Iamnua, B KOHCTPYK~nu KOTopoii rrpe,rrycMa

TPJJBaJIOch naJiuque rrocJiep;oBaTeJILHoro ua6opa 

;~Boii:HhiX nyaHCOHOB. ,[I;JIH TOliJIUBHbiX CTepmneii, 

IIOJIY'ICIIHLIX MCTO)J;OM XOJIO)J;HOH IliTaMIIOBKll, 

MaKCHMaJibHaH IIJIOTHOCTh COCTaBHJia 93% 

TCOpeTJiqecKOH. ll pHMOJIIIHCHHOCTL 6LIJia Jiyquie 

0,25 JIUt/M. 113MCHCHHH p;UaMCTpa 6biJIH B rrpe,rre

,TiaX +0,02 MM. MnnHMaJILHaH TOJI~nua cJioH 

nepmaBCIOiliCii CTaJIH na CTCplliHHX COCTaBJIH,'Ia 

0,25 MM. PeayJILTaThi ucnLITanuii ua pLI3phiB n B 

aBTOKJiaBaX 060JIO'ICK H3 HepmaBeiO~eii: CTaJIII II 

~HpiWJIOH-2 Ha lliTaMIIOBaHHbiX TOIIJIUBHbiX CTep

ii\HHX lf3 ;J.BYOKUCH ypana IIOKa3aJIH, 'ITO 3TH o6o

JI01IKII 6hiJIII HC xyme, 1ICM )1;0 lliTaMIIOBKII. 

llpo~CCCbl lf3rOTOBJICHIIH IIOJILIX TCIIJIOBLI,Il;CJIH

IO~IIX 3JICMCHTOB H3 )J;BYOKUCII ypaHa COCTOHT B 

3aiiOJIHCHiflf KOJib~CBOrO IljJOCTpaHCTBa Memp;y Ha

pymnoii: H BHyTpenneii Tpy6KaMH rropoll1Koo6paa

noii ABYOKUChiO ypana, rrocJie 'lero neo6xop;uMo 

BCTaBIITb orrpaBKY B ~CHTp IIOJIOrO IljJOCTpaHCTBa, 

rrpolliTaMIIOBaTb c6opKy H, HaKOHC~, yp;aJIHTL 011-

paBKy. lloJILIC lliTaMIIOBaHHbiC TCIIJIOBbill,CJIHIOiliJIC 

:c!JICl\ICHTLI HapymHLIM )J;JJaMeTpOM 36 MM H ,IJ;JIII

IIOH 800 M.lt JJ3rOTOBJIHJIJJCL 6e3 IWKHX-JIJJ6o ,rre

(pCKTOB B IIOKpbiTIIHX. ilJIOTHOCTb IljJCCCOBaHHOii 

,".IBYOKIICII ypaHa CCTaBJIHJia 91 + 0,5% TCOjJCTII-
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>JecKoii:.. MaKcnMaJihHOe OTKJIOHeHne TOJI~HHhi 
KOJih~CBOrO CJIOJI npeCCOBaHHOii P,BYOKHCII ypaHa 

OhiJio B npep,eJiax ± 0,1 M.M. 

8KCIIepiiMeHThl 110 OOJiyqeHIIIO XOJIOP,HO- H ro

pJiqemTaMIIOBaHHhlX TeiiJIOBhlp,eJIHIO~llX 3JieMeH

TOB IIpOBO,D;HJIHCb IIpll CKOpOCTH Bhl,D;eJieH,HJI TCIIJia 

10-13 -,;,erfrjiyr n BhrropaHnn 2700 Mer· cyr-,;,u/r 
,D;ByoKncn ypaHa. III TaMnoBaHHhle TOIIJIIIBHI.Ie 

CTepiKHH OKa3aJIHCb O'!eHb YCToii:qHBhiMif IIO OTHO

meHHIO K TeiiJIOBOMY yp,apy BO BpeMJI ooJiyqeHnJI. 

TeMnepaTyphi BO BpeMJI ooJiyTJ:eHHJI cocTaBJIHJIU 

1300-1500° C B ~eHTpe Jl 55° C Ha IIOBepXHOCTU. 

CneKaHne HaOJIIOp,aJioch p,ame B qacTH ABYOKIICn 

ypaHa no6mt30CTn oT o6oJIOTJ:KH, rp,e TeMnepaTypa 

B MoMeHT ooJiyTJ:eHIIJI He 1110meT ohiTh p,ocTaTo•t

uoii:, 1ITOOhi Bhi3BaTh JIBJieHIIe crreKaHIIJI B TOlJHOM 

CMhiCJie aTOI'O C,TIOBa. lloBeAeHJIC TOIIJIJIBHhiX CTep

if\Heii 113 ,D;BYOKHCII ypaHa IIpll BhiCOKIIX TeMnepa

Typax, oJIU3KIIX K TO'!Ke nJiaBJieHnJI JJJIII B TO'II.;e 

llJiaBJICHIIJI, li3Y1IaJIOCh B 31\CIICpUMCHTC C Harpe

HOM IIO OCH BHC peaKTOpa. 

B n pnJiomennii rrpnBe;:~:eHo orrncaHne nccJie;:~:o

BaHHii MCTO;:J:a BJtopa~HOHHOI'O YIIJIOTHCHHJI C IIC

IIOJih30BaHJH1M Apo6JieHoro noponma ;wyoKncu 

ypaHa, IIOJIY'Iae~wro Jl3 CIIClJCHHhiX . TaOJICTOI-\, 

co;.~epma~nx BhlropaiO~ne rror.TJOTUTCJIII. 

A/843 japon 

Producci6n de elementos combustibles de U02 
en forma de barra y de tubo por forja rotativa 
y estudios sobre su comportamiento frente a 
Ia irradiaci6n 

por S. Takahashi et a/. 

Se han desarrollado procesos de fabricacion por 
forja rotativa de elementos combustibles de uo2 
en forma de barra y de tubo y se ha estudiado su 
comportamiento frente a Ia irradiacion. 

Como material de alimentacion se utilizo polvo de 
uo2 de alta densidad, obtenido por el procedimiento 
ADU. Fue necesario precipitar el ADU en condi
ciones controladas. Por otra parte, Ia sinterizacion 
en hidrogeno de los oxidos superiores (U03 yfo U30 8) 

se efectuo a las temperaturas relativamente bajas 
de 1 200-1 750 °C. 

Para conseguir por forja rotativa un empaqueta
miento denso y Ia soldadura de particulas hacen 
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falta reducciones pequefias de area en cada paso y 
gran numero de pasos para lograr Ia reduccion 
total necesaria. Se empleo una maquina de forja 
rotativa disefiada para operar con una serie de 
matrices en tandem para aumentar el efecto de 
forja. El 93% de Ia densidad teorica fue Ia maxima 
densidad obtenida con barras combustibles forjadas 
en frio. La rectitud de las barras fue superior a 
0,25 mmfm. La tolerancia en diametro de ± 0,02 mm. 
El espesor de pared minimo conseguido por forja 
rotativa para el caso de barras y acero inoxidable 
fue de 0,25 mm. Los resultados de los ensayos de 
rotura por presion interna y en autoclave efectuados 
sobre barras combustibles de uo2 de forja rotativa 
con vainas de acero inoxidable y Zircaloy-2 fueron 
comparables a los obtenidos con las vainas en estado 
de recepcion. 

El proceso de fabricacion de los elementos com
bustibles de uo2 de tipo tubular consistio en llenar 
el espacio anular entre los tubos exterior e interior 
con polvo de uo2, insertar un mandril en el hueco 
central, efectuar un forjado rotativo del conjunto 
y finalmente sacar el mandril. Se fabricaron elementos 
combustibles de tipo anular de 36 mm de diametro 
exterior y 800 mm de longitud sin defectos en Ia 
vaina. La densidad del U02 compactado fue 91 ± 
0,5% de Ia densidad teorica. La tolerancia en el 
espesor del espacio anular fue de ± 0,1 mm. 

Se realizo un ensayo de irradiacion sobre barras 
combustibles obtenidas por forja rotativa en frio 
y en caliente con un ftujo calorifico de I 0-13 kW /ft 
y basta un grado de quemado de 2 700 MWd/t U02• 

Las barras combustibles de forja rotativa presentaron 
una gran resistencia a! choque termico durante Ia 
irradiacion. Las temperaturas durante Ia irradiacion 
fueron de 1 300-1 500 °C en el centro y de 55 °C en 
Ia superficie. Se observo sinterizacion del U02 

incluso en Ia porcion cercana a Ia pared, donde Ia 
temperatura durante Ia irradiacion no debia ser 
suficiente para producir fenomenos de sinterizacion 
en un proceso normal. El comportamiento de las 
barras combustibles de uo2 a altas temperaturas, 
en el punto de fusion o proximas a el, se estudiaron 
mediante un experimento de calentamiento lineal 
central fuera de pila. 

Se describen en un apendice las investigaciones 
sobre Ia tecnica de compactado vibratorio empleando 
polvo de U02 procedente de Ia molienda de pastillas 
de uo2 que contenian venenos combustibles. 
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Ceramic-coated particle nuclear fuels 

By R. W. Dayton,* W. V. Goeddel** and W. 0. Harms*** 

Ceramic-coated particle nuclear fuels consist of 
small particles of the fuel compound, each with an 
impermeable pyrolytic carbon (PyC) or ceramic 
coating, usually dispersed in a graphite or ceramic 
matrix. The coatings protect the fuel from corrosion, 
protect the matrix from fission-recoil damage, and 
greatly reduce the release of fission products. These 
fuel materials are most useful in gas cooled reac
tors [I] where the ability to retain fission products in 
nonmetallic fuel elements at temperatures approaching 
I 400 to 1 500 °C is a most important advantage. 

The major problems associated at present with 
these fuel materials are the deposition of impermeable 
coatings and the prevention of failure of the coatings 
in fabrication or service. These problems have been 
studied for the USAEC during the past four to six 
years primarily at Battelle, General Atomic, and Oak 
Ridge National Laboratory. Various types of ceramic 
coated particle fuels for possible use in a number of 
reactor concepts have been studied at Battelle. 
Pyrolytic-carbon coated fuels designed for specific 
reactor applications have been studied at General 
Atomic and Oak Ridge. 

Fabrication and use of coated particle fuels are 
described in this paper. 

DESIGN OF COATED PARTICLES 

To be most useful in gas cooled reactors, coated 
particle fuels should offer a high degree of fission 
product containment throughout the fuel life. It is 
therefore important that the coated particle be 
designed to accommodate irradiation and thermal 
effects that might otherwise lead to coating failure 
with attendant release of the accumulated fission 
products. The primary types of failure to be con
sidered are cracking of the coating and diffusion 
through the coating. 

Cracking of· coatings can result from the stresses 
generated during irradiation [2]. The most significant 
contributor to coating stress is probably fission pro
duct induced expansion of the fuel particle. Both 
oxides [3] and carbides [4] show significant expansions 
with high burn-up, and it has been estimated [2] that 
expansion of carbide fuel particles could result in 
tensile stresses in pyrolytic carbon coatings of over 
7 000 kgjcm2• The second most important cause of 

* Battelle Memorial Institute, Columbus, Ohio. 
** General Atomic Division, General Dynamics Corporation, 

San Diego, California. 
*** Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

coating stress is the occurrence of dimensional 
changes in the coating as a result of fission recoil and 
neutron damage. For example, fast neutron exposure 
at elevated temperature results in contraction of 
pyrolytic graphite in the direction parallel with the 
layer planes (circumferentially on the coated particles) 
and expansion of the interlayer spacing [5]. The inner 
10-15 fL of the coating is subjected to intensive fission 
recoil exposure resulting in appreciable dimensional 
changes in both pyrolytic carbon [2] and oxide [6] 
coatings. 

Other contributors to coating stresses include the 
pressure exerted by the accumulation of gaseous 
fission products and thermal effects such as self
heating effects and differential expansion of the par
ticle and coating. Fission gas pressure can result in 
moderate stresses, while the stresses from thermal 
effects are generally small [2, 7]. 

Coated particles should be designed to minimize 
the stresses from these various effects. Internal 
porosity, in either the particle or the inner layers of 
the coating, can be used to accommodate expansion 
of the particle and furnish void volume for the fission 
gases. Sacrificial layers in the coating adjacent to the 
particle can be used to attenuate fission recoils. 
Laminations can be incorporated in the coatings to 
interrupt crack propagation. 
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Diffusional processes can lead to the loss of metallic 
fission products as well as uranium and thorium from 
pyrolytic-carbon coated particles. Such failures of 
uncracked coatings can limit their operational tem
perature. Barriers such as metaloxide layers in 
pyrolytic-carbon coatings may be used to decrease 
this diffusional failure. 

These considerations indicate that the following 
design features will help coated particles to retain 
fission products over long fuel lives: sacrificial fission
recoil catching layers, internal porosity, laminations 
(multilayers), and diffusional barriers. Physics con
siderations dictate particle sizes in the range of 100 to 
I 000 fL, and the coatings should be several recoil 
ranges, or 50-100 fL thick for strength. A spherical 
shape is desirable to avoid stress concentrations at the 
particle coating interface. 

FABRICATION OF CERAMIC-COATED PARTICLE 
FUELS 

Choice of materials 
Designers of currently interesting gas-cooled reac

tors contemplate the use of pyrolytic-carbon coated 
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uranium and thorium carbide or oxide particles 
dispersed in a graphite matrix. Consequently, this 
combination of materials has been studied extensively 
and will be discussed at length in this paper. 

There are reasons why beryllia and alumina coa
tings are also of interest, so these materials have been 
studied and will be discussed. 

Magnesia and stabilized zirconia coatings, and 
beryllia matrices, while having certain interesting 
characteristics, have not yet been studied enough to 
warrant a report on them at this time. 

Fabrication of fuel particles 

Oxide particles of U02 or (U, Th)02 have usually 
been prepared by more or less conventional methods [8] 
involving prepressing, granulation, spheroidization, 
and sintering of sinterable powders. The porosity of 
the final oxide particle can be controlled. Plasma-arc 
processes [9] have been used also, but are less fully 
developed. More recently a sol-gel process was de
veloped for preparing high-density spherical particles 
of Th02 and (Th, U)02• This process, which is 
described in detail elsewhere in the proceedings of this 
conference [10], involves the jet spraying of oxide sols 
into an appropriate liquid medium where, during 
settling, the droplets are spheroidized and dried. 
Calcining to 1 200 °C produces essentially fully dense 
particles. 

Carbide particles of UC2 or (Th, U)C2 have been 
prepared by heating granulated particles composed of 
powdered U02, Th02 (if desired), and carbon in a 
bed of graphite flour [11, 12]. Following conversion of 
the oxides to carbide in vacuum at 1 900 to 2 100 °C, 
the particles are melted at about 2 450 °C for densi
fication and spheroidization. The graphite flour 
prevents the particles from sticking together and, after 
cooling, the particles can be easily separated from the 
graphite flour by screening. 

A modification of the oxide-sol-gel technique 
described above is under development for preparing 
carbide particles [10]. In this modification, carbon 
black is added to the oxide sol before jet-spray 
spheroidization and conversion sintering is carried out 
at about 1 750 °C in vacuum. 

Coating of fuel particles 

Pyrolytic carbon coatings 

The most popular means of applying pyrolytic 
carbon coatings to fuel particles has been the fluidized 
bed, vapor-phase coating technique [2, 11-16]. In this 
process, the particles are levitated in a stream of gas 
within a heated tube. Hydrocarbons such as acetylene 
and methane are usually the source of carbon, while 
argon and helium may be used as diluents to furnish 
sufficient gas flow for fluidization. The coaters may be 
constructed of Mullite for coating at temperatures up 
to 1 400 °C [16], while graphite is used for higher 
temperatures [12]. Typical kinds of apparatus used for 
the fluidized bed coating of particles with pyrolytic 
carbon have been described [12, 16]. At 1 400 °C and 
at 0.10 to 0.25 atm partial pressure of methane, 
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coating rates of 8-12 [L/h are obtained [12]. Higher 
rates up to 50 [L/h are obtained from acetylene [16]. 
The coating temperature of I 400 °C is often used; 
much higher temperatures have been found to cause 
uranium contamination of the coating [16]. 

The properties of the pyrolytic carbon deposits vary 
with coating conditions, especially temperature and 
hydrocarbon partial pressures. The microstructure is 
characterized from polished cross sections as laminar 
or columnar depending on whether the apparent grain 
boundaries* as seen in a polarizing microscope run 
circumferentially or radially. Laminar deposits are 
generally produced at higher partial pressure and at 
lower temperatures. Both laminar and columnar 
coatings are impermeable. When deposited at very 
high rates, coatings are permeable and less dense. 

Pyrolytic-carbon coated particles have been sub
jected to many types of tests before inadiation. 
Typical tests that are performed routinely to evaluate 
the coating quality include determinations of crushing 
strength and thermal stability, and performance of 
microstructural examinations. The tests normally used 
to evaluate the freedom from uranium contamination 
and initial integrity of the coated particles include 
alpha counting, acid leaching, and neutron activation 
tests for fission gas release. These tests show, for well 
prepared materials, that uranium contamination is a 
few ppm or less, and fission gas loss in the activation 
analysis is typically 0.01 to 1 ppm. It should be noted, 
however, that high initial quality does not guarantee 
good irradiation performance. 

Alumina coatings 

Coatings of alumina up to 150 fL thick have been 
deposited on urania particles by the hydroly.>is of 
aluminum chloride vapor in a fluidized-bed reactor, 
in which the reactants are mixed while in contact 
with the particles [17]. Temperatures of deposition 
have ranged from 500 to I 400 °C. 

The coating properties depend strongly upon the 
temperature of deposition [7]. If the deposition 
temperature is below about 1 000 °C, the coatings are 
permeable, soft, weak and of low demity. 

Coatings deposited at I 000 °C and higher tempera
tures have the density and hardness of sapphire and 
are strong and impermeable. Coating;; deposited at 
1 000 °C appear to consist of submicron grains of 
alpha alumina in an amorphous alumina matri..<. At 
deposition temperatures of I 300 to 1 400 °C, the 
deposits consist entirely of alpha alumina having a 
crystallite size nearly as great as the thickness of the 
coating. Owing to the large crystallite size, they are 
somewhat weaker than coatings deposited at 1 000 °C. 

Alumina coatings deposited in the I 000 to 1 400 °C 
temperature range are highly protective. Urania 
cannot be leached from the cores of the particles; 
surface contamination as low as I ppm can be 
achieved; and fission gas loss in an activation analysis 
involving heating at 1 300 °C is typically 0.01-1 ppm. 

* The true crystallite size is much smaller than the appearance 
under the polarizing microscope would indicate [71. 
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Beryllia coatings 
Bcryllia coatings are prepared by the vapor-phase 

hydrolysis of beryllium chloride in a fluidized-bed 
reactor having a design similar to that used for 
depositing alumina. High temperatures are necessary 
to deposit dense beryllia coatings, those laid down at 
1 100 °C and lower temperatures being porous and 
permeable. Deposits prepared at 1 400 to 1 500 °C are 
dense and impermeable. Rough deposits of pure BeO 
are prepared at 1 400 °C, a temperature of 1 500 °C 
being necessary to make smooth deposits [18]. 

Beryllia coatings deposited at 1 500 °C are weak 
because they have a relatively large grain size, the 
grains taking up the full thickness of the coating. 
Stronger coatings appear to be necessary to resist 
failure in radiation, so grain refining additions are 
being studied currently to determine whether these 
will promote the deposition of smooth, impermeable, 
and strong beryllia coatings. 

Fabrication of dispersions 
Satisfactory fabrication of graphite-base dispersions 

of coated particles depends on avoiding the cracking 
of coatings, while obtaining good density and strength. 
This can be done either by modifying standard 
procedures or by using special fabrication methods 
such as hot pressure baking or pelletizing. Suitable 
fabrication of sinterable oxide-matrix dispersions 
depends also on allowing unhindered shrinkage of the 
matrix, and this has been achieved only by pelletizing 
methods. 

Conventional methods 
Graphite shapes are conventionally fabricated by 

mixing coke filler with pitch binder, molding or 
extruding, heat treating to about 2 800 °C for graphit
ization, and, finally, machining to size. Uranium may 
be incorporated by merely adding the metal or oxide 
powder to the coke-pitch mixture. The conventional 
methods require modification if coated particles are 
used, since the coatings are damaged by both the 
graphitization and machining operations, and normal 
mixing methods often crush particles [7]. The simplest 
process modifications include using greater care in 
mixing, employing a lower heat-treatment tempera· 
ture, which results in poorer physical properties in the 
matrix graphite, and leaching after machining to 
remove exposed fuel from damaged particles. For
tunately, more satisfactory techniques have been 
developed for the fabrication of graphite-matrix fuel 
bodies containing coated particles. 

Hot-pressure baking 
A pressure-baking process was developed at General 

Atomic [19] for the preparation of graphite-matrix 
fuel compacts containing coated particles. A mixture 
of a graphite flour filler, coated particles, and pitch 
as a binder is hot-pressure baked at about 750 °C and 
300 kg/cm2

• Pressure is appl\ed after the pitch softens 
to avoid cracking the particle coatings. The use of 
graphite flour rather than coke particles avoids the 
necessity of using high graphitizing temperatures to 
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achieve good graphite properties in the compacts, 
since most of the matrix material has been previously 
graphitized. By maintaining the pressure during 
carbonization of the binder, high matrix densities of 
1.9 g/cm3, and accompanying high strengths and 
thermal conductivities are obtained [19]. The final step 
consists of heating for 2 h at 1 800 °C, under which 
conditions severe uranium migration in the coatings 
does not occur. Even lower baking temperatures have 
been used [15]. 

Close dimensional control of complex shapes is also 
achieved, so that no machining is required. This 
pressure baking process therefore avoids two dis
advantages of conventional processes and yields fuel 
bodies with good physical properties. 

Pelletizing methods 

Dispersion elements having improved properties 
can be made by pelletizing methods [20]. Pelletizing 
is accomplished by intermittently spraying the coated 
particles in a rotating, gently heated drum with a 
slurry of the matrix materials. When the proper 
proportion of matrix material has been applied the 
pellets are pressed and fired. 

The advantages of the pelletizing methods are: the 
nearly ideal particle distribution of the dispersions, 
the higher density and strength achievable because 
higher forming pressures can be used without cracking 
coatings, and the fact that good dispersions can be 
made of coated particles in sinterable matrices by 
coating the particles first with a layer of material 
which can be bmned away after pressing and before 
sintering, thus allowing unhindered shrinkage during 
sintcring. 

Using the pelletizing method, dispersions in oxide 
and graphite matrices have been made that have 
relatively high density and good strength and do not 
contain any cracked coated particles. 

PERFORMANCE OF CERAMIC-COATED PARTICLE 
FUELS 

The suitability of coated particle fuels for service in 
gas-cooled reactors depends to a major extent on 
fission product retention. Because fission product 
retention is important, not only in itself but also as 
an indicator of the quality of the particle coatings, 
the performance of coated particle fuels has been 
measured largely in terms of how well they retain 
fission products. 

Determinations of fission product retention have 
been made in two ways: by neutron activation in 
laboratory tests to determine the inherent ability of 
particle coatings to retain fission products on sub
sequent heating and by radiation tests to determine 
the ability of the particle coatings to continue to 
retain fission products after h~gh burn-up of the fuel. 

Laboratory testing 

Fission-gas retention 

The rates of diffusion of xenon have been measured 
in pyrolytic carbon and oxide coating materials by 
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Table 1. Fractional release of fission products from coated particles heated 100-120 h 
at 1150 oc [25] 

Core 
material Coating description 9szr 

Fission product release, ppm 
~~~----- ~ 

tHCe t-toBa 147Nd 131J 13sxe 

UC2 • • • • • • • • • • • • 55 f1. of columnar PyC ........ . 7 300 3 000 2000 40 2 
U02 ••••••••••• 61 f1. of columnar PyC ........ . 3 000 7 000 7 000 7000 
UC2 • • • • • • • • • • • • 39 f1. of porous PyC plus 69 fl. of 

columnar PyC ............. . 6 70 1000 800 60 4 
U02 ••••••••••• 42 f1. of dense A1 20 3 •••••••••• 2 0.08 0.6 0.3 0.1 0.09 

a Released activity too low for accurate determination. 

charging the surface of the coating samples with 
fission recoils and then determining the diffusion of 
xenon from the samples [21, 22] during subsequent 
heating. The values for the apparent diffusion coef
ficient were low between 900 and l 500 °C for alumina, 
beryllia and columnar pyrolytic carbon. D values for 
laminar pyrolytic carbon were three to four orders of 
magnitude higher. 

On the basis of these data, one can calculate [7] 
that loss of fission gas by diffusion through uncracked 
coatings would be insignificant except possibly for 
laminar pyrolytic-carbon coatings at the highest 
temperatures. This estimate has been confirmed; 
fission gas loss from uncracked coated particles is low 
at temperatures of at least l 400 °C. Essentially com
plete retention of fission gases can therefore be 
achieved if cracking of particle coatings can be 
prevented. 

Volatile fission-product retention 

Some of the moderately volatile fission products 
have been found to diffuse through pyrolytic-carbon 
coatings. In some early studies of pyrolytic-carbon 
coated particles in which the release of fission gas was 
low, indicating little if any cracking of the coating'>, 
moderate to large release of barbium, tellurium, 
iodine and silver was found between l 000 and 
I 700 °C [23, 24]. Some recent data given in Table l 
show the relatively high release of barium and iodine 
and also indicate that cerium and neodymium can be 
lost in large amounts through pyrolytic carbon 
coatings [25]. The same table indicates that alumina 
coatings retain these fission products. 

Although some fi'>Sion products diffuse through 
pyrolytic carbon coatings, they may not present a 
severe reactor operating problem, for present indi
cations are that the most hazardous of these fission 
products, barium-140, is fairly effectively trapped by 
the graphite matrix of the fuel elements. Studies of 
the effectiveness of this trapping are in progress to 
determine whether it provides adequate control of 
fission product release. 

The use of barrier layers in the coating may also 
provide control of fission product release. One 
potentially suitable type of barrier material is a layer 
of an oxide under the pyrolytic carbon coating. In· 
recent studies [26], a 31 [1. layer of BeO under a 72 [1. 

pyrolytic carbon coating reduced the loss of barium-
140 by factors of between 10 and a 100 times. 

Irradiation testing 

Pyrolytic-carbon coated particle fuels 

Extensive irradiation testing of pyrolytic carbon 
coated carbide fuel particles, both in the unsupported 
condition and as fabricated in graphite matrices, has 
been performed. These studies have included a wide 
variety of coating types with respect to microstructure 
(various laminar, columnar, and multiple layers), 
deposition conditions, and thickness; have included 
fuelled graphite specimens representative of various 
fabrication techniques and fuel loadings, and have 
used irradiation conditions designed to simulate gas 
cooled reactor operating conditions such as tempera
ture, thermal cycling, and burn-up [12, 15, 23, 24]. 
Performance has been assessed primarily in terms of 
the fission-gas release characteristics and the results 
of post-irradiation examinations by visual, metallo
graphic and acid leaching techniques. 

Tests on unsupported coated particles have estab
lished rather conclusively that nominal coating thick
nesses of about 100 [1. are necessary for satisfactory 
performance of monolithic coating~ on approximately 
200 fl. dense UC2 particles [23]. This fact is particularly 
evident at low temperatures [27]. Some results showing 
the effect of coating thickness are given in Table 2. 

Table 2. Results of irradiation tests on PyC coated 
UC2 particles showing effect of coating thickness and 

structure [23, 27] 

Average 
coating Approximate Cracked uaxe 

Coating thickness, temperature, Burn.up, coatings, release; 
structure 1.1. oc at. %ofU % ppm 

Laminar • 0 ••• 10() l 370 6 2-4 
Columnar .... 100 1 150 5 1-2 
Columnar .... 50 1 370 6 52 
Duplex ••• 0 •• 10() 1 150 5 0.3 
Columnar .... 57 20 0.02 360 
Columnar .... 66 20 0.1 1 20() 
Columnar .... 90 20 0.8 4 
Columnar .... 113 20 3.8 0.0001 

a Not determined. 

Strength of the coated particles has been shown to 
be a direct function of coating thickness and pre
sumably accounts in large measure for the correlation 
cited. Irregular coated particles, such as doublets or 
"dumb-bells", and those for which the particles are 
nonspheroidal with relatively sharp edges also have 
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Figure 1. Photomicrograph showing mode 
of failure in laminar pyrolytic-carbon coat

ings on UC2 particles 

Figure 2. Duplex pyrolytic-carbon coated 
UC2 particles after 26 at.% uranium 

burn-up at 815 a to 925 ac 

Figure 3. Triplex pyrolytic-carbon coated 
UC2 particles after 20.6 at.% uranium 

burn-up at 1 370 ac 
(Metallography by E. L. Long, Jr., 

ORNL) (x 100) 
(Metallography by E. L. Long, Jr., 

ORNL) (x 40) 
(Metallography by E. L. Long, Jr., 

ORNL) (x 40) 

exhibited inferior performance, at least for monolithic 
coatings [23]. 

The mode of failure of laminar coatings is shown 
in Fig. 1. Apparently, interactions within the recoil 
range in the coating generate tensile stresses by causing 
shrinkage of the pyrolytic carbon. Cracks appear to 
propagate easily in such a monolithic coating, and 
complete penetration as shown in Fig. 1 ultimately 
occurs. The tendency for the carbide particles to swell 
or flow into the cracked regions is to be noted. The 
particle shown in Fig. 1 was part of a sample that had 
undergone 8.5 at.% uranium burn-up, the first half 
of which was at I 200 °C. A 4 min thermal cycle to 
about 1 750 °C occurred after approximately 1 at.% 
uranium burn-up, and the ratio of release rate to 
birth rate (R/B) for krypton and xenon increased by 
two orders of magnitude from initial values which 
were of the order of 10-5• After about 4 at.% uranium 
burn-up, the specimen temperature was cycled four 
times from 1 200 °C to as low as 740 to 640 °C, 
whereupon it was found that the R/ B ratio increased 
by a factor of about 3 after each cycle. Similar beha
viour after thermal cycling has been observed for a 
variety of monolithic coatings, indicating that 
possibly the stresses associated with thermal cycling 
and increases in fission gas pressure cause crack 
penetrations of partially cracked coatings. 

Improved performance has been demonstrated by 
multilayer coatings. The first observation was of 
duplex coatings composed of an inner layer about 
25 !l. thick and an outer columnar layer about 75 !l. 
thick. A photomicrograph of duplex-coated UC2 
particles after 26 at.% uranium burn-up (13 at.% at 

815 °C followed by 13 at.% at 925 °C) is shown in 
Fig. 2. Spearhead-type cracks started but did not 
propagate past the "crack stopping" interface between 
the two coating layers. Particle swelling and inter
action with the inner layer occurred, but less than 
0.5% of the coatings had cracked as shown by visual 
observation and acid leaching. The R/ B values for 
krypton-87 and xenon-133 after the 26 at.% burn-up 
were 1.5 x 10-5 and 3 x 10-4, respectively. 

Outstanding performance has been demonstrated 
for multilayer coatings in which the inner layer had 
a porosity of 50% or more. A two-layer coating [27], 
in which the porous layer was 40 !l. thick and the 
second layer was columnar and 70 !l. thick, showed no 
failures after 3.5 at.% uranium burn-up in an ambient 
temperature irradiation or after 5.5 at.% uranium 
burn-up at 815 °C. Another two-layer coating in 
which the outer layer was laminar showed no failure 
metallographically after 8.5 at.% uranium burn-up at 
600 °C [2]. 

Three-layered pyrolytic-carbon coatings consisting 
of an inner porous layer, followed by a laminar layer, 
and finally by a columnar layer, have been tested [13] 
with no detectable failures at 1 120 °C to 15 at.% 
uranium burn-up, with many severe thermal cycles 

. between 925 and 1 315 °C after 12 at.% uranium 
burn-up at 1 120 °C; at 1 370 °C to 20.6 at.% uranium 
burn-up; and at l 370 °C to 24.0 at.% uranium burn
up with severe thermal cycles. The R/ B values were of 
the order of 10-5 and were constant, except for a 
slight temperature dependence. The release rates 
observed were consistent with those to be expected 
from diffusion of fission gases generated in the coatings 
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by uranium present as a contaminant and detected 
before irradiation by alpha counting. Microscopic 
observation of the coated particles after the 1 370 °C 
test revealed no detectable change owing to the irra
diation as shown in Fig. 3. It is to be noted that not 
even doublet particles were damaged after the 20.6 
at.% uranium burn-up. Under similar conditions, 
coatings without the inner porous layer have exhibited 
spearhead type cracks and more or less complete 
coating failures. Apparently, the porous layer is of 
such a low structural quality that fission recoils do not 
effect the changes that result in generation of tensile 
stresses in denser coatings. In addition, it provides 
extra volume for the containment of fission gases. 

There is some evidence [27] that pyrolytic-carbon
coated oxide-fuel particles can operate satisfactorily 
under gas cooled reactor conditions. A specimen of 
92 % dense uo2 particles, 200 fL in diameter, pre
coated with 5 fL of dense Al20 3 to seal pores, and 
finally coated with 118 fL of columnar pyrolytic 
carbon, has been irradiated at 815 °C to 7 at.% 
uranium burn-up, with several thermal cycles to 
ambient temperatures, and at 1 050 °C to at least 
6.5 at.% uranium burn-up, with several cycles to 
600 °C and to ambient temperature. No failures 
were detected under these conditions. These results 
show the potential afforded by carbon-coated oxide
fuel particles as well as, possibly, the merit of pro· 
viding a still larger void volume through the use of 
relatively porous particles. 

Irradiation tests on fuelled graphite specimens that 
contain pyrolytic-carbon coated particles have shown 
that the performance is, for the most part, similar to 
or only slightly inferior to that for coated particles in 
the unsupported condition [23]. Coating damage 
during fabrication is thought to be the major con
tributor to any inferior behaviour. 

In summary, it has been established that certain 
types of carbon coated carbide and oxide fuel particles 
offer the potential of satisfactory performance in non
purged, unclad fuel elements for gas cooled reactors 
at temperatures as high as I 370 oc and heavy metal 
burn-ups to 20 at.%, even with severe thermal cycling. 
Design features most conducive to satisfactory per
formance include use of minimum coating thickness of 
about 100 fL, deposition of multilayer coatings (duplex 
or triplex) with the inner layer (porous type shows 
great promise) thick enough to absorb damage from 
recoils and with a physical separation between layers 
for crack stoppage, and employment of a spheroidal 
particle shape to minimize stress intensification. 
Recent results from carbon coated, porous U02 
particles are encouraging. 

Alumina coated particle fuels 

Early irradiation studies carried out to 3 at.% 
uranium burn-up showed [15] that alumina coatings 
failed only at temperatures below 500 °C. The low 
temperature failure, which occurs in just a few hours 
of irradiation, is attributed to fission fragment 
induced swelling of the fuel and coating. At elevated 
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temperatures plastic deformation or damage annealing 
apparently reduces the coating stress enough to 
prevent failure. 

Recent data show that the combination of a thicker 
alumina coating and a porous urania particle solve 
the problem of rapid low temperature failure. Alumina 
coatings 60 fL thick on 80 % dense 127 to 200 fL 
urania particles did not fail in tests at low tempera
ture to over 3 at.% burn-up. Apparently, there is 
enough plasticity of urania under the influence of 
irradiation to accommodate the fission fragment 
induced expansions of core and coating by collapse 
of the pores in the urania, without developing excessive 
stress in the 60 fL coatings. Neither 60 fL thick coatings 
nor porous fuel particles alone can solve the problem. 

Porosity is also beneficial at a high temperature 
when tests continue for a long time. The data in 
Table 3 [27] show that in tests at 850 °C to a burn-up 

Table 3. Results of irradiations of alumina coated 127 p. 
urania particles at 850 oc to a burn-up of 6% of the 

uranium atoms [27] 

Urania-particle 133Xe 
density, % of release, 

Alumina coating description theoretical ppm 

42 fl. dense . . . . . . . . . . . . . . . . . . . . . . . . 98 31 
42 fl. dense . . . . . . . . . . . . . . . . . . . . . . . . 98 13 
47 fl. dense . . . . . . . . . . . . . . . . . . . . . . . . 92 0.45 
43 fl. dense . . . . . . . . . . . . . . . . . . . . . . . . 83 0.65 

2
8
8 

fl. ddense; 18 fl. porous;} . . . . . . . . . . 98 0_91 
fl. ense 

of 6 at.% uranium the only materials that did not fail 
were those in which either the urania or a layer in the 
alumina coating was porous. The fully dense samples 
that failed did not do so until burn-up exceeded 4 to 
5 at.%. While failure may in this case also be caused 
by growth of the core, the behaviour is rather thought 
to indicate that the porosity reduces fission gas 
pressure and, therefore, coating stress. 

At a temperature of 1 100 °C, alumina coatings 
even as thin as 40 fL on dense U02 particles do not 
fail at a burn-up of 12 at% uranium [27]. At this 
temperature, the alumina coatings appear to be 
sufficiently plastic to allow an adequate void volume 
for fission-gas storage to be produced or the effects 
of core swelling to be accommodated. 

On the basis of these data, the optimum alumina
coated fuel investigated consists of 200 fL diamteter, 
80 % dense urania particles coated with 60 fL of dense 
alumina and dispersed in a graphite matrix. This 
material is being studied in a simulated-service test 
with variable temperature up to 900 °C. Estimated 
burn-up has reached 4.5 at.% [28] with no increase 
of fission gas release such as would indicate coating 
deterioration. 

The conclusions reached in this study are that the 
optimum alumina coated fuel is capable of complete 
fission product retention after at least 8-12 at.% 
uranium burn-up at temperatures up to about 
1 100 °C. 
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Beryllia coated particle fuels 

Beryllia coated particles are less satisfactory under 
irradiation than alumina coated particles [27]. 
Beryllia coatings 60 fl. thick on either 93 or 80 % 
dense urania fail rapidly during irradiation at a tem
perature of about 100 °C. Good performance of a 
60 fl. beryllia coating on 127 fl. 93 % dense urania was 
achieved in a 900 °C sweep-capsule irradiation, 
krypton-87 release being 0.04 ppm at a burn-up of 
about 3 at.% uranium. However, static-capsule 
irradiations of the same material showed a high 
fission-gas release. Leaching after testing showed that 
the particle coatings of both sweep and static speci
mens appeared to be cracked. It is believed that 
cracking occurred in cooling after irradiation. Thus 
beryllia coatings seem to weak and unable to with
stand thermal cycling after irradiation. These diffi
culties are attributed at least in part to the relatively 
large grain size of present beryllia coatings. 

CONCLUSIONS 

Methods have been developed for coating uranium 
and thorium-uranium carbide or oxide particles with 
dense and impermeable coatings of pyrolytic carbon, 
alumina or beryllia. Methods have also been devised 
for dispersing these coated particles without damaging 
them in graphite or oxide matrices. 

Pyrolytic-carbon coated and alumina-coated particle 
fuel materials are initially able to retain fission gases 
completely. They can retain fission gases for long 
periods of reactor operation, if the coated particles 
contain void space to accommodate dimensional 
changes of fuel and coating and to hold fission gases, 
if there are crack interrupting layers in the coating, 
and if the coatings are strong. Equally satisfactory 
beryllia coatings have not yet been developed. 

Alumina and beryllia coatings are nearly imper
meable to all fission products and will prevent their 
release if the coatings remain uncracked. Pyrolytic
carbon coatings are somewhat permeable to certain 
volatile fission products. 

Two remaining problems of coated particle fuels 
are receiving concentrated attention. One is finding 
the best way to control the release of certain volatile 
fission products from pyrolytic-carbon coated par
ticles. Two possible solutions, trapping by the matrix 
and the use of barrier layers in the coating, are being 
studied for this purpose.' The other problem is to 
devise methods for depositing strong beryllia coatings 
on urania particles. 
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ABSTRACT-RESUME-AHHOTAL\IIt.s:I-RESUMEN 

A/235 ~tats-Unis d'Amerique 

Combustibles nucleaires en particules 
enrobees de ceramique 

par R. W. Dayton et a/. 

Les combustibles nucleaires en particules enrobees 
de ceramique sont constitues de petites particules du 
materiau combustible, enrobees individuellement 
d'une couche mince de graphite pyrolytique imper
meable ou d'un autre materiau ceramique, et en 
general dispersees dans une matrice ceramique ou de 
graphite. Le revetement protege le combustible des 
reactions chimiques, protege Ia matrice des produits 
de fission de recul, et assure une meilleure retention 
des produits de fission a haute temperature. Ces 
materiaux combustibles sont particulierement inte
ressants pour les reacteurs refroidis par le gaz. 

La fabrication des materiaux combustibles en 
particules enrobees comprend les eta pes suivantes: 
fabrication des particules combustibles, leur revete
ment d'une couche ceramique, et preparation de Ia 
dispersion de ces particules. 

L'interet s'est concentre jusqu'a present sur les 
methodes capables de produire des particules com
bustibles presque spheriques. On a prepare des parti
cules d'oxydes par des methodes de frittage et des 
methodes sol-gel. Des particules de carbure ont ete 
preparees par fusion, et par une modification de Ia 
methode sol-gel. 

On a enrobe les particules combustibles dans un 
grand nombre de materiaux ceramiques. La methode 
Ia plus courante est le revetement en phase vapeur et 
en lit fluide. On a defini les conditions de production 
de revetements impermeables resistants de carbone, 
de glucine et d'alumine, et l'on a obtenu des 
donnees sur quelques proprietes importantes de ces 
revetements. 

II faut agir avec menagement pour preparer des 
dispersions ceramiques de ces particules enrobees afin 
d'eviter Ia rupture des revetements. Certaines metho
des de fabrication se sont revelees particulierement 
efficaces. 

Les etudes de laboratoire sur la retention des pro
duits de fission montrent que les perte~ en krypton 
et en xenon de fission sont negligeables pour les parti
cules dont le revetement est intact a toutes les tem
peratures possibles de fonctionnement. Pour certains 
produits de fission solides Ia perte a travers le revete
ment de graphite pyrolytique est plus grande que pour 
les gaz de fission. 

Les etudes sous irradiation tendent a obtenir Ia 
meilleure retention possible des produits de fission 
en produisant un materiau combustible dont le revete
ment ne se deteriore pas. Pour le graphite pyrolytique 
comme pour les oxydes de revetement, on a trouve 
qu'il faut une certaine epaisseur minimale du revete
ment pour empecher Ia rupture. La porosite de la 
particule combustible ou du revetement contribue 

a eviter les ruptures et, dans le cas des revetements en 
graphite pyrolytique, il est souhaitable d'avoir un 
revetement en plusieurs couches. Les resultats recents 
sous irradiation montrent que l'on peut eviter pra
tiquement toute rupture des revetements pour les 
particules enrobees de graphite pyrolytique ou 
d'alumine jusqu'a des taux de combustion de 10 
a 20% des atomes de metaux lourds, a des tempera
tures allant jusqu'a I 400 °C. II est plus difficile 
d'obtenir de bons resultats avec les materiaux com
bustibles enrobes de glucine; des methodes pour obte
nir de meilleurs combustibles enrobes de glucine 
sont en cours d'etude. 

A/235 CWA 

HAepHoe TonnHBO B BHAe AHCnepcHH 
YaCTH~ C KepaMHY8CKHM nOKpbiTHeM 

p. Y. ,ll.aHTOH et a/. 

HAepnoe Torrnnno B nnl}e ~acTn~ c KepaMn'Ic

cKnM ITOKpblTHCM COCTOHT H3 ne6onhllllfX 'IaCTJII~, 
uoKphiThiX TOHKnM cnoeM nerrponn~aeMoro rrnpo

JIHTH'IecKoro yrJiepOlW nnn Apyroro KepaMnqeciW

ro MaTepnaJia, o6hi'IHO l}ncneprnponannoro B 

rpaqmTonoii HJIH KaKoii-nn6yAh Apyroii KepaMu'Ie

CKoii: MaTpn~e. floKpbiTIIH rrpel}OXpaHHIOT TOIIJIII

BO OT XHMU~CCKIIX peaK~HH, 3a~n~aiOT MaTplti~Y 
OT OCKOnKOB l}CJICHHH H CITOC06CTBYIOT JIY~llleMy 

YAepmannro npOAYKTOB AeJienuH npn Bhicmmx 

TeMrrepaTypax. ::hu TOIIJIIIBHhie MaTepuanhl npeA

CTaBJIHIOT OC06hlii: HHTepec l}nH peaKTOpOB C ra-

30BhiM oxnail\l}CHIICM. J1arOTOBJICHIIC TOITnHBHhiX 

MaTepnaJIOB B BHlJC lJHCUepCIIII TaKHX 'IaCTH~ IIpo

BOl}HTCH IIO cnel}yiO~HM 3TaiiaM: npurOTOBJICHJIC 

'IaCTH~ TOIIJIHBa, HX IIOKpbiTHC KepaMif'ICCKifM 

CJIOeM n JIHCnepruponaune nux 'IaCTif~ B MaTpn

~e. ,lJ,o ClfX 110p 6oJihiiiOe BHHManue YACJIHJIOCh 

MCTOl}aM IIOJIY'ICHHH ITO'ITII c<flepli'ICCKIIX TOllnlfB

HhiX qacTn~. lJacTll~hi oKncn nony'laJin cneKauu

cM If MCTOJIOM 30nh-renb. lJaCTif~hl Kap611Jia 

uoJiy'lanu no MeToAy nnannennH n MOAn<fluKa~neii 
upo~ecca aonL-reJih. 

B Ka'IeCTBe noKphiTHH qacTu~ 6hiJIO onpo6ona

no HCCKOJihKO THllOB KepaMii'ICCKHX MaTepnaJIOB. 

Han6onee pacupocTpauennhiii MCTOA - rroKphnnc 

naponoii <flaaoii n ncenJ1oomumeuuoM cJioe. BMJia 

Bhipa6oTaHa MCTOl}HKa IIony'IeHHH IIpO'IHbiX He

nponn~aeMhiX IIOKpbiTHH H3 yrnepOAa, OKifCH 6e

piiJIJIHJI II OKHCH aJIIOMifHIIJI H IIOJIY'ICHbl J\3HHhiO 

0 HCKOTOpbiX B3iRHhiX CBOHCTB3X llOKpbiTUll. 

,lJ,nH npel}OTBpa~eHHH paCTpeCKHB3HHH llOKphi

THH l}ncrreprnponaune 3THX 'IacTn~ n MaTepnane 

MaTpH~bl HYiRHO IIpOBOJIHTh O'ICHh OCTOpOiRHO. 

BLinn paapa6oTaHhi neKOTOphie oco6euuo ycueur

Hhle MCTOlJhl H3fOTOBJICHHJI T3KOfO TOIIJIHBa. 

Jla6opaTopHble O~CHKH HaKOllJICHHH npOlJYKTOB 

JICJICHIIH IIOKa3LIBaiQT, ~TO BblXOlJ raaoo6pa3HbiX 

rrpOJIYKTOB, KpUIITOHa II KCCHOHa ll3 'laCTII~ C He-
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napyrneHHhiM noRphiTHeM JIBJIJieTCJI neanaquTeJih

HhiM i'l,JIH ncex pa6oqux TeMrrepaTyp. YTeqJm ne

ROTOphiX TBepi'l,hiX npOJIYRTOB ):leJieHHJI qepea llO

RphlTHJI c rrupoJIHTuqecRHM yrJiepo):loM 6oJihrne 

rroTepb raaoo6paanhiX rrpo):lyRTOB ):leJieHHJI. 

Pa):luau.uonnhle uccJie):loBaHHJI 6hlmi narrpanJie

Hhi na onpe):leJienue onTHMaJihHhiX ycJionuii:, npu 

1\0TOpbiX BhiXO):I npO):IYRTOB ):leJieHHJI B MaTpnu.y 

6hlJI Obi MHHHMaJihHhlM. 8To ):IOCTHraJioch nyTeM 

Jl3fOTOBJieHHJI TOilJIHBHOfO MaTepnaJia TaRHM OO

pa30M, qTo6hi He npOHCXO):IHJIO pacTpeCRHBaHIIO 

OOOJIOqeR. Y CTaHOB.'IOHO, qTo ):IJIJI npe):IOTBpaiiJ.O

HifJI paCTpeCRifBaHHJI 110RpblTHJI RaR 113 11HpOJIJI

TJiqecROrO yrJiepo):la, TaK H H3 ORHCH ):IOJIII\Hbl 6MTb 

onpe):leJieHHoii MHHUMaJihHOii TOJIIIJ.lfHhi. )l;m1 aa

IIJ.HThl OT paCTpeCRJfBaHIUI IIORpl>ITHli IJ.eJiecoo6paa

HO IIpHMeHJITb IIOpHCThie qacTHIJ.bl ropi<Piero, a B 

cJiyqae rroKpbiTHH na mrpomiTnlfecRorq yrJiepo;~,a 

meJiaTeJihHO, 'IT06hr ono 6hiJio MHorocJioiinhiM. Pe

ayJihTaThi ne):lannero pa,;J,uau.nonnoro nccJie;:~,ona

nuJI noRa3bJBaiOT, qTo npn 10-20% -noM Bhrropa

HHH TOIIJIHBa HpH paOOlfeH TeMnepaType ;1,0 

1400° C JIIOOOe paCTpeCTRJJBaHHe llOKJlhiTHiJ MO/I\-

110 npei'l,OTBpaTHTb, HCI10Jih3YJI B KalfeCTBe MaTepu

aJia o6oJioqRH nHpoJinTHqecRHM yrJiepoi'l, nJJn 

ORHCb aJJIOMJIHHJI. ropa3,l),O 6oJiee TPYAHO UOJJy-

1fiiTh xopomee noRpbiTne ua BeO; n nacToJII~ee 
npeMH nahiCRunaiOTCH nyTn YJJYlfiiiiiTh TaKne 

liOKpblTUH. 

A/235 Estados Unidos de America 

Combustibles nucleares en forma de particulas 
revestidas de material ceramico 

por R. W. Dayton et a/. 

El combustible nuclear en forma de particulas 
revestidas de material ceramico esta formado por 
pequeiias particulas revestidas de una delgada capa 
de carbon pirolitico impermeable o de material 
ceramico, dispersas habitualmente en una matriz de 
grafito o material ceramico. El revestimiento protege 
al combustible contra las reacciones quimicas, protege 
tambien a Ia matriz contra las particulas de retroceso 
y facilita Ia retencion de los productos de fision a 
temperaturas elevadas. Este combustible ofrece par
ticular interes en los reactores refrigerados por gas. 

La fabricacion comprende Ia elaboracion de las 
particulas, su revestimiento y Ia dispersion de par
ticulas en Ia matriz. 

R. W. DAYTON et a/. 

Hasta ahara se ha venido insistiendo en los metodos 
encaminados a producir particulas de combustible 
casi esfericas. Se han producido particulas de oxido 
por sinterizacion y por el proceso sol-gel y particulas 
de carburo por fusion y por una variante del proceso 
sol-gel. 

Como revestimiento se han probado muchos 
materiales ceramicos y como metodo el mas comun
mente usado es el revestimiento en fase de vapor, en 
lecho fluidificado. Se han determinado las condi
ciones necesarias para obtener revestimientos resis
tentes e impermeables de carbona, oxido de berilio y 
alumina y se han conseguido datos sobre algunas 
de las propiedades mas importantes de estos revesti
mientos. 

A fin de evitar que el revestimiento se agriete, es 
preciso preparar con gran cuidado las dispersiones 
ceramicas de las particulas revestidas. Ciertos metodos 
de fabricacion han dado resultados particularmente 
satisfactorios. 

Las determinaciones, efectuadas en laboratorio, 
de la retencion de productos de fision, demuestran 
que las perdidas de los gases de fision, cripton y 
xenon, de las particulas revestidas no agrietadas son 
despreciables a todas las temperaturas de trabajo 
encontradas en Ia practica. En el caso de revestimien
tos de carbon pirolitico, la perdida de algunos pro
ductos de fision solidos es mayor que la de gases de 
fision. 

Los estudios de irradiacion han tendido al logro 
de una retencion optima de los productos de fision, 
a base de evitar el agrietamiento del revestimiento 
comprobandose que, para ello, este debe tener 
cierto espesor minimo, tanto si es de carbon piro
litico como si es de oxido. Para el mismo objeto 
influye tambien favorablemente Ia porosidad de Ia 
particula combustible o del revestimiento y, en el 
caso de carbon pirolitico, se ha observado asimismo 
que conviene que el revestimiento sea de capas 
multiples. Resultados recientemente obtenidos en 
ensayos de irradiacion demuestran que es posible 
evitar el agrietamiento del combustible utilizando 
particulas revestidas de carbon pirolitico o de alu
mina, con grados de combustion que alcanzan del 
10 al 20% de los atomos de metal pesado y tempera
turas hasta I 400 °C. Mas dificil es lograr resultados 
satisfactorios con oxido de berilio; se estan estu
diando formas de fabricar combustibles revestidos 
de este material que presenten propiedades mas 
satisfactorias. 



Pf554 Italy 

uol fuel elements shaped as small spheres 

By F. Barbesino, E. Brutto, R. Di Pietro, A. Gioia, G. Perona and R. Sesini* 

The fuel pellets, which are the subject of the research 
carried out at the Laboratory of Technology of 
CISE, are interesting from the point of view of 
fluidized bed slow reactors, and for either slow or 
fast reactors with a fixed fuel bed [1]. Reference has 
been made, in particular, to the case of water and 
steam cooled reactors. The process developed for the 
fabrication of spherical uo2 pellets with diameters 
between 1 and 4 mm has been described in the report 
presented to the IAEA Conference at Prague [2]. 

Further research to improve the process led to the 
replacement of the method of forming with a die by 
a method which uses the shock produced by vibration. 
In addition, some techniques for coating the pellets 
with oxides and metals have been developed. 

Therefore the new operating flow-sheet includes 
the following stages: 

(a) Mixing the powder with lubricating and binding 
solvents and forming a homogeneous mixture; 

(b) Extruding the mixture through a round section 
die and so forming a continuous rod; 

(c) Cutting the rod into short lengths approximately 
equal to the diameter; 

(d) Vibrc1ting the individual pellets in cells** where 
a spherical shape is obtained by impact against the 
walls; 

(e) Drying to remove the solvent; 
(f) Isostatic pressing at a pressure of "" 3 000 kg/ 

cm2 ; 

(g) Sintering at 1 650 °C in a hydrogen atmosphere. 
The sintered pellets are coated by the following 

processes: 
(a) Chemical deposition of nickel; 
(b) Deposition of a further thicker layer of nickel by 

an electrolytic method; 
(c) Deposition of chromium by an electrolytic 

method; 
(d) Heat treatment to obtain intermetallic diffusion 

between the deposited layers and the formation of a 
Ni-Cr alloy. 

When coating with Th02 the operating flow-sheet, 
after the vibration, is modified as follows: 

(a) Coating the pellets with Th02 powder; 

* Centro Informazioni Studi Esperienze, Milan. 
** The vibration takes place in little cylindrical shaped cells 

open at the upper end and having a hemispherical bottom, 
each cell contains one pellet. The vibration frequency is 
3 000 cycles/min, with an amplitude of 5 mm, 3 minutes is 
required for the forming. 
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(b) Drying; 
(c) Isostatic pressing; 
(d) Sintering. 

COATING WITH NICKEL AND CHROMIUM, 
AND DIFFUSION TREATMENT 

Coating with nickel and chromium has been selected 
since, if one can obtain a single alloy of the two 
metals, this alloy should show the higll.est resistance 
to corrosion in water, even at high temperature, of 
all known metals in practical use. 

Compared with a ceramic coating, a metal coating 
has the advantage of being less brittle. [t is also a 
good heat conducting medium and so will be subjected 
to lower thermal stresses. However, the two metals 
present a very high capture cross section for thermal 
neutrons and therefore the coating must be as thin as 
possible. 

The process of coating, with a nickel-chromium 
alloy consists, as mentioned above, of four stages. 
Since uranium oxide is not conducting, chemical 
deposition must be used first. This has the advantage, 
with the present method, that penetration of the 
surface porosity occurs and the nickel adheres to the 
underlying layer of oxide, better than in any other 
method of deposition tested. 

First the surface is activated by a solution of 
PdC12 and then the pellets are immersed in a bath of 
the following composition: NiCl, 50 g/1; NaN03, 

15 g/1; NH4Cl, 10 g/1; lactic acid, 50 cm3/l. 
The operating temperature is 85 °C, while the pH 

is maintained in the range of 5.5-6. The deposition 
rate is 8 to 12 11-/h. For the subsequent electro
deposition, a "" 10 11- layer will be sufficient. 

The usefulness of an electro-deposition of nickel 
after the chemical one is due to the ease with which 
the intermetallic diffusion of electrolytic nickel and 
chromium is obtained, and the greater ease of ob
taining depositions of the required thickness. The 
electro-deposition of nickel is carried out in a normal 
Watts bath in a rotary barrel at 50-60 °C with a 
current density of 5 A/dm2• Layers up to 50 11- have 
been obtained. 

The most difficult operation of the whole process 
has been the deposition of chromium. The difficulties, 
all of a practical character, are partly due to the 
lightness of the pellets, which prevents a good electric 
contact with the electrode on which they rest, and to 
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U02 Ni (chem.) Ni (elec.) Cr Resin 

Figure 1. Example of metal coatings (X 630) 

the thinness of the surface metal layer to conduct the 
current. These difficulties did not occur during nickel 
plating due to the different technology of the electro
deposition process. 

It was not possible to use the normal rotary barrel 
and so a special model of an oscillating cradle plater 
was developed. The most suitable chromium plating 
bath for our particular purpose has the following com
position: Cr03, 370 gjl; H2S04, 1 g/1; H2SiF6, 0.4 g/1. 

The operating temperature is "' 45 °C, the current 
density (for 1 dm2 of electrode supporting the pellets) 
is 30 A/dm2 and the current efficiency is 8 %. 

The equipment, the bath and the operating con
ditions give a thick chromium plating, which could 
not be obtained with the usual rotating barrel. No 
limits have been observed in the thickness of the 
deposited layer. This layer is compact, continuous 
and constant in thickness. The adherence of the 
chromium layer to the underlying nickel is perfect. 
The formation of an oxide layer on the nickel surface 
at the start of chromium plating did not occur since 
its presence would make the further diffusion opera
tion impossible. Figure 1 shows an example of the 
deposited layers. 

The heat treatment, which causes the nickel 
chromium intermetallic diffusion, is cauied out in an 
inert atmosphere furnace at a temperature of 750 °C 
for 4 hours. In Fig. 2 the layer of chemically deposited 
nickel (A), the layer of electrolytic nickel (B), the 
diffusion region (C) and, finally, the outer chromium 
layer (D), are clearly shown. 

Several studies have been carried out to determine 
the exact composition and some chemico-physical 
properties of the layers. Metallographic control, in 
particular micro-hardness testing, and chemical 
analysis have been used. On the basis of the exami
nations carried out and theii interpretation according 
to the phase diagram of the Ni-Cr system, the situation 
after diffusion is as follows. On the outer surface 
there is a chromium layer saturated with nickel 
( "" 2 %), then a mutually saturated nickel and chro
mium layer, followed by a nickel layer saturated 
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U02 Ni(chem.) Ni(elec.) Ni-Cr(diff.)Cr Resm 

Figure 2. Metal coatings after the nickel-chromium intermetallic 
diffusion (X 630) 

with chromium ("' 30 %) and, finally, a chemical 
nickel layer which does not enter into the diffusion 
process. 

After these preliminary tests, the work was directed 
towards obtaining a 50 fL thick layer, after diffusion, 
of 80 % nickel - 20 % chromium, which is the most 
corrosion resistant composition in steam at high 
temperature. 

COATING WITH Th02 

The coating of U02 pellets with a layer of Th02 is 
very interesting, since Th02 is a very·stable compound 
which is compatible with uo2 and resistant to 
corrosion by water or steam at any temperature or 
any other coolant. The layer must not crack and must 
not be damaged by radiation or a thermal gradient, 
this last condition can be tested. In addition, even a 
thin coating of Th02 will prevent fission product 
release, provided the coating is not damaged during 
operation. Finally, it contains fertile atoms and so, 
other things being equal, is to be preferred as a 
coating. 

In practice, the coating has been applied by pro
gressive adhesion of Th02 powder onto the surface 
of the newly formed U02 spheres. The required 
amount of powder is introduced into the vibrating 
cell, which is kept oscillating. 

To make the powder introduced adhere better, the 
U02 pellets are slightly moistened by means of an 
atomizer. Then, the small coated spheres are dried, 
isostatically pressed and sintered as for the uncoated 
spheres. 

THERMAL SHOCK TESTS 

A method has been developed for testing the resist
ance to thermal shock of the spheres to determine the 
heat flux which can be generated within the fuel, 
without the risk of damage. Also the method is a 
possible means of statistical control during production. 

The method has been described in reference [2]. 
The spheres, previously heated to a known tempera
ture, are rapidly cooled in a jet of mixed water and 
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steam. The temperature difference of the thermal 
shock is varied to determine the critical thermal shock 
for the formation of cracks (shown by a chemical 
etching) on the surface of the spheres. 

The results obtained on U02 spheres have shown 
the reliability of the production method, by indicating 
a resistance to thermal stress greater than that 
observed on pellets fabricated by traditional methods. 

The thermal shock tests carried out on spheres 
coated by Th02 have shown the perfect adherence and 
the satisfactory mechanical properties of the coating. 
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CORROSION TESTS 
The most severe tests to which fuel spheres can be 

subjected outside the reactor are corrosion resistance 
tests. These have been carried out in superheated 
steam at 400 °C and 600 °C at a pressure of 50 kg/cm2• 

At 400 °C all the spheres· showed a negligible corrosion 
rate. The results obtained at 600 °C are given in 
Fig. 3. 

It can be seen that uncoated U02 spheres do not 
show any appreciable weight changes. Those covered 
with nickel-chromium show good resistance to corro
sion and are not affected by differences in the com
position of the alloy, although the resistance is lower 
than that reported in the literature for the same alloys. 
Unexpectedly, the Th02 coating has given rise to a 
loss in weight, probably due to detachment of the 
material caused by thermal stresses rather than by a 
corrosion effect. Metallographic observation of each 
sample after corrosion never revealed any damage in 
depth (neither cracks nor localized corrosion) of the 
deposited layers or the fuel. In view of these encour-_ 
aging results, studies on this new type of fuel element 
will be continued. 
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A/554 ltalie 

Elements combustibles de U02 en forme de 
petites billes 

par F. Barbesino eta/. 

On a entrepris et poursuivi depuis deux ans !'execu
tion d'un programme de recherche sur la fabrication 
et les caracteristiques de petites billes d'U02 (1-4 mm 
de diametre) enrobees, en vue de leur utilisation, dans 
un type de reacteur etudie au Laboratoire techno
logique du CISE. Ce type de combustible pourrait 
etre utilise dans tout type de reacteur prevoyant 
l'emploi de combustible sous forme de lit fixe ou 
ftuidise. 

Une nouvelle methode de production de billes 
d'U02 par vibration a ete mise au point. Une barre 
d'U02 obtenue par filage et le liant sont debites en 
pastilles de faible epaisseur. Les pastilles sont sou
mises a une vibration dans de petites cellules cylin
driques pendant trois minutes et deviennent sphe-

riques. Une technique normale de sechage, de com
pression isostatique et de frittage est alors utilisee. 

On a etudie un revetement nickel-chrome. Une 
couche de nickel de 5 fl. d'epaisseur est deposee 
chimiquement sur la surface d'U02 a laquelle elle 
adhere tres bien. Une deuxieme couche.. de nickel de 
10 fl. est alors deposee par un procede electrolytique. 
Finalement, une troisieme couche·de chrome, de 10 fl. 
est deposee electrolytiquement. Un recuit de quatre 
heures a 750 °C permet d'obtenir un alliage nickel
chrome. 

On a etudie aussi le revetement des billes d'U02 au 
moyen d'une couche de Th02• La poudre de Th02 

est ajoutee aux billes d'U02 a peine formees dans la 
cellule vibrante. On emploie apres cela les techniques 
habituelles de sechage, de compres~ion et de frittage. 

On a mis au point une methode d'essai par choc 
thermique pour etudier la resistance des billes aux 
contraintes d'origine thermique comme celles qui 
apparaissent au cours du fonctionnement du reacteur. 
Elles sont d'abord chauffees a une temperature 
donnee, ensuite soumises a un refroidissement rapide 
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par un jet d'eau et de vapeur. On les examine pour y 
decouvrir des fissures dues a une attaque chimique et 
revelatrices d'eventuels degats subis par les spheres. 
La presence de petites fissures indique que la difference 
de temperature critique a ete atteinte. 

Les essais sur les billes d'U02 sans revetement ont 
montre une resistance au choc thermique meilleure 
que celle des pastilles d'U02 preparees par la methode 
classique. Des essais sur des spheres enrobees de 
Th02 ont indique une bonne adherence du revetement. 
On a fait des essais de corrosion a 400 et 600 oc sous 
une pression de vapeur de 50 kg/cm2• Les billes d'U02 

sans revetement ont montre un accroissement de 
poids negligeable. Les billes revetues de nickel
chrome ont montre une bonne resistance. Les billes 
a revetement de Th02 ont accuse une diminution de 
poids du fait d'une perte de matiere imputable a des 
sollicitations thermiques. 

A/5M HTanHA 

TenJlOBbiAellRIO~He 311eMeHTbl H3 uo2 8 
BHAe He60llbWHX wapHKOB 

ttl. 5ap6esHHO et at. 

B CBJI3H c Hay'leHHeM THna KOHCTPYKQHH peaK

Tapa B JfTaJIHH B TClJCHHC ~BYX nocJie~HHX JICT 

npono~nJIHCb HCCJie~onaunJI no nporpaMMe naro

TOBJieHnJI n onpe~eJieHHJI cnoii:CTB ue6oJibUJHX ma

pnRon Il3 UQ2 ~naMeTpOM OT 1 ~0 4 '.M.M C IIORpbl

THCM. TaRoe Tonnnso B nn~e mapHROB MOiRno 

UCnOJib30BaTb B JIIOOOH ROHCTpyRQHll peaRTOpa, 

BRJIIOlJaJI ROHCTpyRQHII C TOnJIHBOM B BII~e HCIIO,J;

BlliRHOfO HJIII ~BIIiRYIQCfOCJI CJIOCB. 

Paapa6oTaH uonhlii: MeTo~ naroTOBJieHIIJI mapn

Kon H3 U02 MCTO~OM BH6pa:QHII. lfa CMCCH IIOpOHI

KOOOpa3HOH ~nyonncn ypaua n CBJiaYIOIQero 

neiQCCTBa (pacTnopnTeJieM MomeT 6LITb no~a) MeTo

~OM Bbl~aBJIHBaHHJI noJiy'laiOT CTepiRHif, ROTOpbiC 

paapcaaiOT Ha ROpOTRHe :QJIJIHH~pbi. fioCJIC~HHC 
no.MeiQaiOT n ue6oJibiDHe nH6paQHOHHLie RaMepLI 

(no o~HoMy ua RaMepy) ua 3 MUn. Y~apHHCb o 

CTCHRH RaMepbi QHJIHH~pbl npHHHMaiOT ccpepH'ICC

KYIO cpop.My. 3aTeM mapHRH no~nepraroT cymRe, 

1130CTaTIIlJCCROMY npeccoBaHJIIO H CTICRaHIIIO 

o6LilJHbiMn MeTo~a~m. 
Mayqeuo HHRCJIL-xpoMonoe noRpLITHe. CualJaJia 

CJIOH HHRCJIJI TOJIIQHHOH 5 .MI£ OCaiR~aiOT XHMH

'ICCRH Ha nonepxuoCTb U02, c ROTOpoii: ou xopomo 

CQCnJIJICTCJI. 3aTCM MCTO~OM ;)JICRTpOJIJITHlJCCROfO 

OCaiR~CHHJI llaHOCJIT BTOpOH CJIOfi HHRCJIJI TOJIII~H
HOH 10 .Mn. HaRoHeQ, <ITHM me MeTo~oM uauocJJT 

TpCTIIH CJIOH XpOMOBOfO IIORpbiTIIJI TOJIIQHHoi{ 

10 Ml£. ITocne OTiRnra npn TCMnepaType 750° C n 

TClJCHHC lJCTblpex 'JaCOB IIOJiyqaiOT HHRCJib-XpOMO

llbiH cnJiaB. 

Mccne~onauo TaRme noRpLITne mapnROB na 

uo2 ~BYORIICbiO TOpliJI. B nu6paQHOIIHyiO RaMepy 

c TOJibRO 'ITO o6paaonaBIIIIIMCJI mapnRoM na U02 
~OOaBJIJIIOT nopOIIIR006pa3HYIO ~BYORIICb TOpHH. 

F. BARBESINO et at. 

3aTeM MaTepnaJI rro~nepraroT cymRe, rrpeccona

nnro n cneRaHHIO o6bllJHb1Mll MeTo~aMn. 
,ll;JIJI Onpe~eJICHHJI conpOTJIBJICHIIJI TepMlllJCCRHX 

HaHpHiRCHIIH, nO~OOHLIX B03HHRaiOIQJIM BO Bpe

MJI paOOTbl peaRTOpa, paapaOOTaH MCTO~ HCnbiTa

HliJI, npH ROTOpOM mapHRJI nO~BepraiOT TepMlllJC

CROMY y~apy. Cua'laJia mapnRu uarpenaro'r ~o 
onpe~eneuuoii: TeMnepaTypLI, aaTeM 6LICTpo 

OXJiaiR~aiOT IIOTOROM rrapa II BO~bi Hpll Hli3ROH 

TeMnepaType. ,lJ;.iiJI o6uapymeunJI nro6oro noaMom

uoro nonpem~eHJIJI mapuRn uccJie~yroT ua Tpe

IQHHoo6paaonauHe IIOCJie XUMiflJCCROfO TpaBJICHUJI. 

HaJiulJHe ue6onLmux TpeiQnH CBH~eTeJILCTByeT o 

TOM, 'ITO 6Lma ~OCTHrHyTa RpHTH'IecRaJI paaHOCTb 

TCMnepaTyp. 

HcnhiTaHJIJI mapnROB H3 uo2 6ea IIOKpbiTIIJI no

KaaaJIJI JIX OOJiee BLJCORYIO CTOHROCTb R TepMil'IC

CROMY y~apy no cpanueuuro c Ta6JieTRaMn ua 

U02, uaroTonneHHLIMu o6LI'IHbiMJI MeTo~aMJf. Jlc

nLITaHHJI mapnROB, IIORpbiTbiX ~BYOKifChiO TOpiiH, 

IIOKaaaJIII HX xopomyro CQCIIJIJICMOCTb C IIORpbi

TifCM. 

fipOBC/l,CHbl IICllbiTaHHJI Ha Ropp03IIIO o6pa3QOB 

np11 TCMnepaTypax 400 n 600° C n ~an.TJeunn napa 

50 nelc.M2• B TaOJICTKax If3 uo2 6ea noKphiTHJI 

o6uapymeuo ue6oJILmoe yneJinqeuue neca. Ta6.TJcT

Kif, noKphiTLie unReJIL-xpo.MOBbBI crrnanoM, o6Jia

;:J,aJin xopomnM conpoTnnneuneM TepMn'lec:I>nM na

npmReHHHM. B Ta6JieTRax, noRphiTLJX ;.~.nyoKIJCLIO 
TOpUH, OOHapymeHa fiOTCpH BCCa BC.TJC1'.(CTBHC OT

CJJaHBaHHH MaTepnaJJa flO~ ;J.CiiCTBIICM TCpMIPJe

CI\IIX IIHIIpHiRCHifii. 

A/554 ltalia 

Elementos combustibles de U02 en forma de 
pequeiias esferas 

por F. Barbesino et at. 

En relaci6n con un tipo de reactor que se estudia 
en el laboratorio tecnol6gico del CISE, se viene 
ejecutando desde hace dos aiios un programa de 
investigaciones sobre la elaboraci6n y caracteristicas 
de pequeiias esferas de uo2 con revestimiento 
(de 1-4 mm de diametro) que podrian utilizarse en 
cualquier reactor de lecho fijo o fluidizado de com
bustible. 

Se ha estudiado un nuevo metodo para producir 
por vibraci6n particulas esfericas de U02• Se corta 
eil trocitos una barra de uo2 y ligante obtenida por 
extrusion. Las distintas pastillas se someten a vibra
ci6n en pequeiios cilindros durante tres minutos 
y adoptan forma esferica. Se utiliza entonces un 
procedimiento normal de secado, presion isostatica 
y sinterizaci6n. 

Se ha estudiado un revestimiento de niquel-cromo. 
Primero se deposita quimicamente una capa de 
niquel de 5 [L de espesor sobre la superficie de uo2 
a la que se adhiere muy bien. Seguidamente se 
depositan por electr6lisis una segunda capa de 
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niquel, de 10 fl. de espesor y una tercera de cromo 
de 10 fl. de espesor. Despues de un recocido a 750 °C 
durante cuatro horas se obtiene una aleacion de 
niquel-cromo. 

Se ha estudiado tambien el revestimiento de las 
esferas de U02 con Th02• Se agrega polvo de Th02 

a Ia esfera de U02 acabada de formar en una celula 
de vibracion. Se utiliza seguidamente el procedi
miento usual de secado, presion y sinterizacion. 

Con el fin de estudiar Ia resistencia a las tensiones 
termicas, como las que aparecen durante el funciona
miento del reactor, se ha elaborado un procedimiento 
de ensayo en el que las esferas se someten a un 
choque termico. Primeramente se calientan basta una 
cierta temperatura y despues se enfrian bruscamente 
con un chorro de vapor y agua. Las esferas se exami
nan con detectores para localizar posibles deterioros, 
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denotando Ia presencia de pequeiias grietas que se 
ha rebasado Ia temperatura critica de transicion. 

Los ensayos efectuados con esferas de U02 sin 
revestimiento muestran una mayor resistencia a las 
tensiones termicas que en el caso de las pastillas de 
uo2 preparadas segun los metodos tradicionales. 
Los ensayos efectuados con esferas revestidas de 
Th02 confirman Ia perfecta adherencia del revesti
miento. 

Se llevaron a cabo ensayos de corrosion a 400 y 
a 600 °C y a Ia presion de vapor de 50 kgfcm2• Las 
esferas de U02 sin revestimiento no aumentaron 
su peso de manera apreciable. Las esferas con revesti
miento de niquel-cromo presentaron resistencia 
satisfactoria. Las esferas revestidas de Th02 per
dieron peso a causa de una perdida de material 
producida por las tensiones termicas. 
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The preparation of dense particles of thorium 
and uranium oxides 

By G. Cogliati, R. De Leone, G. R. Guidotti, R. Lanz, L. Lorenzini, E. Mezi 
and G. Scibona* 

The preparation of dense particles of thorium 
oxide, mixed uranium and thorium oxides and 
uranium oxide has recently assumed considerable 
importance in the field of nuclear technology. Spheri
cal particles, either bare or coated, can be used in 
dispersion type fuel elements while other particles can 
be vibro-compacted in tubes. The particles can con
tain carbon and be converted to carbide particles by 
heat treatment. 

Dense particles, for such uses, were originally 
prepared by mechanical and heat treatments. The 
heat treatment required high temperatures either 
above or close to the melting points of the oxides. 
Such methods are very costly and, due to the high 
temperature, give products with well defined properties 
which are not actually known ·to be the best for 
ensuring a good resistance under reactor condi
tions. 

With a view to reducing production costs and 
developing a process more suitable for use in a 
reprocessing and refabrication plant, the Oak Ridge 
National Laboratory has developed a widely known 
production method referred to as the sol-gel process 
[1]. This method is based on the preparation of a 
colloidal suspension, the sol, in water of the product 
of an advanced thermal de-nitration of thorium 
nitrate. This colloidal suspension, which has a nitrate/ 
thorium ratio of less than 0.05, is then converted into 
a gel by evaporation of the water or by extraction 
with solvents. A certain amount of uranyl nitrate 
may be incorporated into the colloidal suspension, 
thus producing dense particles of mixed thorium and 
uranium oxides with a moderate uranium content. 

Whilst retaining the two basic steps of preparation 
of a colloidal suspension and conversion to a gel, the 
methods of preparation were modified to find whether 
(a) the process can be applied to uranium oxide and 
therefore to the preparation of mixed oxide particles 
of any composition and also (b) to determining 
whether and to what extent the properties of the 
particles can be controlled by changing the prepa
ration conditions. 

All possible methods of preparing colloidal suspen
sions of thorium and uranium(IV) compounds have 
therefore been investigated. 

*Industrial Chemistry Division, CNEN, Rome. 
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METHODS FOR THE PREPARATION 
OF COLLOIDAL SOLUTIONS AND GELS 

OF THORIUM AND URANIUM(IV) NITRATE 
Preliminary experiments have shown that dense 

particles of thorium oxide can be prepared starting 
from colloidal solutions of thorium nitrate with 
thorium concentrations ranging from 1 to 4 Mfl and 
nitrate/thorium molar ratios between 0.4 and 1. 
Dense particles of uranium oxide can be prepared 
starting from colloidal solutions of uranium(IV) 
nitrate with uranium(IV) concentrations ranging 
from 2.5 to 3.5 M/1, and nitrate/uranium molar 
ratios between 1 and 1.7. Methods for the preparation 
of colloidal solutions of thorium and uranium(IV) 
salts by dialysing the anion are known from the 
literature [2]. However, these methods, which have 
been applied to more dilute solutions, have slow 
dialysis kinetics. Therefore, they are not suitable for 
application to a production process. 

Colloidal solutions with the characteristics described 
above can be produced instead by the use of long
chain aliphatic amines dissolved in suitable organic 
solvents. They are capable of extracting the acid from 
the aqueous solutions of thorium and uranium salts 
whether they are acid deficient or colloidal. This 
permits a fast extraction of the nitric acid (about 
30 seconds being sufficient to reach equilibrium) and, 
in the same way as dialysis, prevents the introduction 
of foreign ions into the solution. Furthermore, by 
adjusting the concentration and quantity of the 
amine, it is possible to obtain a solution with a 
pre-determined nitrate/metal ratio and to carry out 
a thorough extraction, to obtain minimal nitrate/ 
metal ratios. By selection of the amine-diluent com
bination the extraction of the metal can be reduced to 
a minimum. 

Another method for the production of colloidal 
solutions involves the peptization of the hydroxide 
by nitrate ions. 

For uranium(IV), the colloidal solutions can be 
prepared directly, by reducing catalytically with 
hydrogen a concentrated, slightly acidic, neutral or 
acid-deficient uranium(IV) solution. 

The viscosity of the solutions obtained must be 
such that they can be used in the subsequent stages 
of the process. In the colloidal solutions, the nitrate 
content must therefore be relatively high, namely 
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Figure 1. X-ray diffraction spectrum of the colloidal solution 
of thorium prepared at 80 ac 

greater than 0.4 mole per mole of thorium and than 
0.1 mole per mole of uranium for the very concen
trated solutions used. 

It should be noted that these nitrate concentrations 
are much higher than those of the sols obtained by 
the Oak Ridge method for thorium. Since, in the case 
of uranium(IV), an excessively high nitrate content 
during firing of the particles results in the oxidation 
of the uranium, with consequent distortion of the 
lattice and breaking of the particles during trans
formation to the gel, the nitrate/metal molar ratio 
should be drastically reduced. Therefore, the gelling 
of the colloidal solutions cannot be achieved merely 
by removing water. Two methods have been inves
tigated for the removal of nitrate anions from the 
colloidal solutions of thorium and uranium(IV) 
nitrate: (a) the use of diluted gaseous ammonia, 
followed by washing out the ammonium nitrate with 
water; and (b) the use of aliphatic amines diluted 
with an organic solvent. These methods yield gel 
particles with nitrate/metal molar ratios of less than 
0.05, and experience has shown that they can be fired 
without breaking. 
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Figure 2. X-ray diffraction spectrum of the colloidal solution 
of thorium prepared at 25 oc 

THE PREPARATION OF DENSE PARTICLES 
OF THORIUM OXIDE 

Spherical dense particles of thorium oxide have 
been obtained for purposes of comparison and for 
the development of the preparation methods on a 
simpler case than that of uranium oxide. For in the 
case of uranium, additional difficulties are experienced 
in obtaining and keeping the metal in the tetravalent 
state. Since it was found that the ultimate properties 
of the particles depend substantially upon the method 
used for the preparation of the colloidal solution, 
the work on the production of dense spherical particles 
of thorium oxide were continued. 

The method used for the preparation of colloidal 
solutions of thorium nitrate consists of gradually 
adding thorium hydroxide to a stirred thorium nitrate 
solution. To obtain a homogeneous precipitate, the 
thorium hydroxide is obtained by continuous pre
cipitation with excess ammonia, followed by filtration 
and washing with water over a suction filter. This 
precipitate has a total nitrogen/thorium molar ratio 
of less than 0.01, appears amorphous by X-ray 
diffraction and, by thermo-gravimetric analysis, 
registers a weight loss between 115 and 750 °C 
roughly corresponding to the initial Th(OH)4 formula. 

It was found that the properties of such colloidal 
solutions vary substantially depending on whether the 
thorium hydroxide is added hot (80 °C) or at room 
temperature (25 °C). Table 1 shows that the colloidal 

Figure 3. Electron-microscope pictures of colloidal solutions of thorium ( x 80 000) 

a: colloidal solution prepared at 80 °C b: colloidal solution prepared at 25 oc 
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Table 1. Properties of colloidal solutions of thorium 

Temperature of Th 
preparation wt% 

N/Th Viscosity at Density at 
molar ratio 20 °C, CP 20 °C, gjcm' 

80°C 44.0 0.57 11.5 1.956 
25 °C 12.8 o. 12 A. 110 1.302 

solutions prepared at room temperature are less 
concentrated, less dense and less acid-deficient and 
yet have a much higher viscosity than the colloidal 
solutions prepared hot. 

In addition, the colloidal solutions prepared hot 
have an opalescent appearance, flocculate upon 
addition of electrolytes and show broadened X-ray 
diffraction lines, which are shifted slightly with 
respect to the lines produced by thorium oxide 
(see Fig. 1). The line broadening indicates that the 
average size of the ordered regions is between 50 and 
100 A, equal to a few tens of lattice constants. The 
shift of the lines with respect to the thorium oxide 
lines may be attributed to an expansion of the lattice. 
The colloidal solutions prepared cold have a clear 
appearance, a very high viscosity which decreases 
rapidly and reversibly on increasing the temperature 
or adding small quantities of nitric acid or thorium 
nitrate. X-ray diffraction shows a continuous back
ground with an ill-defined line coinciding with the 
strongest thorium oxide line (Fig. 2). The two electron
microscope pictures of the dispersed and evaporated 
colloidal solutions in Fig. 3 show that the average 
size of the macromolecules is greater in the solutions 
prepared hot, while in those prepared cold, smaller 
molecules are tied by some sort of labile bonding. 

From all these colloidal solutions, spherical gel 
particles were prepared by removing the residual 
nitrate anions either with gaseous ammonia or with 
amines, after dispersing the solution into spherical 
drops. When ammonia was used, the colloidal solu
tion was sprayed into an atmosphere of ammonia 
vapour in equilibrium with an aqueous solution of 
ammonia at the bottom of the vessel which serves 
to collect and wash the gel particles. When a amine 
is used, the colloidal solution is dispersed in carbon 
tetrachloride to which the amine is then gradually 
added. The amine used was Primene JMT made by 
Rohm and Haas Company. 

In both cases, gel particles were obtained of 100 
to 400 microns average diameter, with a nitrogen/ 
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thorium molar ratio < 0.1. The gel particles obtained 
from the colloidal solution prepared at room tem
perature are clear, while those obtained from colloidal 
solutions prepared hot show a degree of opalescence. 
During thermogravimetric analysis, both gels register 
a gradual loss of water, between 115 and 750 °C, 
corresponding to one mole of water per mole of 
thorium. 

The gel particles were fired in air. The firing treat
ment consisted of heating at a rate of 300 °C/h, 
followed by a soak at 700, 900 or I 000 °C. Table 2 
shows the values of the carbon tetrachloride density, 
average crystal size as calculated from X-ray data and 
surface area measured by the BET method as a 
function of the soaking temperature, for particles 
produced starting from colloidal solutions obtained 
respectively at 80 and 25 °C. It was found that 
soaking times ranging from I to 6 hours have little 
influence on these properties. Table 2 shows that the 
method of preparation of the colloidal suspension has 
a major influence on the surface area, which for 
colloidal solutions prepared at 80 °C is of the same 
order as that of the crystal, while in the other case it 
is much lower. Correspondingly, the density of the 
particles obtained from colloidal solutions prepared 
cold is somewhat higher. This results from wide 
differences in open microporosity, which can be 
varied by changing the method of preparation of the 
colloidal solutions. Figure 4 is an optical microscope 

Figure 4. Spherical particles of Th02 fired for 2 h at 900 oc 
in air (X 80) 

Table 2. Properties of Th02 particles prepared at different temperatures 

Temperature of Firing temperature (2 h soak) 
colloid preparation 

(oC) 7000C 900 oc 1 I00°C 

CCI4 density (g/cm3) .............. 80 9.15 9.54 9.77 
25 9.19 9.65 9.93 

Average crystal size (A) .. ········· 80 130-170 400 > 3000 
25 180-200 700 > 3000 

Surface area (m2/g) ................ 80 88.2 30.7 1.4 
25 34.0 2.3 <I 
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picture of fired Th02 particles, obtained with the 
methods described. 

THE PREPARATION OF DENSE PARTICLES 
OF URANIUM DIOXIDE 

The method for the preparation of uranium(IV) 
nitrate solutions by catalytic hydrogenation of solu
tions of uranyl nitrate has been described [3]. From 
these solutions, colloidal solutions can be obtained 
by removing the anion, for instance by amines. How
ever, the reduction of acidic or stoichiometrically 
neutral concentrated solutions of uranyl nitrate, 
followed by nitric acid extraction, presents certain 
difficulties. These are the insufficient solubility of the 
uranyl nitrate, the readiness with which it flocculates 
during reduction and the possibility of oxidation in 
the presence of air during the extraction of nitric 
acid. 

Extraction of the nitric acid by Primene JMT from 
an approximately 2M solution of uranyl intrate was 
therefore preferred. This gave an acid deficient solution 
with a nitrate/uranium ratio between 1 and I. 7 
which was concentrated by evaporation to a uranium 
concentration of 3-3.5 M/1 and then hydrogenated 
catalytically. The reduction of the concentrated acid 
deficient solution of uranium(VI) nitrate can be 
carried out in an autoclave even in the absence of 
stabilizers. A hydrogen pressure of 40 kgjcm2 and a 
catalyst of 5% platinium on alumina are used. 
20 grams of catalyst per litre of solution are required. 
Under these conditions, reduction yields in excess of 
99% are easily obtained in about one hour, although 
experience has proved that satisfactory dense particles 
can also be obtained with reduction yields of between 
85 and 90%. After filtering out the catalyst, a black 
colloidal suspension is obtained. X-ray diffraction 
shows the presence of ordered regions with average 
sizes of some tens of lattice constants (Fig. 5). 
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Figure 5. X-ray diffraction spectrum of a colloidal solution of 

uranium(IV) 

This colloidal solution can be converted into gel 
particles by a process similar to that used in the case 
of thorium. The only difference lies in the fact that 
the nitrate/uranium molar ratio is somewhat higher. 
and must be reduced below 0.05 to prevent difficulties 
during firing. This may be why difficulties were 
encountered in the preparation of the gel particles 
by spraying into an ammonia medium whereas 
dispersion in carbon tetrachloride followed by the 
addition of the amine (Primene) gave satisfactory 
results. The gel particles obtained had an average 
diameter of 100 to 400 microns. 

The gel particles were fired in hydrogen at a 
heating rate of 300 °C/h, followed by a one-hour 
soak at 700, 900 or 1 100 °C. Table 3 shows th~; 

Table 3. Properties of U02 particles prepared 
at different temperatures 

CCI, density (gjcm3) •••• 

Average crystal size (A) .. 
Surface area (m2/g) ..... . 

700°C 

9.51 
800 
10.0 

Firing temperature 

900°C 

10.55 
2000-3 000 

<1 

ttoooc 

10.87 
> 3000 

< I 

changes in density, average crystal size and surface 
area (BET) as a function of the soaking temperature. 
The 0/U ratio in the particles fired at the highest 
temperature is < 2.005 and does not change sub
stantially on exposure to air. 

Figure 6 shows the appearance of such particles 
under the microscope. Figure 8 shows the cross 

Figure 6. Spherical particles of U02 fired for 1 hat 900 oc in hydrogen (a: X 80; b: X 200) 
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Figure 8. Cross section of spherical U02 particles fired for 1 h 
at 900 oc in hydrogen, bright field ( x 200) 

section of such particles under a metallographic 
microscope. 

THE PREPARATION OF DENSE PARTICLES 
OF MIXED THORIUM AND URANIUM OXIDE 

Dense particles of mixed thorium and uranium 
oxide of any composition can be prepared by mixing 
the colloidal solution prepared at 80 °C from thorium 
nitrate and hydroxide with that prepared by catalytic 
reduction of acid-deficient solutions of uranium(IV) 
nitrate and then proceeding through the subsequent 
stages as described above. 

The same particles can be also produced by pep
tising thorium hydroxide in a concentrated uranyl 
nitrate solution at 80 °C. An orange red colloidal 
solution is produced. The same colloidal solution can 
be obtained by extracting nitric acid from a thorium 
and uranyl nitrate solution and digesting the acid
deficient solution at 80 °C. This colloidal solution 
can then be reduced by hydrogen under pressure in 
the usual manner, and particles prepared with similar 
properties to those described above. Particles of 
mixed oxides containing up to 50% of uo2 were 
obtained in this way. 
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CONCLUSIONS 

The work carried out to date has shown that 
thorium oxide particles with a reproducible open 
microporosity and particles containing any proportion 
of thorium and uranium oxides or pure uranium oxide 
can be produced (Fig. 7). The starting materials are 
thorium and uranyl nitrate, the temperature required 
does not exceed 1 100 °C and the carbon tetrachloride 
density of the particles always exceeds 95% and can 
reach 99% of the theoretical density. 

The production of uranium dioxide particles of 
various open microporosities, the investigation of the 
behaviour under irradiation and of the fission gas 
release, and the extension of the method to the 
plutonium oxide and to mixed plutonium and ura
nium oxide are envisaged as future developments. 
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ABSTRACT -RESUME-AHHOTAUII1J1-RESUMEN 

A/555 ltalie 

La preparation de particules denses d'oxyde 
d'uranium et d'oxyde de thorium 

par G. Cogliatti et a/. 

On a essaye une methode de preparation de parti
cules denses d'oxyde de thorium et d'oxyde d'uranium, 
qui n'exige l'emploi de temperatures elevees que dans 
une etape finale de calcination. 

La methode est fondee sur la tendance des sels de 
thorium et d'uranium a former des micromolecules 
spatiales dans des solutions tres concentrees et dans 
des conditions de tres faibles concentrations en anions . 

On peut alors obtenir un produit dont les proprietes 
varient entre celles d'une suspension colloldale et 
celles d'un gel vitreux, plus ou moins fluide, selon la 
teneur en eau, le rapport entre anions et cations et les 
modalites de preparation. 

On peut donner au gel tres fluide Ia forme de petites 
spheres et le consolider au moyen d'une extraction 

. plus poussee d'eau ou d'anions ou au moyen d'une 
reaction partielle des anions residuels, ou a Ia fois 
par ces deux procedes. 

Entin, en calcinant, on obtient des particules denses. 
Les particules d'oxyde de thorium apparaissent 
transparentes au microscope optique. 

On donne des details sur la preparation de solutions 
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concentrees de nitrate d'uranium (IV) (qui peuvent etre 
employees comme un des produits de depart), sur leur 
stabilite vis-a-vis de l'oxydation et sur les methodes 
analytiques employees pour controler ces solutions. 

On decrit brievement Ia preparation et le controle 
des gels fiuides. On expose enfin les methodes em
ployees pour obtenir les particules spheriques et les 
proprietes les plus importantes des produits finals 
apres traitement thermique. 

A/555 1-hanHR 

V1arorosneHHe nnOTHbiX LfaCTH~ OKH
ce~ TOpHH H ypaHa 

r. KOJlbHTH et al. 

J;J3yqeu MeTOll, H3fOTOBJieHHH ITJIOTHhiX qaCTHIJ; 
OI{HCeM TOpHH If ypaHa, He Tpe6yiOin;Hii rrpHMeHe
HHH BhlCORifX TeMrrepaTyp, 3a UCRJIIOlJeHHeM 110-
CJiell,Heii CTall,lflf 00/Rifra. 

3TOT MeTOll, OCHOBaH Ha CITOCOOHOCTif COJiei1 TO
p1IH u ypaua o6paaoBhiBaTh rrpocTpaHCTBeHHhle 
MIIRpOMOJieRyJihl B OlJeHb ROHD;eHTpnpOBaHHhlX 
pacTBopax u B ycJIOBHHX 6oJibiiioro Hell,OCTaTRa 
IUIC.'IOThi. B aaBHCifMOCTH OT coll,epmauuH BOlJ.hi, 
MOJIHpHOrO OTHOillCHifH UHIIOHOB If RUTIIOHOB 11 
npon;ecca uaroToBJieHFIH rroJJyqaiOTCH pa3JIIflJHLie 
npOlJ.YRThi, HalJJIHaH oT ROJIJIOifll,Hoii cycneuauu n 
ROHlJaH OOJJee HJIH Meuee /RHll,RUM CTeRJJOBUll,HhlM 
reJJeM. IlyTeM ll,aJJhHeiirnero yll,aJieHuH BOlJ.hi nJin 
UHIIOHOB UJJU lJUCTHlJHOfO B3aHMOll,eHCTBHH OCTaiO
In;UXCH auuoHOB rrpoll,yRT, uaxoll,Hru;uiicH B cocTo
HHuu OlJeHb IRUll,ROfO reJJH, MOIRHO IJ!opMOBaTb B 
ue6o.IT~>rnue mapuRu u ll,OBOlJ.HTh ll.O TBepll,oro co
CTOHHHH. 

HaRouen;, rrocJie o6mura rroJiylJaiOT ITJJOTHhie lJa
CTUIJ;hi. qaCTifiJ;hl ORliCH TOpliH BhlfJJH,!l,HT rrpoapaq
HhlMH noll, onTuqecRnM MIIKpocRonoM. II pnBOlJ.HT
CH ITOll,pOOHhie CBell,eHUH 0 IIpiirOTOBJJeHUU ROH
n;eHTpUpOBaHHhiX paCTBOpOB HIITpaTa ypaHa 
(IV), KOTOphie MoryT HBJIHThCH OlJ.HHM ua ncxoll,
Hhix rrpOll,YRTOB, a TaR/Re 06 IIX CTOiiKOCTH R 
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ORUCJieHUIO If MeTO.D,aX aHaJJMTHlJeCKOfO ROH
TpOJJH. OmiChiBaiOTCH MeTOAhi rrpuroTOBJJeHHH u 
KOHTPOJJH IRIIAKOro reJIH. HpaTKo paccMaTpn
BaeTCH rrpon;ecc o6paaoBaHIIH c!JiepuqecRHX qacTHIJ; 
H Hall6oJiee Ba/RHbie CBOMCTBa KOHelJHhlX rrpoll,yK
TOB o6m11ra. 

A/555 ltalia 

Preparaci6n de particulas densas de 6xidos de 
torio y uranio 

por G. Cogliati et at. 

Los autores estudiaron un metodo de preparaci6n 
de particulas densas de 6xidos de torio y uranio 
que no exige temperaturas elevadas, salvo en la 
etapa final de la calcinaci6n. 

El metodo se basa en el hecho de que las sales de 
torio y de uranio tienden a formar macromoleculas 
espaciales cuando se encuentran en soluciones muy 
concentradas y en condiciones de acentuada deficien
cia de aniones. Segun el contenido de agua, la relaci6n 
molar entre aniones y cationes y el proceso de pre
paraci6n, se obtiene un producto que puede variar 
desde una suspension coloidal basta un gel vitreo 
mas 0 menos fluido. 

Se puede lograr que el gel muy fluido adopte la 
forma de pequeiias esferas y se le puede consolidar 
extrayendo mas agua o aniones yfo neutralizando 
parcialmente los aniones restantes. 

Finalmente, por calcinaci6n, se obtienen particulas 
densas. Las particulas de 6xido de torio, examinadas 
al microscopio, aparecen transparentes. 

Se exponen detalles para la preparaci6n de solu
ciones concentradas de nitrato de uranio (IV) (que 
puede ser uno de los productos iniciales), de su 
resistencia a la oxidaci6n y de los metodos analiticos 
de control. 

Se describen tambien brevemente los metodos 
de preparaci6n y control de los geles fiuidos y el 
procedimiento de obtenci6n de pequeiias esferas 
y las propiedades mas importantes de los productos 
calcinados finales. 



Record of Session 2.2 

Ceramic fuels 

Chairman: M. Salesse (France) 

Paper P/543 
DISCUSSION 

R. W. DAYTON (United States of America): 
Mr. Smith comments that vapour-phase coating 
of fuel particles with BeO "appears impractical 
on the grounds of expense and the difficulty in 
producing a thick impervious fine-grained coating." 
I would like to say that United States experience 
agrees only in part with Mr. Smith's conclusion. 

In so far as expense is concerned, it is true that 
coating costs are high at present. This high cost is 
largely due to the fact that production is still on a 
small scale, but cost projections, assuming reasonable 
development of the coating process, indicate that the 
cost of BeO-coated particles will be little more than 
the cost of material. 

The problem of impermeability of BeO coatings 
has been solved. It is now possible to prepare such 
coatings which are impermeable to the fission gases 
xenon and krypton, so far as can be determined. 

The question of the grain size of BeO coatings 
requires a somewhat longer answer. Grain size is 
important owing to its effect on strength and resistance 
to radiation damage, properties which help to deter
mine whether or not coatings will crack on prolonged 
irradiation. The overall design of the coated particles 
also influences coating cracking, as has been shown 
in particular for aluminium and pyrolytic carbon
coated particles (see paper P/235). 

Using a BeO-coated particle having the optimum 
particle design, it was possible to achieve fuel burn
ups of 3 per cent at 900 °C without coating failure. 
However, cracking occurred on cooling after irra
diation, presumably due to thermal stress and weaken
ing of the large grain coatings by radiation damage. 

Large grain size does therefore appear to be a 
major problem of BeO coatings and ways to make 
fine grain-size coatings have been sought. In a several 
month programme, we were unable to find additions 
to the coating which would refine the grain. However, 
we do not feel that our efforts exhausted the possibil
ities of this method of attack. 

Paper P/832 (presented by B. Liebmann) 

DISCUSSION 
P. MURRAY (United Kingdom): What types of 

cold moulds have been found to give cracking in 
the skull-melting experiments on carbide? At Harwell, 
crack-free material is produced even with small 
diameter (! in) UC-15% PuC rods, using cold thin-
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walled graphite moulds. We find this kind of material 
more difficult to use than UC, especially in the small 
diameters. We have also produced crack-free UC 
in cold moulds over the range !-1 inch diameter, as 
reported in paper P/154. 

B. LIEBMANN (Federal Republic of Germany): We 
have no major problems with cracking in the range of 
diameters between l and 1 inch, but cracks turned 
out to be a problem for diameters of more than 
1 inch. We have cast into thin-walled cold moulds 
and into preheated moulds, as described in the paper, 
but I am not sure whether proper mould design 
and preheating alone can eliminate the problem of 
cracks with the larger diameters. 

With carbon contents between 4.6 and 4.7 wt%, 
we found less tendency for cracking than at 4.8 wt% 
and above. Moreover, some not yet defined impurities 
seem to influence cracking. We are at present studying 
this problem. 

Most of the cracks are not apparent after casting. 
Only after the complete surface grinding required 
by the specifications do all the cracks become visible. 
I do not know, and probably nobody does, how 
detrimental these cracks are to the in-pile performance 
of UC fuel elements. In accordance with the present 
sp~cifications, even castings with fairly small cracks 
are rejected. Changing the specifications may be one 
answer to the problem. 

H. PEARLMAN (United States of America): Arc 
melting and casting is the leading method used in 
the United States for preparing uranium mono
carbide slugs, but as you can see from Figure 2 of 
paper P/234, the procedure differs in several details 
from that reported in this paper. Carbon content 
is specified to be 4.4 to 4.8 wt% and is controlled 
by a statistical sampling plan. About 84% of all 
heats have been within this specification. 

What. is the electrode material in your uranium
carbide melting process? 

B. LIEBMANN (Federal Republic of Germany): We 
are using a graphite electrode. With an argon atmo
sphere and proper control of the arc by a magnetic 
coil, electrodes have been used for up to 50 melting 
operations before replacement became necessary. 
Under vacuum, electrodes had to be replaced after 
10-20 operatio.ns. 

D. 0. PICKMAN (United Kingdom): One can use 
crushed fused uo2 or crushed sintered uo2 as the 
feed material for vibro-compaction. You claim that 
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one advantage of the fused uo2 is a lower re-cycle 
of the crushed material. Can you say whether there 
are other advantages, and how costs compare? 

B. LIEBMANN (Federal Republic of Germany): We 
are developing methods for the fabrication of both 
crmhed sintered and crushed fused feed material for 
vibro-compaction, but it is too early to state how 
the costs compare. 

Paper P/634 (presented by M. E. A. Hermans) 

DISCUSSION 
D. E. FERGUSON (United States of America): 

Mr. Hermans has described a sol-gel process for 
preparing small spherical particles of mixed thorium
uranium oxides. My comments are in the form of 
confirmation of his statement that such a procedure 
can be used for larger particles and that it can be 
reduced to engineering practice for the remote 
fabrication of many ceramic fuel forms. 

In our work we have been able to prepare micro
spheres of both oxide and carbide for vibratory 
loading into metal tubes, and have applied the 
process to plutonia and mixed thoria-plutonia. 

The most advanced application in our development 
programme is the preparation of mixed Th-233U 
oxide for loading into fuel tubes by vibratory com
paction. A ton of this fuel has been prepared and 
loaded into Zircaloy tubes, 40 in by t in, at the 
Kilorod Facility at Oak Ridge National Laboratory. 
This facility includes shielded and remotely operable 
equipment for the preparation of Th02-U02 by the 
sol-gel process, conditioning of the powder by grinding 
and sizing, vibratory-compaction loading of the 
Zircaloy tubes, and welding and inspection of the 
completed element. After correction of initial mechan
ical difficulties, routine operation at 90% of the design 
capacity was attained, with less than 3% of the 
elements requiring re-cycle because of density defects. 

We prepare larger (50 to 2 000 (1.) microspheres by 
dispersing the sol in an organic solvent such as 
2-ethyl-hexanol, in which water is moderately soluble. 
The sol, while still in the form of spherical drops, is 
set to the solid gel by extraction of water into the 
solvent phase. By introducing fine particle carbon 
into the oxide sol, a mixed oxide-carbon gel can be 
prepared. After drying, these gels can be reacted in 
argon at about 1 750 °C to give high purity carbide. 
Mixed thorium-uranium dicarbide has been prepared 
in this manner with a density of 8.9 gfcm3 and suf
ficient purity for reactor use. 

In conclusion, because of its flexibility and adapt
ability, we feel the sol-gel process promises to become 
an almost universal method of preparing ceramic 
reactor fuel materials. 

Paper Pf703 (presented by V. Pravdic) 

DISCUSSION 
M. Y; FARAH (United Arab Republic): Do you 

consider that wet processes for the preparation of 

uranium dioxide -in both alkaline and acid media, 
using hydrazine, metal reductors or electrolytic 
processes are likely to become competitive with dry 
methods for preparing U02, particularly having in 
mind nuclear purity specifications and properties? 

V. PRAVDIC (Yugoslavia): It must be borne in 
mind that the characteristics of the precipitates 
(especially U02) obtained by the wet methods are 
different from the characteristics of powders obtained 
by dry methods. The most remarkable difference is 
the specific surface of the powder obtained by the 
wet method, which may be an order of magnitude 
greater than that of powders obtained by conven
tional dry methods. The competitiveness of the wet 
methods can be evaluated by considering the whole 
production cycle, based on the special characteristics 
of the material required. No major problem arises 
in controlling the purity of aqueous solutions. 

As already reported,* the results of sintering 
experiments were promising. The powders, when 
dried, were pyrophoric. However, the pyrophoricity 
is hampered by adsorbed ammonium carbonate 
and the product can easily be processed if certain 
precautions are taken. 

Paper P/155 (presented by L. E. j. Roberts) 

DISCUSSION 
E. A. EvANS (United States of America)**: Is it 

possible that some of the differences in reported 
thermal conductivities of uo2 at higher temperatures 
are due to changes in stoichiometry of the oxide 
which occur in specimens irradiated in cladding such 
as zirconium and which did not occur in your speci
mens irradiated in stainless steel or nickel? 

L. E. J. ROBERTS (United Kingdom): In our experi
ments to date, we have not found that reduction 
below the stoichiometric composition caused any 
significant difference in the thermal conductivity 
of unirradiated polycrystalline U02• Therefore, we 
are not in a position to comment on the possibility 
mentioned by Dr. Evans, though we agree that the 
composition of uo2 fuel rods irradiated in zirconium 
may well differ from that of uo2 irradiated in stainless 
steel, particularly in the high-temperature regions. 

Paper Pf233 (presented by S. Naymark) 

DISCUSSION 
P. MuRRAY (United Kingdom): Even after taking 

into account the considerable data presented, there 
still appears to be some doubt as to the choice of 
cladding material for BWR fuel elements, due to 
the cracking of stainless steel when used as a thin 
cladding. A new feature has been introduced in that 
thin Incoloy instead of Zircaloy appears to be assum
ing prominence as an alternative to stainless steel. 
The three specific points of concern are: cracking 

* New Nuclear Materials Including Non-Metallic Fuels, 
IAEA, Vol. I, pp. 55-63, Vienna (1963). 

** This question was not put during the meeting. 
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of thin stainless steel, possible irradiation embrittle
ment of Incoloy, and internal attack (e.g., by iodine), 
which leads under certain conditions to pin-hole type 
failures in Zircaloy. 

Can you state whether any definite choice has 
been made or is possible at this stage? 

S. NAYMARK (United States of America): In the 
design of fuel for boiling water reactors that are to 
be built in the next few years, Zircaloy-2 is given 
primary consideration as the cladding material. This 
choice is based on present operating and development 
information, which indicates that at heat fluxes 
(for "'0.5 in diameter rods) of 500 000 Btujft2 h, 
and for a reactor life of over 3 years, the corrosion 
oxide thickness will be no greater than about 1 x 10·3 

in (see the section on corrosion in the paper); the 
hydrogen pick-up for 0.030 in thick zircaloy-2 is 
of the order of 100 ppm and the operating temper
ature physical properties are quite adequate (see 
sections on stability). Moreover, at the fkd8 cor
responding to this level of operation, long-term 
tests have disclosed no evidence of any fission iodine 
attack on the interior of the cladding. 

As a back-up to Zircaloy, testing has .started on 
Incoloy, which also has applications to superheat 
fuel. So far, thin non-freestanding lncoloy rods have 
given satisfactory operation at heat fluxes of 500 000 
Btu/ft2 h in both superheat (l 100-1 300 °F cladding 
temperature) and boiling water (600-650 °F cladding 
temperature) fuel applications to a burn-up of about 
3 500 MWd/t. Testing is continuing. 

It is anticipated that further development work 
on Zircaloy and Incoloy will lead to even better 
thermal and life performance. 

H. MoGARD (Sweden): Would non-segmented 
tubular fuel elements of large diameters (e.g., od = 
4 in, id = 3 in) reduce fuel fabrication costs further? 
If so, why have such fuel elements not yet found 
application in the light-water reactors? 

S. NAYMARK (United States of America): Larger 
diameter fuels, whether rod or annular, permit 
reduced fuel fabrication costs as measured in dollars 
per pound of uranium. However, fabrication costs are 
only one part of fuel cycle costs, let alone plant 
capital costs, which are the major elements of total 
power costs. 

A basic aim in adopting light-water reactors is 
to reduce power costs by using cores of high power 
density (kW/litre). Consequently, the largest possible 
fuel surface area is provided in the core. The final 
design is therefore a compromise between small 
diameter fuel for high power density (high fuel 
fabrication costs, but lower capital costs) and large 
diameter fuel (lower fuel fabrications costs, but larger 
core size, pressure vessel size, etc.). For light-water 
boiling reactors, the best economics at present are 
obtained with fuel rods between 0.4 in and 0.6 in od. 
For pressurized-water reactors, the optimum diameter 
is slightly less. Tubular fuel elements have been 

ACTA DE LA SESI6N 2.2 561 

considered, but do not show to advantage when 
compared with rod fuel for the light-water reactors. 

D. 0. PICKMAN (United Kingdom)*: What was the 
cause of the mechanical bowing referred to as the 
reason for some fuel element failures in Dresden? 
I would also like to know what form these failures 
took (e.g .. were they longitudinal splits?) and at what 
axial position failure occurred? 

Would you also please indicate whether any attack 
on the inside surface of Zircaloy-2 cans by iodine 
has been observed? It would be interesting to know 
whether zirconium alloy cans form an effective trap 
for iodine. 

Finally, can you say whether crud deposition 
has been a problem with Dresden fuel elements and 
whether deposition is greater in the bulk boiling 
region? 

S. NAYMARK (United States of America): No 
Dresden or VBWR Zircaloy fuel irradiated at heat 
fluxes up to 500 000 Btu/ft2 h and for outside dia
meters up to 0.56 in have shown evidence of chemical 
attack on the inside surface of the clad attributable 
to iodine or any other cause. 

On some of the pelleted Zircaloy-clad fuel run 
under the uo2 high-performance programme in the 
pressurized loop in the GETR, at a thermal fkdO 
rating of about 200 W /em, there has been evidence 
of a chemical attack on the inside of the cladding 
at or near the pellet interfaces. This attack might be 
due to radio-iodine. The thermal rating of this test 
was about a factor of three higher than in present 
day fuel design. Detailed investigation of the cause 
and means of correcting it are under way. The use 
of compactible powder fuel with no large interface 
gap, such as exists in pellets, seems to be a means of 
overcoming this difficulty. 

Crud deposition has not been a problem on Dresden 
fuel element performance in either the water, steam, or 
water-steam areas. 

We deduced that bowing was due to stress relief 
of the tubing operatihg at reactor temperature for 
long periods, since out-of-pile tests on this tubing 
in autoclaves had shown similar bowing. The tubing 
had not been stress-relieved after fabrication. Failures 
took the form of local circular areas of high corrosion 
and rather massive hydrides believed to be due to 
the tubing touching the channel wall and not being 
adequately cooled. The axial position of failures 
was between axial spacers. 

R. J. HASLAM (United Kingdom)**: What design 
changes have been made to BWR fuel assemblies 
to prevent further failures due to fuel rod bowing, 
and for how long could BWR power reactor opera
tion be continued with naturally occurring defected 
fuel? 

S. NAYMARK (United States of America): Rod-to
rod spacers have been increased so that there are 

• These questions were not put during the meeting. 
•• This question was not put during the meeting. 
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more per unit length of rod, and the tubing is stress
relieved after fabrication to remove residual stresses 
which tend to cause a time dependent creep and 
bowing during long life. 

Defective fuel has been run in BWR reactors for 
over a year after defects were first noticed, with no 
problem in operation and no after effects in the 
system once the faulty rod is removed. 

Paper PJ240 (presented by T. J. Pashos) 

DISCUSSION 

R. DELMAS (France): In some reactor core projects 
the increase in specific power of the uo2 fuel elements 
is limited by the pressure of the fission gases released 
from the hot parts of the fuel. 

Particularly in EL-4, part of the U02 will probably 
be above I 800 °C, so that it is necessary to evaluate 
the importance of the phenomenon above that 
temperature. The authors of paper P/240 say that 
100% of the total amount formed is released under 
these conditions. 

In France, we are performing tests in which small 
uo2 samples are isothermally heated in a neutron 
flux and the released gases are trapped and analysed. 

At temperatures of I 850 and 2 000 °C, we ob
served that only part of the rare gases is released 
from U02 ; at I 850 °C, about 7% of 136Xe and 85Krm 
with sintered U02 ; at 2 000 °C, .20-25% of 135Xe 
and 85Krm with sintered U02 ; and about 4% of 
135Xe and 85Krm with monocrystalline U02• 

T. J. PASHOS (United States of America): It was 
stated in the paper that measurements of fission gas 
release from U02 between I 650 and I 800 °C vary 
over a range from 1 to 100%. Above 1 800 °C, more 
or less all of the fission gases are released. 

Mr. Delmas reports lower gas release values at 
temperatures of up to 2 000 °C, but these release 
values relate to isothermal conditions. It appears 
likely that the measured values in an actual cylindrical 
fuel rod are higher than in isothermal specimens 
because of the effects of temperature gradient on 
fission gas release. 

J. F. W. BISHOP (United Kingdom): In the section 
on Pu02-U02 fuel, the authors state that a 13% 
increase in active fuel length occurred in a specimen 
taken to 2.7 X 1020 fissionsjcm3• I believe that rather 
smaller, but significant length increases have been 
reported in both pelleted and swaged powder pins 
in this series of irradiations. Since the pin design 
restrains the fuel between rigid end stops, does this 
mean that the cans were elongated and, if so, was 
this axial strain confirmed by measurement? 

T. J. PAsHos (United States of America): It is my 
recollection that the fuel length increase mentioned 
in my paper occurred in the pellet column within 
the cladding and that the change was detected by 
means of gamma-scanning of the irradiated specimen. 
However, I recommend that you consult references 29 

and 30 of the actual paper for a factual answer to this 
question. 

E. VANDEN BEMDEN (Belgium): Can it at present 
be concluded that the oxide loss from a burst com
pacted rod is greater than that from a pellet type of 
rod? 

T. J. PASHOS (United States of America): Irradiation 
experience indicates that there is no apparent dif
ference in performance between uo2 compacted
powder and pellet-type rod fuel with regard to loss 
of fuel material from a defective fuel rod. 

Intentionally defected compacted powder rods 
having small circular holes and long slits (0.020 in 
wide X 0.500 in long) in the cladding were irra
diated in the VBWR with no detectable Joss of fuel 
material. A stainless steel clad, compacted-powder 
fuel rod having a 6 in long split in the cladding was 
found to have lost only a negligible amount of uo2 
fuel. 

[t appears that when a compacted-powder fuel 
rod is subjected to irradiation there is an effective 
sintering or binding together of the powder particles 
out to the cladding as a result of microscopic fission 
spike heating. 

B. R. T. FROST (United Kingdom)*: It is stated 
in the paper that both slightly hypo- and hyper
stoichiometric UC swell more than stoichiomehic UC. 
One can understand the role of free uranium in 
accelerating the swelling of UC, but what causes the 
similar effect when the UC contains excess carbon? 
Our experiments at Harwell tend to show greater 
swelling in UC + U than in UC + UC2, and these 
observations are supported by electron microscope 
studies of bubble formation in UC, UC2 and U. 

T. J. PASHOS (United States. of America): I suggest 
that you consult references 38, 39 and 41 of the paper 
for details on methods of determining the swelling 
behaviour of hypo- and hyperstoichiometric carbides. 
The volume changes reported in the paper are actual 
physical measurements of irradiated fuel elements. 
It is possible that some of the volume increases 
measured for fuel elements containing hyperstoi
chiometric UC are caused by cracking of the fuel 
material at high temperatures. 

Paper P/338 (presented by V. M. Golyanov) 

DISCUSSION 

L. E. J. RoBERTS (United Kingdom): The general 
nature of the phenomena you observed seems similar 
to that which we observed by transmission electron 
microscopy and reported in paper P/155. Do you 
think the light defects, lOA·in diameter, which you 
observed on annealing, are in fact small bubbles of 
fission gas, as we observed in rather larger sizes? 

V. M. GOLYANOV (USSR): The light defects were 
too numerous to be bubbles of fission gas; moreover 

• This question was not put during the meeting. 
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their number corresponded to that of the fissions 
(see the penultimate paragraph of the section headed 
Results). 

Paper P/17 (presented by J. A. L. Robertson) 

DISCUSSION 

J. F. W. BISHOP (United Kingdom): You state in 
your paper that you have formulated a new method 
for predicting gas release from U02. In what way 
do you take account of irradiation changes to the 
fuel; does the model take account of total exposure 
and how anomalous are the 15 results stated not 
to agree with the predictions? 

W. B. LEWIS (Canada): If I may answer this on 
behalf of the authors, I would say it has been found 
possible to improve the empirical correlation since 
the paper was written. The correlation predicts 
a mean gas release from knowledge of the initial 

oxide density, the heat rating (JAdO ) and either the 
surface 

irradiation time or the final burn-up, and applies to 
oxide of density greater than 10 g/cm3 in round, 
metal-clad and water-cooled rods. Without exception, 
the gas release observed in 83 cases did not exceed 
the predicted mean by more than 5% of the total 
fission gas produced. The observations include a 
number of irradiations to about 8 000 MWd/t U and 

releases up to 40% at 9 {>..dB = 87 W/cm. It may 
l4oo•c 

be noted that the prediction shows that the fraction 
of gas released incteases with burn-up, as expected, 
following the initial delay due to temporary trapping 
in voids and vacancy aggregates (discussed in paper 
P/19). 

J. M. LEBLANC (Belgium)*: Since U02 and U02-
Pu02 become plastic at fairly low temperatures, 
how do you evaluate the stresses produced in the 
can by thermal expansion of the fuel? 

J. A. L. ROBERTSON (Canada): We estimate the 
stresses in the sheath during irradiation from the 
extent of its deformation measured after irradiation. 
Thus, for example, if the sheath shows measurable 
deformation, but has not ruptured, we deduce that 
the stresses have exceeded the yield stress at the 
appropriate temperature, but have been lower than 
the ultimate stress. This approximation leaves out 
of consideration the effect of irradiation on the 
strength of the sheath, but in most experiments the 
deformation occurs early in the irradiation, before 
appreciable damage has accumulated. 

P. MuRRAY (United Kingdom): In the in-reactor 
test on stoichiometric uo2 versus hypostoichiometric 
U02, would you not have expected from the labor
atory tests that the difference in thermal conductivity 
should have shown up straight away rather than 
after 1019 fissionsjcm3 as reported? 

• This question was not put during the meeting. 
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J. A. L. RoBERTSON (Canada): The central tem
perature of the uo2-X was lower than that of the 
U02P (by abOUt 50 °C at 900 °C) even at the Start Of 
the irradiation. However, the difference increased 
with exposure until it was about 150 °C at I 100 °C 
by the end of the one month test. We cannot yet 
offer a detailed explanation of these results, but 
suggest that the following points are relevant. 

During the initial start-up and during shut downs 
throughout the test, all fuels would have been irra
diated at temperatures lower than their normal 
operating temperatures. We know from references 
16, 17 and 19 and from the United Kingdom paper 
P/155 that the conductivity of the U02+x would 
have suffered some irradiation damage. 

Complementary measurements of electrical prop
erties suggest that in uo2-x• as fabricated, some 
excess uranium remains quenched in the uo2 lattice. 
Annealing at temperatures below about 1 500 °C 
outside the reactor probably causes the remaining 
excess uranium to precipitate. However, in the 
reactor the uranium may be dissolved, homogenizing 
the structure in the same manner as has been observed 
in uranium-molybdenum alloys. 

The coolant temperature was raised by I 00 °C 
about half-way through the irradiation, consequently 
raising fuel temperatures. 

Considering these facts, I would not expect exact 
agreement with any previous irradiation results 
and certainly not with laboratory tests. 

Paper P/19 (presented by W. B. Lewis) 

DISCUSSION 

S. NAYMARK (United States of America)**: In the 
experiment done by Reynolds***, the pressure meas
ured inside the fuel clad rose quite linearly with 
burn-up. If there was any appreciable sorption of 
xenon by U02, shouldn't the fission gas pressure 
level off or show a decrease? 

W. B. LEWIS (Canada): The magnitude of the 
radiation-induced absorption of xenon by uo2 
established by the experiments described in our 
paper is not so great that it would have shown up in 
Reynold's experiment. The pressures which he 
reached did not exceed about 15 atmospheres and 
there was an initial gas filling. 

In the experiments illustrated by Figure 6 and 
Table 2 of our paper, the large effects of oxide density 
(or exposed surface area) and irradiation time would 
make it impossible to predict with any accuracy 
how much fission gas would have been re-trapped 
in Reynold's experiment. However, under the condi
tions described, reabsorption would not have changed 
the gas pressure by 10% and so would not be detected. 

Another experiment, similar to the Pellet Rod 
Mk IX experiment discussed in the penultimate 

•• This question was not put during the meeting. 
••• Reference 29 of the paper. 
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section of our paper, is now in progress. The pressure 
of an initial filling of natural xenon rose with reactor 
power to about 150 atm but thereafter decreased 
by 20%. The decrease is attributed partly to distension 
of the clad by thermal swelling of the oxide and partly 
to absorption of the gas. There has been no evidence 
of leakage. 

I would like to raise a point of my own. We explain 
in this paper that the behaviour of fission gas is 
complex, but there are limits to how bad it can be. Can 
anyone give details of the failure of Dresden fuel 
(U02 clad in Zircaloy) wmch is attributed in paper 
P/205* to insufficient fission gas plenum, as I find 
any such failure inconsistent with the established 
behaviour of fission gas? 

S. NAYMARK (United States of America): Two 
of a total of about 50 000 fuel segments were noted 
to have service failures which might be attributable 
to excess pressure caused by fission gas release. 
In some of the Dresden segments built in the 
first load, no plenum was provided for fission gas 
accumulation. The nature of the two failures indicated 
the possibility that the cladding breakdown might 

• These Proceedings, Vol. 5, Session 1.2. 
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have been caused by internal pressure. However, 
the cause could not be determined with certainty. 

It should be noted that, as I pointed out, Reynold's 
in-reactor measurements of the internally generated 
pressure in a fuel element showed a linear increase 
of pressure with burn-up. This would appear to 
indicate that there are operating conditions where 
there is no xenon sorption within the uo2 structure, 
or at any rate, very little. This finding would raise 
some doubts as to the universality of the statement 
made by Dr. Lewis in his question. It is also interesting 
to note that practically all fuel designs in all countries 
now provide a plenum for fission gases. 

W. B. LEWIS (Canada): Mr. Naymark's reply 
misses some of the point of the question. For round 
oxide rods clad in Zircaloy, cooled in water with or 
without boiling and irradiated without central melting 
to less than 30 000 MWd/t U, the amount of gas 
release observed would not lead to rupture of any 
sound Zircaloy tube, even if no plenum existed. 
It seems more likely that expansion or deformation 
of the oxide could have been responsible. I would not 
attribute failure to the fission gas unless the tube 
showed evidence of having been expanded by a 
uniform hydrostatic pressure. 

Combustibles ceramiques 

President: M. Salesse (France) 

Memoire P/543 

DISCUSSION 

R. W. DAYTON CEtats-Unis d'Amerique): M. Smith 
declare que le depot de BeO en phase vapeur sur les 
particules de combustible semble inutilisable en raison 
du cout et de la difficulte qu'il y a a produire 'un 
revetement a grain fin, epais, etanche. Je voudrais 
dire que !'experience obtenue aux Etats-Unis ne me 
permet pas d'etre en plein accord avec les conclusions 
de M. Smith. 

En ce qui concerne les depenses, il est exact que les 
couts de revetement soot eleves a l'heure actuelle. 
Ce cout eleve est du en grande partie au fait que la 
production est a petite echelle, mais les previsions de 
couts, basees sur un developpement raisonnable de ce 
procede de revetement, indiquent que le cout des 
particules revetues de BeO sera a peine superieur 
au cout du materiau. 

Le probleme de l'impermeabilisation des depots 
de BeO a ete resolu. On sait maintenant preparer 

de tels revetements qui sont impermeables, dans la 
limite oil les mesures soot possibles, au xenon et au 
krypton de fission. 

Le probleme de Ia taille de grain des revetements 
de BeO demande une reponse plus detaillee. La 
dimension des grains est importante a ·cause de son 
effet sur la resistance mecanique et la resistance au 
rayonnement, proprietes qui permettent de deter
miner si les revetements vont se fissurer ou non au 
cours de !'irradiation. La conception generale des 
particules enrobees a egalement une action sur la 
fissuration du revetement, comme on l'a montre 
notamment pour les particules revetues d'aluminium 
et de carbone pyrolytique (voir memoire P/235). 

A vee des particules revetues de BeO de la meilleure 
conception possible, on a pu atteindre des taux de 
combustion allant jusqu'a 3 % a 900 °C sans rupture 
du revetement. Cependant, il y a eu fissuration au 
cours du refroidissement apres irradiation, sans doute 
a cause des tensions thermiques et de l'affaiblissement 
par !'irradiation des revetements a gros grains. 
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La grosseur de grain semble done constituer l'un 
des principaux problemes des revetements de Bed 
et I' on a cherche a realiser des revetements a grain 
fin. Un programme de recherche de plusieurs mois 
n;a pas permis de trouver des additions au revetement 
qui donneraient un grain plus fin. Cependant nous 
pensons n'avoir pas epuise les possibilites de cette 
methode d'attaque du probleme. 

Memoire P/832 (presente par B. Liebmann) 

DISCUSSION 

P. MURRAY (Royaume-Uni): Quels sont les types 
de moules froids qui ont donne des fissures dans les 
experiences en auto-creuset sur le carbure? A Harwell, 
nous avons produit des materiaux sans fissures, 
meme avec de faibles diametres (0,6 em) de tiges de 
UC-15% PuC, dans des moules froids en graphite a 
parois minces. Ce type de materiau s'est revele, 
a notre avis, plus delicat a utiliser que UC, en particu
lier pour les faibles diametres. Nous avons egalement 
produit du carbure d'uranium sans fissures en moules 
froids pour des diametres compris entre 0,6 et 2,5 em, 
comme l'indique Ia communication P/154. 

B. LIEBMANN (Republique federate d'Allemagne): 
Nous n'avons pas eu de gros problemes de fissuration 
pour les diametres compris entre 0,6 et 2,5 em, mais 
Ia fissuration a cause des difficultes pour les diametres 
superieurs a 2,5 em. Nous avons coule dans des 
moules froids a paroi mince et dans des moules 
prechauffes comme il est dit dans le memoire, mais je 
ne sais si une bonne conception des moules et le 
prechauffage peuvent suffire a resoudre le probleme 
de Ia fissuration pour les grands diametres. 

Avec des teneurs en carbone comprises entre 4,6 
et 4, 7 % en poids, Ia tendance a Ia fissuration est 
plus faible qu'avec des teneurs de 4,8 % en poids 
ou plus. D'autre part, certaines impuretes, non encore 
definies, semblent avoir une influence sur la fissura
tion. Nous sommes en train d'etudier ce probleme. 

La plupart des fissures ne sont pas apparentes 
apres la coulee. Ce n'est qu'apres le meulage de la 
surface, exige par les specifications, que toutes les 
fissures deviennent visibles. Je ne sais pas, et per
sonne ne sait sans doute, a quel point ces fissures 
peuvent nuire au comportement en pile des· elements 
combustibles en UC. Avec les specifications actuelles, 
on rejette meme les coulees qui ne presentent que de 
tres petites fissures. Une solution possible a ce pro
bleme consisterait a changer les specifications. 

H. PEARLMAN (Etats-Unis d'Amerique): La fusion 
a l'arc et Ia coulee constituent Ia principale methode 
utilisee aux Etats-Unis pour Ia preparation des 
barreaux de monocarbure d'uranium, mais comme 
vous pouvez l'observer sur Ia figure 2 du memoire 
P/234, Ia procedure differe sur plusieurs points de 
celle qui est mentionnee dans votre memoire. On 
specifie une teneur en carbone comprise entre 4,4 et 
4,8 % en poids et on la controle par echantillonnage 
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statistique; 84% environ de toutes les fusions ont 
satisfait a cette specification. 

Quel est le materiau d'electrode dans votre procede 
de fusion du carbure d'uranium? 

B. LIEBMANN (Republique federate d'Allemagne): 
Nous utilisons une electrode en graphite. Sous 
atmosphere d'argon, et en controlant bien l'arc 
avec une bobine magnetique, on a pu utiliser les 
electrodes jusqu'a 50 operations de fusion avant de 
devoir les remplacer. Sous vide, il fallait changer les 
electrodes apres 10 a 20 operations. 

D. 0. PICKMAN (Royaume-Uni): On peut utiliser 
pour le compactage par vibration uo2 fondu broye 
ou U02 fritte broye. Vous pretendez que l'un des 
avantages de uo2 fondu est de conduire a un recyclage 
moins important du materiau broye. Pouvez-vous 
nous dire s'il y a d'autres avantages, et queUe est Ia 
comparaison des co fits? 

B. LIEBMANN (Republique federate d'Allemagne): 
Nous etudions des methodes de fabrication par 
frittage et broyage et par fusion et broyage pour le 
materiau destine au compactage par vibration, 
mais il n'est pas encore possible de comparer les 
co fits. 

Memoire P/634 (presente par M. E. A. Hermans) 

DISCUSSION 

D. E. FERGUSON (Etats-Unis d'Amerique): M. Her
mans a decrit un procede sol-gel pour la preparation 
de petites particules spheriques d'oxydes de thorium 
et d'uranium. Mon commentaire a pour but de 
confirmer sa declaration selon laquelle ce procede 
peut etre utilise pour des particules plus grandes, et 
qu'il peut etre adapte industriellement pour Ia 
fabrication a distance de nombreuses formes de 
combustible ceramique. • 

Nous avons pu preparer des microspheres d'oxyde 
et de carbure en vue de leur chargement par vibration 
dans des tubes metalliques, et nous avons utilise ce 
procede pour de l'oxyde de plutonium et des melanges 
d'oxydes de thorium et de plutonium. 

L'application Ia plus importante de ce programme 
est la preparation d'oxyde mixte de thorium-ura
nium 233 en vue du chargement de tubes de combus
tible par compactage par vibration. Une tonne de ce 
combustible a . ete preparee et chargee dans des 
tubes de Zircaloy de 40 x 0,5 in par l'installatio~ 
Kilorod du Laboratoire National d'Oak Ridge. 
Cette installation comprend de l'appareillage protege 
et telecommande pour Ia preparation de Th02-U02 

par le procede sol-gel, le conditionnement de Ia 
poudre par broyage et classification, le chargement 
des tubes de Zircaloy par compactage par vibration, 
et le soudage et !'inspection de !'element termine. 
Apres avoir remedie aux difficultes mecaniques du 
debut, on a atteint en fonctionnement de routine 
90% de Ia capacite nominale, avec un recyclage 
pour defauts de densite de moins de 3 % des elements. 
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Nous preparons des microspheres plus grandes 
(50 a 2 000 microns) par dispersion du sol dans un 
solvant organique tel que le 2-ethyl-hexanol, dans 
lequel l'eau est assez soluble. Le sol, qui est encore 
sous forme de gouttes spheriques, est transforme en 
gel solide par extraction de l'eau dans Ia phase 
solvant. En introduisant du carbone en fines particules 
dans le sol d'oxyde, on peut preparer un gel mixte 
d'oxyde et de carbone. Apres sechage, on peut faire 
reagir ces gels dans I' argon a environ I 750 °C pour 
obtenir du carbure de grande purete. On a ainsi 
prepare du dicarbure mixte de thorium et d'uranium, 
avec une densite de 8,9 gfcm3 et une purete suffisante 
pour l'utiliser en pile. 

En conclusion, no us pensons que le procede sol-gel, 
en raison de sa souplesse et de son adaptabilite, 
promet de devenir une methode pratiquement univer
selle pour Ia preparation de materiaux ceramiques 
pour les combustibles nucleaires. 

Memoire .P/703 (presente par V. Pravdic) 

DISCUSSION 
M. Y. FARAH (Republique arabe unie): Pensez

vous que les procedes de preparation d'oxyde d'ura
nium par voie humide, en milieu alcalin ou acide, 
en utilisant l'hydrazine, les reducteurs de metal ou 
les procedes electrolytiques pourraient entrer en 
competition avec les methodes de preparation de 
uo2 par voie seche, en tenant compte en particulier 
des specifications relatives a Ia purete nucleaire 
et aux proprietes? 

V. PRAVDIC (Yougoslavie): II faut se rappeler 
que les caracteristiques des precipites (en particulier 
U02) obtenus par voie humide sont differentes des 
caracteristiques des poudres obtenues par voie 
seche. La principale difference est Ia surface specifique 
de Ia poudre obtenue par voie humide, qui peut etre 
superieure d'un facteur 10 a celle des poudres obtenues 
par les methodes habituelles de voie seche. On peut 
evaluer Ia competitivite des methodes par vole humide 
en considerant l'ensemble du cycle de production, 
en fonction des caracteristiques speciales du materiau 
desire. Le controle de Ia purete des solutions aqueuses 
ne pose pas de probleme important. 

Comme nous l'avons deja indique* les resultats 
des experiences de frittage ont ete encourageants. 
Les poudres, une fois seches, etaient pyrophoriques. 
Cependant, le carbonate d'ammonium adsorbe limite 
la pyrophoricite et on peut facilement manipuler le 
produit en prenant certaines precautions. 

Memoire P/155 (presente par L. E. j. Roberts) 

DISCUSSION 
E. A. EvANS (Etats-Unis d'Amerique)**: Certaines 

des differences entre les valeurs de conductibilite 
thermique de uo2 a temperature elevee pourraient-

* Nouveaux materiaux nuc/eaires, y compris les combustibles 
non metalliques, AIEA, vol. I, pp. 55-53, Vienne (1963). 

""" Cette question n'a pas ete posee en seance. 

elles etre dues a des variations de la stoechiometrie 
de l'oxyde qui se produisent dans des specimens 
irradies dans des gaines du genre zirconium et qui ne 
se produisent pas dans vos echantillons irradies dans 
de l'acier inoxydable ou du nickel? 

L. E. J. ROBERTS (Royaume-Uni): Nous n'avons 
pas observe jusqu'a present dans nos experiences 
que le passage a une composition sous-stoechio
metrique provoquait une difference nette dans la 
conductibilite thermique de uo2 polycristallin non 
irradie. Nous ne sommes done pas en mesure de faire 
des commentaires sur la possibilite mentionnee par 
le or Evans, mais nous ne pensons pas egalement que 
la composition des barreaux combustibles en U02, 

irradies dans du zirconium, puisse etre differente de 
celle de uo2 irradie dans de l'acier inoxydable, 
en particulier dans le domaine des temperatures 
elevees. 

Memoire P/233 (presente parS. Naymark) 

DISCUSSION 
P. MuRRAY (Royaume-Uni): Meme en tenant 

compte de tout l'ensemble de donnees presente, il 
semble que le choix du materiau de gainage des 
elements combustibles BWR suscite encore quelques 
doutes, en raison de Ia fissuration de l'acier inoxydable 
quand on l'utilise comme gainage mince. La possibilite 
d'utiliser de l'lncoloy mince au lieu du Zircaloy 
comme materiau de remplacement de l'acier inoxy
dable constitue un nouvel element de choix. Les 
trois principaux sujets d'inquietude sont: Ia fissuration 
de l'acier inoxydable mince, le risque de fragilisation 
de l'Incoloy sous irradiation et l'attaque interne 
(par exemple par l'iode), qui peut dans certaines 
conditions provoquer des ruptures par petits trous 
dans le Zircaloy. 

Pouvez-vous indiquer si un choix definitif a ete 
fait, ou s'il est possible de faire ce choix actuellement? 

S. NAYMARK (Etats-Unis d'Amerique): Dans les 
etudes de combustible pour les reacteurs a eau 
bouillante qui seront construits au cours des pro
chaines annees, c'est le Zircaloy-2 qui est envisage 
en premier comme materiau de gainage. Ce choix 
est base sur les donnees actuelles d'utilisation et 
d'etude, qui indiquent que, pour des flux thermiques 
de 500 000 Btu/ft2 h (pour des diametres d'element 
de 1,25 em environ); et pour une duree de vie supe
rieure a 3 ans, l'epaisseur de l'oxyde de corrosion 
ne depassera pas 0,025 mm environ (voir Ia partie 
du memoire qui traite de la corrosion); I' absorption 
d'hydrogene pour du Zircaloy-2 de 0,75 mm d'epais
seur est de l'ordre de 100 ppm et les proprietes 
physiques a la temperature de fonctionnement sont 
tout a fait satisfaisantes (voir partie traitant de Ia 
stabilite). De plus, aux valeurs de J kdB corresp.on
dant a ce niveau de fonctionnement, les essais de 
longue duree n'ont revele aucune attaque de l'inte
rieur de Ia gaine par l'iode de fission. 

Comme complement du Zircaloy, on a commence 
a essayer l'Incoloy qui peut etre en outre utilise pour 
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le combustible de surchauffe. Pour le moment, des 
barreaux d'Incoloy mince supporte se sont bien 
comportes dans des flux thermiques de 500 000 
Btu/ft2 h pour des combustibles de reacteurs a 
surchauffe (temperature de gaine de 600 a 700 °C} 
ou de reacteurs a eau bouillante (temperature de 
gaine de 320 a 345 °C} jusqu'a des taux de combustion 
de 3 500 MWjjt environ. Les essais continuent. 

On peut penser que la suite des etudes sur le 
Zircaloy et l'Incoloy conduira a de meilleurs resultats 
pour les echanges thermiques et la duree de vie. 

H. MOGARD (Suede): Des elements combustibles 
tubulaires non segmentes de grand diametre (par 
exemple diametre exterieur de 10 em, diametre 
interieur de 7,5 em) pourraient-ils amener une 
reduction supplementaire des cot1ts de fabrication? 
Si la reponse est positive, pourquoi n'utilise-t-on pas 
de tels elements dans les reacteurs a eau Iegere? 

S. NAYMARK (Etats-Unis d'Amerique): Des com
bustibles de plus grand diametre, qu'il s'agisse de 
barres ou de combustible annulaire, conduisent a des 
couts de fabrication plus faibles en dollars par livre 
d'uranium. Cependant, les couts de fabrication ne 
representent qu'une partie du cout du cycle de com
bustible, sans parler de l'investissement pour la 
centrale, qui constitue !'element essentiel du cout 
total de l'energie. 

Le choix des reacteurs a eau Iegere est en grande 
partie destine a reduire le cout de l'energie en utilisant 
des creurs a grande densite de puissance (kW/1). On 
place done dans le creur la plus grande surface possible 
de combustible. Le choix final est ainsi un compromis 
entre un element combustible de faible diametre 
pour obtenir une grande densite de puissance (co fit 
de fabrication eleve pour le combustible, mais 
investissement plus faible), et un element combustible 
de plus grand diametre (couts de fabrication du 
combustible plus faibles, mais dimensions plus 
grandes du creur, du caisson, etc.). Pour les reacteurs 
a eau Iegere bouillante, on obtient actuellement la 
meilleure economie avec des barreaux combustibles 
de diametre exterieur compris entre l et 1,5 em. 
Pour les reacteurs a eau sous pression le diametre 
optimal est un peu plus faible. On a envisage des 
elements combustibles tubulaires, mats ces elements 
ne presentent pas d'avantages par rapport aux 
barreaux pour les reacteurs a eau Iegere. 

D. 0. PICKMAN (Royaume-Uni)*: QueUe etait la 
cause des deformations mecaniques qui ont provoque 
certaines ruptures d'elements combustibles a Dresden? 
J'aimerais aussi connaitre la forme de ces ruptures 
(par exemple, etaient-elles dues a des fissures longi
tudinales?) et en quelle position axiale elles se pro
duisaient. 

Pourriez-vous egalement indiquer si vous avez 
observe des signes d'attaque par l'iode de Ia surface 
interne des gaines en Zircaloy-2? II serait interessant de 

* Ces questions n'ont pas ete posees en seance. 
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savoir si les gaines en alliage de zirconium constituent 
des pieges efficaces pour l'iode. 

Enfin, pouvez-vous dire si le depot de boues a 
constitue un probleme pour les elements combustibles 
de Dresden et si le depot est plus important dans la 
zone d'ebullition en masse? 

S. NAYMARK (Etats-Unis d'Amerique): Nous 
n'avons jamais observe d'attaque chimique de la 
surface interne des gaines, attribuable a l'iode ou a 
toute autre cause, pour les combustibles gaines 
en Zircaloy de Dresden ou du VBWR, pour des 
flux thermiques allant jusqu'a 500 000 Btujft2 h et 
pour des diametres exterieurs allant jusqu'a 1,4 em. 

Sur une partie du combustible en pastilles gainees 
de Zircaloy, irradie dans une boucle sous pression 
dans le GETR dans le cadre du programme d'etude 
de uo2 a haute performance, avec une f kd() ther
mique voisine de 200 Wjcm, on a observe des signes 
d'attaque chimique a l'interieur de Ia gaine a !'inter
face entre pastilles ou en son voisinage. Cette attaque 
peut etre due a l'iode radioactif. Le flux thermique 
etait trois fois plus grand dans cet essai que celui 
prevu pour les combustibles actuels. L'etude detaillee 
des causes de ce phenomene et des moyens d'y 
remedier est en cours. L'utilisation d'un combustible 
en poudre que l'on peut compacter sans jeu impor
tant aux interfaces, comme les pastilles, pourrait 
permettre de surmonter cette difficulte. 

Le depot de boues n'a pas pose de problemes pour 
le bon fonctionnement de !'element combustible de 
Dresden, aussi bien dans l'eau que dans la vapeur ou 
le melange eau-vapeur. 

Nous pensons que le flambage est du a !'elimination 
des tensions dans le tube qui se trouve fonctionner 
pendant de longues periodes a Ia temperature du 
reacteur, car des essais hors pile en autoclave sur 
ces tubes ont provoque des deformations analogues. 
Les tubes n'avaient pas ete detensionnes apres 
fabrication. Les defaillances se presentaient sous 
forme de plaques circulaires localisees ayant subi 
une forte corrosion et d'hydrures assez massifs 
probablement dus a un contact entre le tube et la 
paroi du canal et a un refroidissement insuffisant. 
Les ruptures etaient distribuees en position axiale, 
entre les dispositifs d'espacement axiaux. 

R. J. HASLAM (Royaume-Uni)*: Quelles modi
fications avez-vous apportees aux elements com
bustibles BWR pour eviter d'autres ruptl~res dues a 
Ia courbure du barreau, et combien de temps pouvez
vous continuer a faire fonctionner un reacteur 
BWR avec des elements presentant des defauts? 

S. NAYMARK (Etats-Unis d'Amerique): On a 
augmente le nombre des dispositifs d'espacement 
entre Ies barreaux pour qu'il y en ait davantage 
par unite de longueur du barreau, et le tube est deten
sionne apres fabrication pour eliminer les tensions 
residuelles qui tendent a provoquer un fluage depen-

* Cette question n'a pas ete posee en seance. 
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dant du temps et un flambage du tube au cours de 
sa vie. 

Des elements presentant des defauts ont continue 
a fonctionner dans des reacteurs BWR plus d'un an 
apres que les defauts ont ete detectes, sans poser de 
probleme pour le fonctionnement et sans laisser de 
trace dans le systeme, une fois l'element defectueux 
decharge. 

Memoire P/240 (presente parT. j. Pashos) 

DISCUSSION 

R. DELMAS (France): L'accroissement de la puis
sance specifique des elements en uo2 est limite 
dans certains reacteurs par la pression des gaz de 
fission qui se degagent dans les regions chaudes du 
combustible. 

En particulier dans EL-4, une partie de U02 depas
sera vraisemblablement 1 800 °C; il est done impor
tant d'evaluer l'intensite du phenomene au-dela de 
cette temperature. Les auteurs du memoire P/240 
indiquent que la totalite des gaz produits est liberee 
dans ces conditions. 

On poursuit en France des essais au cours des
quels de petits echantillons de uo2 sont chimffes en 
pile de fa~;on isotherme et les gaz liberes sont captes 
et analyses. 

A, 1 850 et 2 000 °C, nous avons constate qu'une 
partie seulement des gaz rares s'echappe de U02 ; a 
1 850 °C, environ 7 % du 135Xe et du 85mKr pour 
U02 fritte; a 2 000 °C, 20-25% du 135Xe et du ssmKr 
pour U02 fritte; et environ 4% du 135Xe c;t du 85mKr 
pour uo2 monocristallin. 

T. J. PAsHos (Etats-Unis d'Amerique): Nous avons 
indique dans notre memoire que les mesures du 
degagement des gaz de fission de uo2 entre 1 650 et 
I 800 °C accusent des variations de I a I 00 %. 
Au-dessus de 1 800 °C, la totalite des gaz est pratique
ment degagee. 

Les valeurs de degagement de gaz donnees par 
M. Delmas pour des temperatures allant jusqu'a 
2 000 •c sont plus faibles, mais elles correspondent 
a des conditions isothermes. 11 est probable que les 
valeurs mesurees avec des elements combustibles 
cylindriques reels sont plus elevees que pour des 
specimens isothermes a cause de l'effet du gradient 
de temperature sur le degagement des gaz de fission. 

J. F. W. BISHOP (Royaume-Uni): Les auteurs 
indiquent dans la section traitant du combustible 
Pu02-U02 qu'un specimen irradie a 2,7 x 1020 fis
sionsjcm3 a subi un allongement de 13 % de la 
partie active du combustible. Je crois que des allonge
ments plus faibles, mais notables, ont ete signales 
dans cette serie d'irradiations pour des aiguilles com
posees de pastilles ou de poudre martelee. Comme la 
conception de l'aiguille maintient le combustible entre 
des extremites rigides, ceci veut-il dire que les gaines 
ont subi l'allongement, et, dans ce cas, cette deforma
tion axiale a-t-elle ete confirmee par les mesures? 

T. J. PAsHos (Etats-Unis d'Amerique): Je crois 
me rappeler que l'allongement du combustible 
mentionne dans rna communication s'est produit 
dans la colonne de pastilles a l'interieur de la gaine 
et que la variation a ete decelee par gammagraphie de 
l'echantillon irradie. Je vous conseille cependant de 
consulter les references 29 et 30 du memoire pour 
obtenir une reponse precise a cette question. 

E. VANDEN BEMDEN (Belgique): En cas de rupture 
de gaine, peut-on actuellement conclure que la perte 
d'oxyde sera plus grande pour un element compacte 
que pour un element a pastilles? 

T. J. PAsHos (Etats-Unis d'Amerique): Les expe
riences d'irradiation indiquent qu'il ne semble pas 
y avoir de difference de comportement entre les 
elements en poudre de uo2 compactee et les elements 
en pastilles en ce qui concerne la perte de materiau 
combustible a partir d'un element defectueux. 

On a irradie dans le VBWR des elements en poudre 
compactee comportant des defauts volontairement 
crees, sous forme de petits trous circulaires et de 
fentes longues (0,5 mm de longueur et 1,25 em de 
longueur) dans la gaine, sans pouvoir detecter de 
perte de materiau combustible. Un element combus
tible en poudre compactee, gaine d'acier inoxydable, 
n'a perdu qu'une quantite negligeable de U02• 

11 semble que lorsqu'on irradie un element com
bustible en poudre compactee, il se produit un 
frittage ou une liaison des particules de poudre 
ala gaine, a la suite de pies microscopiques d'echauffe
ment dus a la fission. 

B. R. T. FROST (Royaume-Uni)*: Vous indiquez 
dans votre communication que UC Iegerement hypo 
et hyperstoechiometrique gonfle davantage que UC 
stoechiometrique. On peut comprendre le role que 
joue !'uranium libre en accelerant le gonflement de 
UC, mais comment expliquez-vous que le meme effet 
se produise quand UC contient un exces de carbone? 
Nos experiences de Harwell indiquent un gonflement 
plus important dans UC + U que dans UC + UC2, 

et ces observations sont confirmees par !'observation 
au microscope electronique de la formation de bulles 
dans uc, uc2 et u. 

T. J. PAsHos (Etats-Unis d'Amerique): Je vous 
suggere de consulter les references 38, 39 et 41 de 
notre memoire pour obtenir des details sur Ia fa~;on 
de determiner le gonflement des carbures hypo et 
hyperstoechiometriques. Les variations de volume 
signalees dans le memoire correspondent a des 
mesures physiques reelles effectuees sur des elements 
combustibles irradies. 11 est possible qu'une partie de 
!'augmentation de volume mesuree sur des elements 
combustibles contenant du UC hyperstoechiometrique 
soit due a Ia fissuration du materiau combustible a 
haute temperature. 

• Cette question n'a pas ete posee en seance. 
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Memoire P/338 (presente par V. M. Golyanov) 

DISCUSSION 
L. E. J. RoBERTS (Royaume-Uni): La nature gene

rale des phenomenes que vous avez observes res
semble a ce que nous avons observe par microscopie 
electronique de transmission et publie dans le memoire 
P/155. Pensez-vous que les legers d~fauts, de 10 A 
de diametre, que vous observez au recuit, pourraient 
etre en fait de petites bulles de gaz de fission comme 
nous l'avons observe pour des tailles plus grandes? 

V. M. GoLYANOV (URSS): Les /egers d~fauts 
etaient trop nombreux pour etre des huiles de gaz 
de fission; de plus leur nombre correspond au 
nombre de fissions (voir l'avant-dernier paragraphe 
de la section intitulee « Resultats »). 

Memoire P/17 (presente par j. A. L. Robertson) 

DISCUSSION 

J. F. W. BISHOP (Royaume-Uni): Vous indiquez 
dans votre memoire que vous avez mis au point une 
nouvelle methode de prevision du degagement de 
gaz a partir de U02• Comment tenez-vous compte 
de !'evolution du combustible pendant !'irradiation; 
votre modele tient-il compte de !'exposition totale 
et dans quelle mesure les 15 resultats mentionnes 
ne concordent pas avec les previsions? 

W. B. LEWIS (Canada): Si vous me permettez de 
repondre a la place des auteurs, je voudrais dire que 
nous avons pu ameliorer la correlation empirique 
depuis le moment ou cette communication a ete 
redigee. Cette correlation predit un degagement 
gazeux moyen a partir de la densite initiale de l'oxyde, 

du flux thermique ( {·~dO ), et de la duree d'irradia-
. surface 

tion ou du taux de combustion final; on peut l'utiliser 
pour de l'oxyde de densite superieure a 10 gfcm3 en 
barres rondes, gainees de metal et refroidies a l'eau. 
Sans aucune exception, le degagement gazeux observe 
dans 83 cas n'a pas depasse Ia moyenne prevue de 
plus de 5% de la quantite totale de gaz de fission 
produite. Ces observations comprennent un certain 
nombre d'irradiations jusqu'a 8 000 MWj/t d'uranium 
environ, avec des degagements de gaz allant jusqu'a 

40% a (.\dB = 87 W/cm. On peut remarquer que les J 400 •C 

previsions montrent que la fraction de gaz degage croit 
avec le taux de combustion, comme on peut s'y atten
dre, a pres un retard initial dil au piegeage dans les vi des 
et les pores (ceci est discute dans le memoire P/19). 

J. M. LEBLANC (Belgique)*: Puisque. U02 et 
U02-Pu02 deviennent plastiques a assez basse tem
perature, comment evaluez-vous les tensions pro
duites dans la gaine par la dilatation du combustible? 

J. A. L. ROBERTSON (Canada): Nous evaluons 
les tensions dans la gaine pendant !'irradiation a 

• Cette question n'a pas ete posee en seance. 
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partir de !'importance des deformations mesurees 
apres irradiation. Si, par exemple, la gaine presente 
des deformations mesurables, mais ne s'est pas 
rompue, nous en deduisons que les efforts ont depasse 
la limite elastique a la temperature consideree, mais 
n'ont pas atteint la charge de rupture. Cette approxi
mation ne tient pas compte de l'effet de !'irradiation 
sur la resistance de la gaine, mais dans la plupart 
des experiences Ies deformations se produisent au 
debut de !'irradiation, avant la formation de degats 
importants. 

P. MuRRAY (Royaume-Uni): Dans les ~ssais en 
pile sur uo2 stoechiometrique compare au uo2 
hypostoechiometrique, les resultats de laboratoire ne 
vous conduisaient-ils pas a penser que les differences 
de conductibilite thermique apparaitraient immedia
tement au lieu de ne se produire qu'apres 1019 fis
sionsfcm3 comme vous l'indiquez? 

J. A. L. RoBERTSON (Canada): La temperature 
au centre de uo2-• etait inferieure a celle de uo2+., 
(d'environ 50 °C a 900 °C), meme au debut de !'irra
diation. Cependant la difference a augmente pendant 
!'exposition pour atteindre environ 150 °C a 1 100 °C 
a la fin d'un essai d'un mois. Nous ne pouvons pas 
encore expliquer en detail ces resultats, mais nous 
pouvons suggerer quelques commentaires. 

Pendant la montee en puissance initiale et pendant 
les arrets au cours de l'essai, tous les combustibles 
auront ete irradies a des temperatures inferieures a 
leur temperature de fonctionnement normale. D'apres 
les references [16, 17 et 19], et le memoire P/155 
du Royaume-Uni, nous savons que la conductibilite 
de uo2+. aura ete modifiee par !'irradiation. 

D'autres mesures de proprietes electriques sug
gerent que dans uo2_., telqu'il est fabrique, il reste 
de !'uranium en exces trempe dans le reseau de uo2. 
Le recuit a des temperatures inferieures a 1 500 °C 
environ en dehors du reacteur provoque probable
ment la precipitation de l'exces d'uranium r~stant. 
Cependant, en pile, }'uranium peut etre dlSSOUS, 
donnant une structure homogene d'une fa9on ana
logue ace que l'on a observe pour 1es alliages uranium
molybdene. 

La temperature du refrigerant a ete augmentee 
de 100 oc au milieu de !'irradiation, provoquant 
une augmentation de la temperature du com~ustibl~. 

A la lumiere de ces faits, je ne m'attenda1s pas a 
obtenir un accord parfait avec de precedents resulta~s 
d'irradiation, et certainement pas avec les essa1s 
de laboratoire. 

Memoire P/19 (presente par W. B. Lewis) 

DISCUSSION 

S. NAYMARK (Etats-Unis d'Amerique)*: Dans !'ex
perience realisee par Reynolds** Ia pression mesuree 

• Cette question n'a pas ete posee en seance. 
** Reference [29] du memoire. 
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a l'interieur de Ia gaine a augmente tout a fait lineaire
ment avec le taux de combustion. Si U02 absorbait 
le xenon de fa~on appreciable, Ia pression des gaz de 
fission ne devrait-elle pas atteindre un palier ou 
diminuer? 

W. B. LEWIS (Canada): L'importance de !'absorp
tion sous radioinduite du xenon par uo2, etablie 
par les experiences decrites dans notre memoire, 
n'est pas suffisante pour avoir pu etre decelee dans 
!'experience de Reynolds. Les pressions qu'il a 
atteintes ne depassent pas 15 atm environ et il y avait 
un remplissage initial de gaz. 

Dans les experiences illustrees par Ia figure 6 et 
le tableau 2 de notre memoire, les effets importants 
de Ia densite de l'oxyde (ou de Ia surface exposee) 
et du temps d'irradiation empechent de predire 
avec quelque exactitude Ia quantite de gaz de fission 
qui aurait ete piegee a nouveau dans !'experience 
de Reynolds. Cependant, dans les conditions decrites, 
la reabsorption n'aurait pas modifie de 10 % Ia 
pression du gaz et n'aurait done pas ete detectee. 

Une autre experience, analogue a !'experience sur 
l'element en pastilles Mk IX discutee dans l'avant
derniere section de notre memoire, est en cours. La 
pression du remplissage initial en xenon nature! s'est 
elevee avec Ia puissance du reacteur jusqu'a 150 atm 
environ pour decroitre ensuite de 20 %. La baisse 
de pression est attribuee en partie a Ia deformation 
de Ia gaine sous !'influence du gonflement thermique 
de l'oxyde, et en partie a !'absorption du gaz. II ne 
semble pas y avoir eu de fuites. 

Je voudrais poser une question. Nous expliquons 
dans notre memoire que le comportement des gaz 
de fission est complexe, mais il y a quand meme des 
limites a Ia complexite. Quelqu'un pourrait-il donner 
des details sur Ia rupture du combustible de Dresden 
(U02 gaine de Zircaloy), attribuee dans le memoire 
P/205* a un volume libre insuffisant pour les gaz 
de fission, car je trouve une telle rupture incom-

• Voir, dans les presents Actes, vol. 5, seance 1.2. 
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patible avec le comportement connu des gaz de 
fission. 

S. NAYMARK (Etats-Unis d'Amerique): Sur un 
total de 50 000 segments de combustibles environ, 
deux ont subi des avaries en fonctionnement que 
l'on peut attribuer a une pression excessive provoquee 
par le degagement des gaz de fission. Certains des 
segments de Dresden, construits pour Ia premiere 
charge, ne comprenaient pas de volume libre pour 
!'accumulation des gaz de fission. D'apres Ia nature 
des deux ruptures, il est possible que les defaillances 
de gaine soient dues a Ia pression interne. Cependant 
on n'a pas pu en determiner Ia cause avec certitude. 

II faut noter que, comme je l'ai fait remarquer, 
les mesures faites en pile par Reynolds sur la pression 
produite a l'interieur d'un element combustible indi
quaient un accroissement lineaire de la pression en 
fonction du taux de combustion. Ceci semble indi
quer que dans certaines conditions de fonctionnement 
il n'y a pas, ou guere, de sorption du xenon dans Ia 
structure de U02• Ce resultat pourrait jeter quelque 
doute sur /'universa/ite de !'explication donnee par 
le or Lewis dans sa question. II est egalement interes
sant de noter que dans tous les pays on prevoit 
maintenant un volume libre pour les gaz de fission 
dans presque tous les elements combustibles. 

w. B. LEWIS (Canada): La reponse de M. Naymark 
ne traite pas de tous les aspects de Ia question. Dans 
le cas des barres rondes d'oxyde gainees de Zircaloy, 
refroidies a l'eau avec ou sans ebullition et irradiees 
sans fusion au centre a moins de 30 000 MWj/t 
d'uranium, la quantite observee de gaz degages 
ne pourrait pas entrainer Ia rupture d'un tube de 
Zircaloy de bonne qualite, meme s'il n'y a pas de 
volume libre. II semble plus probable que Ia dilatation 
ou Ia deformation de l'oxyde pourraient etre respon
sables de Ia rupture. Je n'attribuerais pas Ia rupture 
aux gaz de fission a moins qu'il ne soit demontre 
que le tube s'est dilate sous l'effet d'une pression 
hydrostatique uniforme. 

KepaMM~ecKMe TonnMaa 

npeiJceoameJtb: M. Canec (ttJpaHl-'Hfl) 

,lJ.oKnaA P /543 
,LJ.I-1CKYCCI-1fJ 

P. Y. ,IJ,EfiTOH (CiliA): f-H CMnT yTBepmAa

eT, 'ITO llOKphlTIIC 'laCTIUJ; TOIIJHIBa OKIIChiO 6epmr

JII1H B napOBOii iflaae, <<ITO-BIIAHMOMy, HBJIHCTCH 

HCIIpaKTH'IHhiM BCJICACTBHC BbiCOKOii CTOHMOCTII 

upo~ecca n TPYAHOCTH noJiy'lermH TOJICToro He

npoHn~aeMoro TOHKoaepHHCToro noKpbiTHH>>. H 
XOTCJI 6hi CKa3aTh, 'ITO OllhlT BCACHHH 3TOfO npo

~ecca, HaKonJieHHhiH B CiliA, noKa3hiBaeT, 'ITO c 

BhiBOAOM r-Ha CMnTa M0/1\HO corJiaCHThCH JIIIIllh 

'IaCTH'IHO. 
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floCKOJihKY pe'lh II,D,eT 0 CTOIIMOCTII, TO, ,D,eHCT

BIITeJihHO, B HaCTOJI~ee BpeMJI CTOIIMOCTh Be,IJ,eHHJI 

npon;ecca IIOKphiTHJI 'laCTIIIJ; TOnJIIIBa BhiCOI\a. 

fJiaBHhiM o6paaoM aTo o6'bJICHJieTCJI TeM, 'ITO npo

u;ecc BC,D,eTCJI B MaJIOM MaCIDTa6e, O,IJ,HaKO pac'leThl 

IIOKa3hiBaiOT, 'ITO npu COOTBCTCTBYIO~CM yconep

IDCHCTBOBaHIIII 3TOfO npon;ecca CTOUMOCTh 'laCTliiJ; 

TOIIJIHBa, IIOKphlThiX 01\HChiO 6epHJIJIHJI, He HaMHO

ro npeBbiCIIT CTOIIMOCTh Ma TCpHaJia. 

flpo6JICMa HCIIpOHIIIJ;aCMOCTII IIOKpblTIIJI 113 01\U

CII 6epn.liJIUJI pemeua. B uacTmnu;ee npeMJI Momuo 

noJiy'laTb TaKHe :fiOKpblTIIJI, 1\0TOphiC JIBJIJIIOTCJI 

uenpou11u;aeMhiMII ,D,JIJI raaoo6pa3HhiX npo,D,yKTOB 

;l,CJieHIIH - KpHnTOHa II 1\CeHOHa, HaCKOJihl\0 3TO 

B03MO)KH0 onpe,D,eJIIITh cy~CCTBYIOI.IJ;IIMII MeTO,IJ,a

Mll. 

,[I;JIH oTneTa ua nonpoc o paaMepe aepeu noKphi

Tuii ll3 01\IICII 6ep11JIJIIIH Tpe6yeTCJI HCCKOJihl\0 

6oJihme npeMeun. PaaMep aepua uMeeT namuoe 

JHa'lCHIIC BCJIC,D,CTBIIC CfO BJIIIJIHIUI Ha npO'IHOCTh 

II COnpOTIIBJICHUC MaTepuaJia noKpbiTUJI pa,D,IIaD;II

OHHOMy nonpem,D,eHIIIO, TO CCTh Ha TaKIIC CBOHCTBa, 

1\0TOphlC XapaKTCpli3YIOT MaTepnaJI C TO'll\II 3pC

HIIII ero nO,D,BepmeHHOCTII pacTpeCKHBUHIIIO H 

ycJIOBIIHX AJIHTCJihnoro o6Jiy'leHIIH. 06ru;aa cTpyK

Typa noKphiThlX 'IUCTIIIJ; TaKme BJIIIJICT Ha paC.TpC

CKIIBaHJIC nOKphiTIIJI, KaK 3TO 6hlJIO nOKaaauo, B 

'laCTHOCTII, Ha 'laCTHIJ;UX, noKphiThlX aJIIOMHHIIeM 

II nllpOJIHTH'lCCKliM yrJICpO,D,OM ( CM. ,IJ,OKJia,D, 

P/235). 

McnoJih3YJI TonJIIIBO, 'laCTIIIJ;hi KOToporo noKphi

Thl 01\HChiO 6Cp11JIJIHJI H IIMeiOT OnTIIMaJihHYIO 

CTPYKTypy, MOmHo ,D,OCTII'lh BhlropaHIIJI OKOJIO 3% 

11p11 900° C 6e3 HapyiDCHHII IJ;CJIOCTHOCTH noKphi

TIIII. 0,D,HaKO paCTpCCKIIBaHHC Ha6JIIO,D,aCTCJI npn 

OXJiam,D,eHHII JIOCJIC OOJIY'ICHHJI B OCHOBHOM BCJIC,D,

CTBIIC TCpMII'lCCKOfO HanpJimeHIIJI H OCJia6JICHIIJI 

KpynH03CpHIICThlX noKphlTIIH no,D, BJIHJIHHCM pa

,D,IIaiJ;HOIIHOrO liOBpem,D,eHHJI. 

floaToMy 60JihillOH pa3MCp 3CpeH, IIO-BII,D,IIMOMy, 

npe,D,CTaBJIJieT OCHOBHYIO npo6JieMy B CJiytiae no

KphiTHH 'lacTnn; TonJinna OKIIChiO 6epnJIJIHJI. Bhmn 

npe,D,rrpnHJIThi norrhiTKU uaiiTII crroco6hl coap;auna 

TOHKoaepuncThiX rroKphiTnii. Pa6oTa rro noll: TeMe 

IIpO,D,OJilliaJiaCh BCCfO HCCKOJihKO MCCJIIJ;eB, II Mhl HC 

CMOf.lJH HaRTH TaKUC ,IJ,06aBKH 1\ nOKpbiTHIO, 1\0TO

phiC 6M cnoco6cTnonaJin yMeHhmenniO paaMepa 

3CpHa. 0!J,HaKO Mhl HC C'lliTaCM, 'ITO HaUIH YCHJIIIJI 
IIC'ICpnaJIII B03MOlliHOCTII 3TOrO MeTO,IJ,a B03,IJ,CifCT

BIIJI. 

,ll,OKilaA P/832 (npeACTaBH/1 5. nH6MaH) 

,lJ,j11CKYCCj11fl 
n. MEPPEll (Coe!J,UHeHHOC KopoJICBCTBO): Ka-

1\Ue TIInhi XOJIO!J,HhlX ll3JIO)KHUIJ; npiiBOiJ,IIT 1\ pac

TpeCKHBaHIIIO n onhiTax no nJiaBKe n rapunccame 

Kap6n,D,on? B XapyaJIJie OTJinBaJin cTepmnn H3 

UC- 15% PuC 6ea Tperu;nn ,D,ame ue6oJihmoro 

;rJ,IlaMeTpa ( 6,35 M.M), HCnO.lJh3YJI XOJIOiJ,HhiC TOHKO

CTCHHhie rpacf>nTOBbie uaJiomHUIJ;bi. Mbr HaXOiJ,HM, 

'ITO 3TOT MaTepuaJI UCIIOJib30BaTb 3HU'lUTeJibHO 

TPYAHee, '!eM MOHoKap6uiJ, ypana, oco6enno npu 
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.'IHThC CTepmnell: MaJioro ,IJ,UaMeTpa. KaK coo6-

ru;aeTCJI B ,D,OKJia,D,e P/154, uaM y,n:aJIOCh OTJIUTh n 

XOJIO,U:Hhle H3JIO)KHHIJ;hl CTCplliHH U3 MOHOKap6u,n:a 

ypana ,n:HaMeTpoM 6,35-25,4 M.M 6ea Tpe~uH. 

B. JIMBMAH (<DPf): PacTpecKnnauue cTepm

neii ,u:uaMeTpoM 6,35-25,4 M.M ,D,JIJI Hac He npep;

cTaBJIHeT COOOH npo6JieMhl, HO B CJiyqae CTepm

HCH ,IJ,UaMeTpoM 6oJiee 25,4 M.M o6paaonaHue Tpe

ru;un CTaHOBHTCII cepLe3HhiM o6CTOJITeJibCTBOM. 

KaK onncaHo B ,IJ,OKJia,n:e, Mhl npono,u:um1 onhiThl no 

JIIITbiO B TOHKOCTeHHbie XOJIO,IJ,Hble II npe,IJ,napn

TeJibHO nO,D,OrpeThie 113JIOlliHIIIJ;hi, HO Jl He ynepeH 

B TOM, 'ITO TOJibl\0 nO,D,OrpeBOM IIJIH no,D,60pOM 1\0H

CTpyKIJ;IIU H3JIO)KHIIIJ;hl MO)KHO ycTpaHUTb npo6Jie

My o6pa30BaHUJI Tpei.IJ;UH B CTepmHJIX 60JibiDOfO 

,u:naMeTpa. 

Mhi ycTaHOBHJIU, 'ITO npn co,D,epmamm yrJiepo

,D,a 4,6-4,7 nee. % Kap6n,D,hl o6Jia,n:aiOT MCHbmeii 

TeH,n:eHIJ;UeH K paCTpeCKliBaHIIIO, 'leM npu CO,D,ep

maHHII 4,8 nee. % 11 Bhlme. RpoMe Toro, HeKoTo

phiC 1101\a eru;e HeH3BeCTHhle npnM~II, 110-BII,U:liMO

My, BJIHfiiOT Ha pacTpecKnnaHne. B nacToJI~ee 
BpeMJI Mhl H3Y'laeM 3TOT BOIIpOC. 

BoJihmnHCTBO Tperu;nH nocJie JIHThJI He o6Hapy

munaeTcJI. ToJihKO nocJie npou;ecca mmlcf>onamrJI 

BCCH nonepXHOCTH, 11pOBO,U:HMOfO B COOTBeTCTBHH 

CO cneiJ;HcPHKan;neft, BCe TpCI.IJ;HHhi CTaHOBJITCJI BII

IJ;HMhiMH. H ne aHaiO 11, nepoHTJIO, HHKTO He anaeT, 

I\aKoe npe,n:Hoe BJIHJIHHe oKa3hiBaiOT 3TH Tperu;n

Hhi Ha pa6oTy TCIIJIOBhi,U:eJIJIIO~HX 3JICMeHTOB Jf:l 

MOHOKap6H,U:a ypaHa B peaKTOpe. B COOTBeTCTBHll 

C cyru;eCTBYIO~HMU HOpMaMH OTJIHBKII ,n:ame C 

O'lCHh He6oJJhillH;\fH Tpe~HHaMH He ~wnycKaiOTCJI 
1\ HCIIOJJh30BaHHIO. 0,IJ,HHM 113 CnOC060B pemCHIIH 

3TOH npo6JJeMhi MOlliCT JIBHTbCJI H3MeHeHne HOpM. 

r. TIMPJIMEH (CiliA): ,D;yronaJI nJiaBKa II 

JJIITbe JIBJIJIIOTCJI OCHOBHbiMII MeTO,U:aMII H3rOTOB

.'ICHIIJI 6JJO'IKOB ua MOHOKap6n,u:a ypaua n CiliA, 

uo, KaK BH,U:HO H3 pnc. 2 ,D,OKJJa,n:a P/234, npou;ece 

U3rOTOBJJeHUJI B HCKOTOpbiX ,IJ,eTaJJJIX OTJJIJ'laCTCJI 

OT npou;ecca, onucannoro n aTOM ,D,OKJia,D,e. B co

OTBeTCTBnn co cueu;ncf>HKan;nHMH co,D,epmanne yr

Jiepo,u:a B Kap61111.e ,Il,OJiii\HO COCTaB.1JITh 4,4-

4,8 Bee.%, ero KOHIJ;eHTpaD;UJI 1\0HTpOJIIIpyeTCJI 

CTaTIJCTU'leCKIIM OT60pOM npo6. 0ROJIO 84% BCl'X 

IIJJaBOI\ y,D,OBJJCTBOpHJJO 3TIIM Tpe6onaHJUIM. })a

KOH MaTepna.rr ,D,JJJI aJieKTpo,D,on npuMeHJieTcJI n na

meM npou;ecce n.'JaBRn Ka p6n,D,a ypana? 

5. JII1BMAH (<DPf): Mbr npuMeHJieM rpa<Jm

TOBble aJieRTpO,D,bi. B aTMoclflepe aprona n npu co

oTneTCTBYIO~eM peryJinponanuu ,D,yrn MarunTHoii 

KaTymROH 3JJCRTpO,U:bi CJiymaT B Te'leHne 50 II.'la

BOK, TIOCJie 'lCfO nO,IJ,JJClliaT 3aMeHe. flpu nJJaBJW 

B BanyyMe 3JJl'RTpO,U:bl npiiXO,U:IITCJI 3aMl'HHTb noc

JIC 10-20 IIJJaBOR. 

,[1;. 0. lll1KMEH (Coe,D,nuenuoe KopoJiencTno): 

,[I;JJH upou;ecca nH6pau;noHHoro ynJJoTHeHHJI Mom

uo HCTIOJJb30BaTh 113MeJJb'leHHYIO IIJJaBJJeHyJO HJIH 

ene'IeHHYIO ABYORHCb ypana. Bhr yTnepmiJ.aCTe, 

'ITO op;HHM 113 npeHMy~ecTn nJJanJieunii ABYORncn 

ypana HBJJJieTcJI yMCHbiDCHHe noJJnqecTna nonTop-
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HO IICpepa6aThiB3CMbiX OTXO,[l;OB H3MCJlb'J:eHHOrO 

MaTepnaJJa. MomeTe JJH Bhi uaaBaTh ,ll;pyrne rrpeu

My~ecTBa H CpaBHHTb CTOHMOCTb MaTCpHaJia? 

B. JII1BMAH (<DPf): J];m1 rrpo11ecca Bn6pallu

ouuoro YIIJJOTHCHJIJI Mbl pa3pa6oTaJJII MCTO,ll;bl 113-

rOTOBJJCHIIJI KaK 113MCJJb'ICHHOrO CIIC'ICHHOro, TaK 

n n3MCJih'ICHHoro IIJJaBJICHoro ncxo,n;noro MaTe

puaJia, 110 IIO.Ka C~C paHO rOBOpHTb 0 CpaBHHTCJJb

HOii CTOIJMOCTII MCTO,ll;OB H3rOTOBJJCHUJI. 

,ll,oKJlaA P/634(npeACTaBHJ1 M.a. A.XepMaHc) 

,li,I-1CKYCCI-1fl 
J];. 8. <DEPfYCOH (CiliA): f-H XepMaHc orrn

ChiBaJI IIPOIICCC 30Jlh-rCJJb ,ll;JIH H3rOTOBJJCHHJI HC-

60JJbiiiUX c!}Jepn'ICCKUX 'IaCTHII CMCIIIaJIHbiX OKUC

JIOB TopuJI u ypaHa. Mou 3aMe'IaHua nMCIOT IICJihiO 

IIO,ll;TBCp,ll;HTb ero 33JIBJJCHHC 0 TOM,_ 'ITO npe,ll;JIO

lliCHHaJI MCTO,ll;U.Ka MOlliCT 6h1Tb UCIIOJih30BaHa ,ll;JJH 

IIOJIY'ICHUJI 'IaCTHII 6oJiee KpyrrHoro pa3Mepa H 'ITO 

ee MOlliHO rrpHCIIOC06UTh ,ll;JIH ,ll;HCTaHIIHOHHOrO H3-

rOTOBJICHUJI MHOrHX BH,ll;OB .KepaMH'ICCKOrO TOII

JiliBa. 

B Hallleii pa6oTe HaM y)l;aJIOCh noJiy'InTh o.Kuc

Hhie U Kap6n,ll;Hhie 'IaCTHIIhl c!}JepH'ICC.KOH !}Joplllbl 

,ll;JIH 3aiTOJIHCHHJI MCTaJIJili'ICC.KUX Tpy6oK MCTO,ll;OM 

BII6paiiHOHHOrO ynJIOTHCHIIJI, a Ta.Kme npHMCHHTh 

3TOT npo11ecc ,ll;JIJI n3rOTOBJieHnJI 'IaCTHII o.Kncu 

IIJIYTOHIIJI II CMCCH O.KifCJIOB TOpHJI li ITJIYTOHHJI. 

Hau6oJiee 3Ha'IHTCJihHbiM ,ll;OCTnmeHneM Haiiieii 

rrporpaMMhi pa3pa6oTo.K JIBJIJieTCJI noJiy'IeHne cllle

cn O.KIICJIOB Th - U 233 ,ll;JIJI 3aiiOJIHeHnJI MeTaJIJin

'ICC.Knx Tpy6o.K MCTO,ll;OM Bn6pai~IIOHHOrO yrrJIOTHC

HHJI. Ha ycTaHOB.Ke (( RnJiopo,ll;» B O.KpH,ll;lliCKoi:r 

HaiiiiOHaJihHOH Jia6opaTopnu noJiy'IeHa u 3arpy

meHa B IIHP.KaJioeBhle Tpy6.Ku ,ll;JJHHoii 101 CM 11 

,ll;UaMeTpOM 12,7 MM 1 T aTOrO TOIIJIHBa. ::ha ycTa

HOB.Ka IIMCCT CIICII113JlbHOC o6opy,ll;OB3HIIC C 3311111-

TOH II ,ll;HCTaHIIHOHHhiM yrrpaBJieHnel\1 ,ll;JIJI rroJiy'Ic

HIIJI Th02-uo2 30Jih-rCJib IIPOIICCCOM, ,ll;JIH 

H3MCJib'ICHHJI IIOpOIII.Ka H ero COpTHpOBaHHJI, ,ll;JJJI 

aarroJIHeHnJI IIHP.KaJioeBMx Tpy6o.K MeTO,ll;OM BH6pa-

11Honnoro yrrJIOTHeHHJI, a TaKme ,ll;JIJI CBapKH u 

KOHTpoJIJI co6paHHhiX aJieMeHTOB. IIocJie ycTpane

HHJI H3'I3JibllblX MCXaHH'ICCKIIX HCIIOJia)l;O.K Ha'IaTO 

CCpiiHHOC IIpOH3BO,ll;CTBO 3JICMCHTOB B .KOJIII'ICCTBC 

90% rrpoe.KTHOH MO~HOCTII. IJpn 3TOM MeHee 3% 

H3rOTOBJICHHbiX 3JICMCHTOB IIO,ll;BepraeTCJI IIOBTOp

HOH rrepepa6oTKc BCJie,ll;CTBne OT.KJioHennii no IIJIOT

nocTn. 

MLI rroJiy'laeM 6oJiee KpyrrHhle MH.Kpo'IaCTifllhl 

c!}JepH'ICCKOH !}JopMhl (50-20()() MK) ,ll;HCIIeprH

poBaHHCM 30JIJI B opraHU'ICCKOM paCTBOpHTCJie, Ta

KOM, Kal\ 2-aTHJirCI\CaHOJI, B 1\0TOpOM paCTBOpH

MOCTb BO,ll;bl yMepeHHa. 3oJih, HaXO,ll;JI~HHCJI B 

BH,ll;C c!}JepH'ICCI\HX 1\aiieJib, IIpH 3KCTpaRIIHH BO,ll;hl 

opraHn'IecRoii !}>a3oii rrpeBpa~aeTCJI B TBep,n;hl ii 
reJJb. CMeiiiaHHhlii oRncHo-yrJJepo,ll;Hhlii reJJh 

MOlliHO IIOJiy'IaTb BBC,ll;CHHCM MCJIRIIX 'IaCTHII yr

JiepO,ll;a B oi<nCHhiH 30JJh. IIocJie BhlcymuBanuJI aTu 

reJiu MoryT pearnpoBaTh B aTMoc!}>epe aprona 

npn TeMrrepaType OROJIO 1750° C c o6pa3oBanneM 

Kap6n,ll;a BhiCOKoii 'IHCTOThi. TaKnM cnoco6oM no-

JJy'IaiOT CMCCb ,[l;HI<ap6H,ll;3 TOpHH H ypana 11JJOTHO

CTbiO 8,9 ?fCM3, 'IHCTOTa KOTOpoii P,OCTaTO'IHa P,JIH 

peaKTOpHOrO IIpHMCHCHHJI. 

Hai<oHell, Mhi C'InTaeM, 'ITO 6Jiaro,ll;apa ni6Kocnr 

u rrpucrroco6JJJieMocTn 30JIL-reJJJI npo11ecc o6euw

eT CTaTb yHHBepcaJihHhiM MCTO,ll;OM U3rOTOBJICHHJI 

KepaMII'ICCKIIX TOIIJIHBHhiX MaTepnaJIOB ,ll;JIJI peaR

TOpOB. 

,li,OKJlaA P/703 (npeACTaBHJl B. npaBAHY) 

,D,I-1CKYCCI-1fl 
M. <DAPAX (OAP): C'IHTaeTe JJH BLI, 'ITO MOK

phle rrpolleCchi rroJiy'IeHna ABYOKncn ypana RaJ< B 

~CJIO'IHOH, Tal\ II B 1\HCJIOH cpe,ll;e C IICIIOJib30Ba

HIICM rn)l;pa3UHa, MeTaJIJIH'ICCRIIX BOCCTaHOBHTC

JICH IIJIU 3JICRTpOJIIfTli'ICCRIIX 1\ICTO,ll;OB MOryT KOH

KypupOBaTh C cyXHMif MCTO,ll;aMII IIOJIY'ICHIIJI ,ll;By

OKIICII ypaHa, OC06CHHO IIMCJI B BII,ll;Y Tpe6oBaHHJI 

JI,ll;epnoii 'IHCTOThl n CBOHCTB? 

B. IIPABJ];Ifq (IOrocJiaBnJI): CJie)l;yeT nMeTh B 

Bll,ll;y, 'ITO CBOHCTBa OCa,ll;ROB ( OC06CHHO ,ll;ByORUCII 

ypaHa), IIOJiyqaeMhiX MORphiMH MCTO,ll;aMH, OTJIH

'IaiOTCJI OT CBOHCTB IIO.pOIIIROB, ITOJiyqae:MhiX cyxn

MII :MeTo,ll;a:Mn. Hau6oJiee cy~ecTBeHHOe OTJinque 

COCTOHT B TOM, 'ITO YACJJbHaJI IIOBCpXHOCTh IIOpOIII

Ka, IIOJJyqae:MOrO MOKpbiM MCTO,ll;OM, MOlliCT 6h1Tb 

Ha rropJI,ll;OR Bhlllle y,ll;eJibHOH IIOBCpXHOCTH IIOpom

KOB, IIOJiyqaeMhiX 06hi'IHhiMH CYXHMII MCTO,ll;aMn. 

Roni<ypeHTocrroco6HocTh Moi<phlx MCTO,ll;OB :MOmHo 

npe,ll;CTaBHTh, OIICHHB BCCb IIpOI13BO,ll;CTBCHHhlii 

IIIIRJI, orrpe.r:~eJJJICMhiH crrelln!J>nqecJ<nMH CBOHCTBa

MJI Tpe6yeMoro MaTepnaJia. RoHTpOJih 'IHCTOThi 

BO,ll;HhiX paCTBOpOB He npe,ll;CTaBJIJICT 60JibiiHIX 

TPYAHOCTei'r. 

Rai< yme OT:Me'IaJIOCh *, pe3yJILTaThi orrhiTOB no 

CIICI\3Hlll0 IIOpOIIIROB JIBJIJIIOTCJI o6c~aiOIIIHMII. 
IlocJie cyumn nopoumn CTaHOBJITCJI nnpo!}>opHhT

Mn. 0,ll;H3·KO IIHpo!}JopHOCTb YMCHbiiiaCTCJI B 

peayJJbTaTe o6paOOTRH J<ap6oHaTOM aMMOIUIH. 

IJpHHJIB HCROTOpble MCpbl npC,ll;OCTOpOlliHOCTll, 110-

pOIIIOK MOlliHO JICrKO IIO,ll;BepraTb nepepa60TKC. 

,ll,oKnaA P/155 
,li,I-1CKYCCI-1fl 

8. A. 8BAHC (CiliA)**: Bo3Momno JIH, 'ITo Hl'

KOTOphie pa3JIII'IIIH B TCllJIOIIpOBO,ll;HOCTH ,ll;ByOl\11-

CII ypaHa npn BhiCORIIX TC:MnepaTypax 06'hHCHH

IOTCJI 113MCHCHII('M CTCXIIOMCTpUII OKIICU, 1\0TOpOC 

1Ip011CXO,ll;IIT B o6pa311ax, o6Jiy'ICHHb!X B o60JIO'IKC, 

narrpuMep IIIIJHWHneBoi'r, n I<OTopoc ue nponcxo

AHT B Baiiinx o6pa311ax, o6JJy'ICHHhiX B o6o.'lo'IJ\C 

113 HepmaBCIO~eii CTaJIII UJIII HJIK('JJJI? 

JI. 8. J];/K. POBEPTC (Raua~a): B uaumx 

;mcnepliMCHTaX Mbl IIOKa HC YCTaHOBHJill, 'ITO 

yMeHblliCHHC COCTaBa HJillie CTCXJIOMCTpli'ICCKOI'O 

llbi3LJBaJIO CKOJibKO-HII6y~h 31131.JllTCJJbHOC paa.'IJt-

11HC B TCITJJOIIpOBO,LIHOCTII Heo6Jiyl.JeHHOii IIOmlKp11-

* New Nuclear Materials Including :-.!on-Metallic Fuels. 
\'ol. 1. IAEA, Vienna, 1963, pp. 55-63. 

** 3TOT BOII)WC Ht' Obi:J fiOCTaH.'Il'H B XO,'\l' ;ji\Cl'A<lHIIH. 
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CT3JIJIJ1'lCCI\Oli JIBYOIUICH ypaHa. Tio:lToMy 111LI HC 

IIMCCM BO:JMO/RIIOCTH npoHOMMCHTHpOB(lTh Bb!CI\a

:lh!B3HJIC J~-pa 8naHCa, XOTH Mhi COfJIUCHhi C TCM, 

'ITO COCTaB ;I.BYOKHCJI ypaHa, OOJIY'lE'IIIIOii B ~11p
J>OIIHCBOii OOOJIO'lKC, MO/RCT 3H3'IJITCJlbliO OTJIII

lJaTbCfl OT COCTaBa ABYOiniCII ypana, o6Jiy'lCHHOi'r B 

o6mw'me na HcpmaneiO~eii CTaJin, oco6enno nprr 

llLICOKOii TCM11epaType. 

,lJ.OHllaA P /233 

n. 
,li.I-1CKYCCI-1fl 

MEPPEfl (CoeAIIHCHHoe HopoJieBCTBO) : 

.[l;ame CCJIII HpiiHHTb BO BHIIM3HIIC 3H3'liiTCJlbHOC 

KOJIIIlJCCTBO npe):ICT3BJICHHbiX ):13HHhiX, BCC C~C 

Bhi3LIBaeT coMHeHIIe no11poc o BLI6ope MaTepiiaJia 

OOOJIOlJCK AJIH TCfiJIOBbiJICJIHIO~IIX 3JICMCHTOB Klf

flfl~IIX peaKTOpOB BCJICJICTBIIC pacTpCCKIIBaHHH 

HepmaneiO~eii: CT3JIII, KOrJia OHa IICfiOJib3YCTCfl B 

BIIJie TOHKoii o6oJiotJKH. TipeJIJiomeHne o6 ncnoJIL-

3onaHIIII TOHKOH o6oJIOlJKII II3 IIHKOJIOH BMCCTO 

~IIpKaJIOH II HepmaBCIO~CH CT3JIII, fiO-BIIJIIIMOMy, 

3aCJIYIRHBaeT BHIIMaHIIH. CJICJIYCT OTMCTHTh Tpu 

06CTOHTCJihCTBa: paCTpeCKHB3HHC TOHKOii o60JIO'l

KH II3 nepmaneiO~eii: cTaJIH, B03MOmHoe oxpynqu

BaHHe HHKOJIOH IIOJI o6Jiy'lCHHCM II BHyTpeHHIOIO 

ROpp031IIO· (nanpHMep, IIOJI JICHCTBIICM IIO):Ia), KO

TopaH B HCKOTOpbiX ycJIOBIIHX BCJICT K pa3pyrne

HHIO ~HpKaJioH TIIIIa CHB03HbiX 11op. MomeTe JIU 

Bhl yTnepmAaTL, 'ITO CJieJiaH KaKoii:-Jiu6o orrpefl,e

.TfeHHLiii BLI6op IIJIII oH MomeT ObiTh CJieJiaH na 

:lTOlf CT3):VIII? 

C. HEflMAPH (CiliA): Tipu pa3pa6oTKe TOTI

.liiBa Ami Kllllfl~IIX peaKTOpOB, KOTOpbiC 6yp,yT 

IIOCTpOeHbl B TC'lCHIIe tmumaii:IIIUX ABYX JieT, rrpeA

IIOlJTCHIIC OT):l,3HO ~IIpKaJIOI0-2 KaK MaTepiiaJiy 

o6oJIO'lKII. a TO! Bbi6op OCHOBhiBaJICH Ha lfMCIO · 

~CHCH HH<flopMa~IIll 0 pa60lJIIX XapaKTepiiCTI1KaX 

11 crroco6ax rroJiy'leHnH aToro crrJiana, Ko-

TopaH IIOKa3hJBaeT, 'ITO npn TCIIJIOBbiX 110-

TOKaX (JIJIH CTepmncii p,naMeTpOM 01\0JIO 12,7 M~t) 
1 356 000 /'iKa.ll/M 2 • 'l II K3MII3Hlfll peaKTOpa CBbl

liiC Tpex JieT TOJI~HHa OKIICHOii IIJICHKH, o6pa3o

B3BIIICIICH BCJICJICTBHC K0pp031111, He IIpCBhilllaCT 

25,4 ."ltl'i ( CM. pa3P,eJI JIOKJiap,a, IIOCBH~eHHbiH KOp

P0311ll), HanoJiopamHnaHne o6oJIO'lKH ua ~HpKa
.TfoH-2 TOJI~l1HOii 0, 762 MM COCTaBJIHCT 0,01%, 

tPI13U'leCK11C CBOHCTBa rrpn paooqeif TCMIIepaType 

COOTBCTCTBYIOT HOp Me ( CM. pa3p,eJibi iiOKJiaJia IIO 

norrpocaM CTa011JlbHOCT11). KpoMe TOfO, npn s kd e, 
COOTBeTCTBYIO~eM p,aHHOMY ypoBHIO :3KCIIJiyaTa

ll1111, B peayJILTaTC ):l,JillTCJibHbiX 11CIIhiTUHHif HU 

nHyTpenHei'! rronepxHocTH o6oJIO'lKH ue o6Hapymc

no CJie):l,OB KOpp03111I 110):1, p,eii:CTBIIeM HO):l,a, o6pa30-

BaBIIIefOCH B 11po~ecce ):leJieHHH. 

HapHAY c ~HpKaJioeM 6LIJin HatJaTLI ucrrLITaHIUI 

IIHKOJIOH, KOTOpbiH TaKme IICIIOJih3YeTCH ):l,JIH TOII

JliiBa n 30He 11eperpena. Tiponep,eHHble OllhiThi IIO

Ha3aJIII, 'ITO ycTaHOBJieHHbiC ne n cno6op,noM IIO

JiomenHH TOHKHC TOIIJIHBHbiC CTCplliHII B o60JIOlJKC 

113 nHKOJIOH yp,onJieTnopiiTCJihHO pa6oTaJIII 11pn 

TCIIJIOBbiX IIOTOJ\aX 1 356 00{) K1WAIM2 • 'l 1\al\ B 

ycJIOBIIHX 11eperpena ( TCMIIepaTypa o6oJIOlJKll 
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590-700° C), TaR II n ycJIOBHHX KHIIH~eii BOJILI 

(TeMIIepaTypa o6oJIOlJKII 315-350° C) p,o BLiropa

HHH oKoJio 3500 MBr • cyrKu/r. 011LITbi rrpoAOJI

maiOTCH. 

OmnAaeTCH, tJTo AaJihHeiiwne nccJieJionaHnH 

~npKaJIOH II IIHKOJIOH npnBC):IYT R TIOJIYlJCHIIIO 6o

Jiee BhiCOKnx TerrJionhiX xapaRTepuCTIIR n R YAJIII

neHniO CpORa CJiym6LI o60JIOlJKII 113 3TIIX MaTCPU:: 

aJIOB B pea«Tope. 

X. MOf AP.[I; (Illne~HH): Tio3BOJIHT Jill AJIHH

Hhle Tpy6tJaTbiC TCIIJIOBbiJieJIHIO~IIe 3JieMeHThi 

OOJihiiiOfO ):l,HaMeTpa (HanpnMep BHeiiiHHM p,na

MCTpOM 101,6 MM II BHyTpeHHIIM ):IIIaMeTpOM 

76,2 MM) II ):laJibiiiC COKpa~aTb CTOIIMOCTb 113fO

TOBJICHI!fl TOIIJiuna? EcJin ):Ia, TO nolJeMy Tan He 

TCIIJJOBbl):IC.lJHIO~IIe 3JICMCHTbl BCe e~e He HaXO):l,HT 

IIpUMC'HCHIIH n peaRTopax na o6LitJHorl BO):Ie? 

C. HE:AMAPK (ClllA): TenJIOBhi):ICJIHIO~ne 
:lJiCMCHTbi 60JJbiiiOf0 ):IIIaMeTpa, CTepmHeBbiC IIJ!II 

1\0Jib~('Bbie, TI03BOJIJIIOT yMeHbiiiJITb CTOIIMOCTb l!X 

lf3fOTOBJICHllfl B ):IOJIJiapoBOM II3MepeHIIII Ha KlfJIO

rpaMM ypaHa. 0):1HaKO CTOUMOCTb II3fOTOBJieHJIH 

COCTaBJIJICT JIIIIIIb O):!Hy tJaCTb CTOIIMOCTII TOIIJliiB-

1101'0 ~111\Jia, ne ronopH yme o KamiTaJILHhiX 3aTpa

Tax, ROTOphiC HBJIJIIOTCJI OCHOBHhiM 3JICMeHTOM 00-

~eii: CTOUMOCTII aneprnu. 

OcHOBHaSI ~e.11L npuMeHeHnH peaRTopon ua 

o6hl'lHOJi BO,J.e 3aKJIIOtJaeTCfl B TOM, lJT06hi 3a C'IOT 

JICI10Jib30BaHIIJI aKTIIBHbiX 30H C BbiCOKOH IIJIOT

HOCTbiO aneprOBbl):IC.lleHIIH ( KBT/ A) YMCHblliliTb 

CTOUMOCTh aHeprHu. CJie):lonaTeJILHo, n al\TIIBHoii 

30He C03):1,3CTCH B03MO/RHO 60JibiiiaH IIJIO~a,J.b llO

llepXHOCTJI TOil.TfliBa. TioaToMy OROII'laTeJihHaH KOH

CTpyK~IIJI IIpCACTaBJIJieT COOOH 1\0MIIpOMIICCIIOt' 

peiiiCHIIe Memp;y TOIIJIJIBOM MaJIOfO ):l,IIaMeTpa ,l.JIH 

6oJiee BbiCOKOil IIJIOTHOCTII 3HeprOBbl):l,CJJCHIIH ( Bhl

COKaH CTOIIMOCTb 113fOTOBJieHIIH TOIIJIJIBa, HO Hll:l

KaJI J\allliT3JihHafl CTOIIMOtTb) II TOIIJJIIBOM 60Jih

IIIOf0 JillaMeTpa (H113KaJI CTOIIMOCTb II31'0TOBJICHliH 

TOIIJIJJBa, HO 60Jibiiiiie pa3MCpbl aKTIIBHOll 30Hbl, 

I\Opnyca, pa6oTaiO~ero nop, AaBJieHneM, n T. JJ,.). 
.[I,JIH KIIIIHIIJ,IIX ·peaKTopon na o6LI'lHoii nop,e uan

OOJibiiiaJI 31\0HOMIIJI n uacToJI~ee npeMH coap,aeTCH 

TOIIJIHBHbiMII CTeplliHHMII HapylliHbiM ):IIIaMCTpOM 

10-15 MM. B cJiyqae peaKTopon, ox.TJa/RJiaeMhiX 

BO):!Oii 110):1 ):laBJieHIIeM, OllTIIMaJibHhiii ):IHaMeTp 

CTepmneii HeCKOJihKO MCHbiiie. PaCCMOTpeHbl TaR

me Tpy6qaThiC TCilJIOBbl):l,CJIHIO~lle 3JICMCHTbl, HO 

OHJI IIO cpaBHOHIIIO CO CTepmHeBhiMH B CJiytJae pe

aRTOpOB Ha o6LitJHoii no):le uc nMeiOT llpeuMy

~ecTB. 

.[1;. 0. TIHHMEH (Coe)'IJIHeHHoe KopoJiencTno) *: 
lho JIBJIHeTCfl II [lii'lliHOii MeXaHII'lCCKOfO II3fl!6a 

HeKoTopbiX TOIIJIOBhiAeJIHIO~nx aJieMeHTOB A pea

;~encKoro peai<Topa? H 6hi xoTeJI TaKme Y3HaTL, 

KaKyiO <flopMy IIMeeT IlOBpC!R):IeHIIC (MO/RCT 6hiTh, 

HpOP,OJibHOe paCTpeCKIIBaHIIC) II B 1\al\OM MCCTe IIO 

ocii rrpoiiCXOAHT nonpemJieHue? He MomeTe Jill BLI 

Tal\me cRa3aTh, Ha6JIIO):IaJiaCb Jill Koppo3HH Ha 

nuyTpeuueii nonepxHocTn o6oJiotJeK ua ~upRa-

* 3Tll BOilpOCbl He fibiJIH IIOCTUBJIOHbl Ha aaceAaHUII. 
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JIOH-2 no,11; )J;eiicTBIJeM no,11;a? MnTepecno y3HaTh, 

11BJIHJOTCJI Jill 060JIOqKII 113 CnJiaBOB ~UpKOHHJI :>tfl

tPCKTIIBHhlMII JionymRaMH )J;JIJI IIO,ll;a. HaKoHe~, ue 

MomeTe Bhl cKa3aTh, npe)J;cTaBJIJieT Jill OTJiomenne 

npnMeceii npo6JieMy )J;JIJI TenJIOBhi)J;eJIRJO~nx ::me

MenTon ~pe3)J;CHCKoro peaKTopa II yneJiuqHnaeT

CJI Jill OTJIOlliCHIIC B MCCTaX 06'beMHOrO RUnCHIIJI? 

. C. HE:AMAPK (ClllA): Ha nHyTpenneii no

nepxnocTH ~npKaJioenoii o6oJioqKn napymnhlM )J;H

aMeTpOM ,11;0 14,22 .M.M TenJIOBhiP,eJIJIJO~IIX ::me

MeHTOB ~pe3p,enciwro nJin BaJihecnToccKoro Kll

nJI~ero peaKTopa, o6Jiyqennoro npn TenJIOBhiX 

noToRax ,11;0 1356 000 K1WJI,/.M2 • 'l, Mhi ncerp,a na-

6JJJO)J;aJJn CJJCP,hl XIIMUqecKoii ROpp03IIII, o6yCJJOB

JICHHOH )J;eiicTBIICM nop,a HJJII KaKnMH-JJII6o p,py

rnMn npiiqnnaMn. 

B HCKOTOphiX OnhiTaX C TOnJJIIBOM B BII)J;C TaO

JieTOK B 060JJOqKe 113 ~IIpKaJJOJI, npOBOP,IIMhiX IIO 

nporpaMMe pa3pa6oTKII ABYOKncn ypana c BhiCO

RIIMn xapaKTepHCTIIKaMII B neTJJC C BOP,OH no;( 

p,anJJenneM :mcnepiiMeHTaJJhHoro peaKTopa tfJIIp

Mhi <<~menepaJJ ::meKTpiiiO> np11 yp,eJJhHOM TenJJo

BhiP,eJJeHIIn Jkd 8 OKOJJO 200 6TIC.M, Ha BHyTpen

HCU cTopone o6oJJoqKII HJJII n6JIII3II nonepxnocTH 

pa3p,eJia c Ta6JieTKaMII na6JIJOp,aJiacb XIIMIIqecKafl 

Ropp0311JI, KOTOpyro MO/RHO npiiniiCaTh p,eiiCTBIIlO 

pap,uoaKTHBHoro no,11;a. Y,11;eJihHoe TenJIOBI.Ip,eJieHne 

B aToM OIIhiTe 6hiJIO npnMepHo B Tpn pa3a Bhime 

y)J;eJibHOrO TCnJIOBhi)J;eJICHIIH, cy~eCTBYIO~ero B 

COBpeMeHHhiX KOHCTpyK~IIJIX TCIIJIOBhi)J;CJIJilO~IIX 

3JieMCHTOB. llop,p06HhiC IICCJiep,oBaHIIJI IIpiiqiiH II 

HyTeii YCTpaHCHIIJI Kopp03IIII npOP,OJI/RaiOTCJI. 

lJyTh K rrpeO)J;OJICHIIIO ::nnx Tpy,li;HOCTeii, IIO-BII)J;JI

MOMy, 3aKJ"llO'IaeTCJI B HCIIOJih30BaHUII yrrJIOTHJie

MOro 110pOIIIK006pa3HOrO TOIIJIUBa, B KOTOpOM OT

CYTCTBYIOT 6oJibmne 3a3ophi Mem,11;y cepp,e'IHIIKOM 

II o6oJIOqKoii, KaKne cy~eCTByiOT B TCIIJIOBhi)J;CJIH

lO~IIX 3JieMCHTaX C TOIIJIIIBOM B BII)J;C Ta6JICTOK. 

OrJiomenue. rrpuMeceii ne rrpe,li;CTaBJI.HeT npo6-

JICMhi npu 3KCITJiyaTa~UII TCIIJIOBhi)J;CJI.HlO~JIX 3JIC

MCHTOB ~pe3)J;eHCRoro peaRTopa B nop,e, nape mm 

n cMecu napa c nop,oii. 

MLI C'IIITaeM, qTo n3rn6 o6'h.HCH.HeTCH CH.HTne~r 
naup.HmeHnii B Tpy6xax, pa6oTaro~nx rrpo)J;O.ilmn

TCJihHOe npeM.H rrpn TeMrrepaType peaKTopa, rro

CROJihKy OllhiThl BHC peaRTOpa C Tai<IJMII Tpy6Ka

MJI n anTOI<Jianax rroxa3aJin aHaJI(>rnqHhii{ n3rn6. 

HocJie n3rOTOBJICHIIH Tpy6I<n He nop,nepramr CHJI

TIIIO HallpJilliCHIIH. Ilonpe!R)J;CHIIJI IIMCJIU tflopMy 

JIORaJihHhiX KpyrJihiX yqacTKoB, xapai<Tepn3yro

I~uxcH lfHTCHCIIBHOU KOpp03IICi{ II )J;OBOJibHO MaC

CIIBHhiM Bhi)J;eJICHIICM rnp,pn,li;OB, qTo, 110-BIIP,HMOMy, 

06'bJICHJieTCJI I<aCaHUCM Tpy6oi< CTCHOI< RaHaJIOB II 

OTCyTCTBHeM COOTBeTCTByro~ero OXJia/R)J;eHUJI. Ilo

BpCIR)J;CHHJI paCITOJiaraJIIICL no OCIJ ll Memp,y )J;HC

TaHQIIOHUpyiO~HMII 3JieMCHTaMn. 

B. ~m. XEtl3JIEM (Coe)J;nHeHHoe KopoJiencT

no) *: Kai<HM KOHCTPYKTHBHLIM H3MeHeHIIJIM ITOA

nepraJIHCh c6opKII TeiiJJOBhl)J;eJIJilO~IIX 3JJeMeHTOB 

KnrrH~ero peaKTopa, )J;JIH TOro qTo6LI npe,ll;ynpe

P,IITh )J;aJILHe.iimee nonpem)J;eHne, Bhl3hiBaeMoe H3-

• :hoT BOIIpoc He 6hiJI IIocraBJieH ua 3acep,amm. 

rn60M TOIIJIHBHhlX CTepmneii, II Kai< )J;OJirO MO/RCT 
npop,oJimaThC.H ai<crrJiyaTa~IIH I<IIITH~ero aHepre

Tnqeci<oro peaKTopa c ecTecTneHno o6pa3onan

IIIIIMIICJI )J;etPCKTaMII TOnJIUBa? 

C. HE:AMAPK (CiliA): YneJIIIqeHo qncJio AII

cTaH~nonupyro~nx 3JICMCHTOB Mem)J;y CTep!RHJIMU, 

llX CTaJIO 60Jihille Ha C)J;IIHII~Y )J;JIIIHhl TOIIJiliBHOrO 

cTepmHJI. KpoMe Toro, Tpy6RII rroc.'lc H3rOTOBJIC

HHH nO)J;BepraJIIICh o6pa60TKe )J;JIJI CHJITHJI OCTaTOq

HhiX HarrpRmennii, JIBJIHIO~IIXCJI npnqiiHOii, 3aBU

CH~eii OT npeMCHll, nOJI3y'leCTII ll 113rn6a np11 

)J;JIIITeJihHOii ai<cnJiyaTa~IIn B peaKTope. 

~etflei<THOC TOIIJIIIBO IICIIhiThiBaJIOCb B KIIIIH~eM 
peai<Tope B Teqenne 6oJiee rop;a nocJic o6napyme

HIIJI )J;etfJeKTOB, U 3TO He rrpe)J;CTaBJIJIJIO 1Ip06JICMbl 

)J;JIH 3KCUJiya Ta~HU II He OI<a3hiBaJIO HHKaKIIX 110-

CJIC)J;CTBIIU B CIICTCMC IIOCJIC y)J;aJJCHUJI )J;CtP!'KTH0-

1"0 CTepmHH. 

,ll,oHnaA P/240 (npeACTaBHn T. ,ll,m. n3woc) 

,li,I-1CKYCCI-1fl 
P. ~EJibMA (<DpaH~uH): B neKoTophiX rrpoel\

Tax ai<TIIBHOii 30Hhi peai<Topa yneJinqeHIIe y)J;eJib

noli MO~HOCTII TCllJIOBhi)J;eJIJIIO~IIX :>JICMeHTOB 113 

ABYOI<IICII ypana npiiXO)J;IITCJI orpannqunaTL 113-aa 

,ll;aBJieHIIH ra3006pa3HhiX npo)J;yKTOB, Bhi)J;CJIHIO

~liXCJI 113 rOpHqnx yqaCTKOB TOIIJIIIBa. 

B qacTnocTu, R aJieMenTe EL-4 qaCTh TOrrJiuna 

113 ABYOKIICII ypana 6y,11;eT, nepoRTHO, uaxo)J;UThCH 

npu TeMrrepaType Bhlme 1800° C. TaRIIM o6pa3oM, 

Heo6XO)J;IIMO O~CHIITh 3HaqeHne HBJICHIIM, I<OTOpbiC 

6y,11;yT npOHCXO)l;HTh npii TeMnepaType Bhiiiie 3TOH. 

AnTopbi )J;OI<Jia)J;a P/240 C'IIITaiOT, qTo B TaKIIX yc

JIOBIIHX BhiP,CJIJICTCH 100% o6~ero I<OJIUqecTBa 

o6pa3onanmerocJI ra3a. 

Bo <DpaH~IIII rrpono)J;nJIIICh onhiThi no II30Tep

Mnqeci<oMy narpenaniiiO ne6o.JihiiiiiX o6paau;oB 

TOIIJIIIBa 113 ABYOI<IICH ypaHa B ueiiTpoHHOM noTo

I\e. Bhi)J;CJIHIO~uecH ra3bl yJiaBJIIIBaJIIICh 11 no)J;

nepraJIIICh anaJin3y. 

Ilpn TeMrrepaTypax 1800 n 2000° C II3 p,nyoKn

cn ypana Bhi)J;eJIHJiaCb Jlllillh qaCTh IIHCpTHhiX ra-

30B, npu 1850° C H3 crreqennoii ~nyoKIICII ypana 

Bhi)J;eJIJIJIOCh OI<OJIO 7% Xe 135 II Kr85 m , npn 

2000° C 113 cneqeHHOH ABYOKIICII ypaHa Bhi)J;CJIH

JIOCh 20-25% Xe 135 n Kr85 m , a U3 MOHOKpnc

TaJIJia ABYOI<IIcu ypaHa Bhi)J;CJIJIJIOCb 4% Xe 135 n 
Krs5 m. , 

T. ~m. ll8IliOC (CiliA): B )J;OI<Jia)J;C OTMeqeno, 

qTO Bhl)J;eJieHIIe ra3006pa3HhlX rrpo,ll;yi<TOB )J;CJICHHH 

113 ,li;BYOKIICU ypaHa 1Ip1I TeMrrepaType 1650-

18000 C II3MeHJIJIOCb OT 1 )1;0 100%. Ilpii TeMnepa

Type 1800° C Bhl)J;eJIJIIOTCJI 6oJiee HJIII Menee nee 

ra3oo6pa3Hhle npo)J;yKThl. 

r-H ~ CJihMa npiiBO)J;IIT 6oJiee HII3I<IIC BCJIII"IIIHhl 

Bhi)J;eJieHIIJI ra3a np11 TCMrrepaTypaX Bhlllle 2000° C, 

HO 3TII )J;aHHhle OTHOCJITCJI K H30TCpMnqeCKIIM yc

JIOBIIJIM. QqeBII)J;HO, H3MepeHHbiC BeJIIIqiiHLI ra30-

Bhl)J;eJICHIIJI B ~IIJIIIH,ll;piiqecKOM TOIIJIIIBHOM CTepm

He Bhlille, qeM B o6pa3QaX, nO)J;BeprHyThiX 1130TCp

MHqecKOH o6pa6oTKC, BCJIC)J;CTBIIe BJIIIJIHIIH 
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TeMnepaTypuoro rpaAHeHTa ua BhlAe~euue ra3o

o6pa3Hhlx npOAYRTOB Ae~eHHH. 

Am. <I>. Y. BlliliOII (CoeAHHeuuoe Kopo.rwn

CTBO) : B pa3Ae~e AOR~aAa, IIOCBHIIWHHOM ORHCHO
MY Ton~uny, anTophi yTnepmAaiOT, 'ITO npu o6Jiy

lJeHHH A030H 2,7. 10 20 ae.unuii/CM 3 AJIHHa aR· 

THBHOii: 'laCTH Tonmma ynemilJHnaeTCH ua 13%. 

H AYMaro, 'ITO :na ne~H'liiHa necRO~hRO MCHhrne, 

OAHaRo npu TaKnx A03ax o6~y'leHHH aHa'lHTCJih
uoe yBCJIII'lCHIIC A~IIHbl OTMC'la~OCb RaR B TOII

JIHBHbiX CTCplliHHX C Ta6JICTRaMH, TaR II B TOHK11X 

CTepmHHX C IIOpOIIIROM, IIO~Y'lCHHbiX MCTO

AOM ROBRH. IJoCRO~bRY B ROHCTpyRIJ;HH TOHROfO 

CTepmHH TOIIJIIIBO 3aRJIIO'lCHO MClliAY il\CCTRHMII 

ROHIJ;CBbiMH IIp06RaMII, He 03HalJ:aeT ~II :3TO, 'ITO 

o6o~o'!Ra YAJIHHHCTCH, H, ecJIH aTo TaR, 6bma Jill 

aTa ocenaH Ae<fJopMau;nH DOATnepmAeHa II3Mepc
HHHMn? 

T. ,l1;m. II8lll0C (ClllA): HacRO~hRO 11 noMHIO, 

YBCJIII'leHHC AJIIIHbi TOII~IIBa, 0 ROTOpOM coo6m;a

JIOCb B MOCM AOR~aAe, IIpOIICXOAIIT B CTOIIRCt Ta6-

~CTOR BHYTPH o6o~O'!Rn n naMenenne A~IIHhi pc

rncTpupona~ocb no raMMa-H3~y'leHnro o6~y'leH
uoro o6pa3u;a. 0AHaKO H peKOMCHAYIO oJ5paTHTbC.H 

K pa6oTaM 29•30 , yiioMHHYThiM B aTOM AOKJiaAe, u 
TaM HaHTll <fJaKTII'lCCI\IfH OTBCT Ha :3TOT BOHpOC. 

8. BAH,I1;EH-5EM,I1;EH (BeJihnm): Momno JIII 

B HaCTOHID;CC BpeMH 3aR~IO'lHTh, 'ITO IIOTCpH OKIICII 

113 pa3pyrneHHbiX ROMIIaKTHbiX TOIIJIIIBHhiX CTepm

HCH BbiiiiC, 'ICM IIOTCp1I 113 CTepmHeH C Ta6JICTKa

MII? 

T. ,l1;m. II8IliOC (CiliA): qTO RacaeTC.H IIOTepb 

TOllJIIIBa H3 AC<fJeKTHOI'O TOII~HBHOI'O CTCplliHH, TO 

OIIhiT no o6Jiyqeuuro o6pa3u;on noRa3hiBaeT, 'ITO 

HCT HBHOI'O pa3JIH'lli1I B IIOBCACHHH TOIIJIHBHbiX 

cTepmueii: H3 ynJioTHeuuoro nopornRa ABYOKncu 

ypaua u cTepmueii: c Ta6~eTKaMH. 
YMhirn~euuo IIonpemAeHHhie TOIIJIIIBHhie cTepm

HH II3 ROMIIaKTHOI'O nopornKa C HC60JibiiiHMH Rpy

I'OBhlMH OTBCpCTIIHMH II AJIHHHhlMH pa3pe3aMU 

( lllllpliHOH 0,508 II AJIIIHOH 12,7 MM) B o6oJIO'!Ke 

o6~y'laJIHCL B Ba~LecnTOCCKOM KHIIHID;eM peaRTO

pe 6e3 KaKHX-JIH60 H3MCpiiMbiX llOTCpb TOIIJIIIBa. 

IJoT-epH ABYORIICH ypaHa li3 TOll~IIBHOrO CTepmHH, 

npeACTaBJIHrom;ero co6oii yiiJIOTHCHHhlif nopornoK 

B o6o~o'!Re H3 uepmanerom;eii CTaJIH c pa3pe3oM 

A~HHOH 152,4 MM, 6hiJIII HC3Ha'liiTCJibHbiMII. 

IJO-BHAHMOMy, Dpii o6~yqeHIIH TOII~IJBHOI'O 
CTepmHH ua yiiJIOTHenuoro nopornKa nponcxoAnT 

a<fJ<fleKTHBHOC CIICKaHue H~H CBapKa lJaCTHIJ; IIO

pOIIIRa APY~' c ApyroM DOA AeiicTnneM ~oRa~hHoro 
MHKpOCROIIII'lCCROrO uarpena B 06'heMe IIIIKa AC

~eHHH. 

B. P. T. <l>POCT (CoeAHHeHHoe KopoJiencT

no) *: B AORJiaAe yTnepmAaeTcH, 'ITO MOHOKap6nA 
ypaHa, .HMCIOID;HH COCTaB BbiiiiC HJIII HHme CTCXHO

MCTpH'ICCROrO, pacrryxaeT B 60JiblliCH CTeiieHII, 

'ICM MOHOKap6nA ypaHa CTCXHOMCTpii'ICCROfO COC

TaBa. Momuo rroHHTh po~h cno6oAHOro ypaua n 

ycRopeHnH rrpou;ecca pacrryxaHHH MOHoRap6HAa 

• 3TOT BOllpOC He 6:&1JI llOCTaBJieH Ha 3aCeJJ.aHHH. 
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ypaHa, HO 'leM o6'h.HCHHTb aHaJIOI'H'lHbiH a<fltfleKT 
npn n36hiTRe yr~epoAa B MOHORap6HAe? IlponeAeH

Hble HaMH orrhiThi B Xapya~~e rroRa3hiBaiOT 6oJiee 

BhiCORyro CTerreHh pacnyxaHnH B UC + U, 'leM B 

UC+ uc2, H :3TH ua6~IOAeHHH ITOATBepm,IJ,aiOTCH 
HCC~CAOBaHHeM B :3JieRTpOHHOM MHRpOCRODe o6pa-

30BaHHH ra30BbiX ny3blpbROB B UC, uc2 II u. 
T. ,l1;m. II8IliOC (CiliA): H rro~araro, 'ITO oT

nocnTeJihHO ACTaJieii MCTOAOB orrpeAe~eHIIH pacny

XaHIIH Rap611AOB, COCTaB KOTOpbiX OTJIII'laeTCH OT 

cTexHoMeTpnqecKoro, BaM Jiyqrne o6paTnTbCH R 
pa6oTaM 38• 39• ~I 1 yRa3aHHbiM B ,IJ,OK~aAC. ,I1;aHHbJe 

llO II3MCHCHHIO o6'heMa, rrpeACTUBJICHHbiC B AOKJia

~e, npe,IJ,CTaBJIHIOT co6oii pe3yJILTaTbl ACHCTBUTCJib

HbiX <fln3n'lecRnx li3Mepeunii o6Jiy'leHHLIX Temw

Bbi.[I,CJIHIOm;nx aJieMeHTOB. Bo3Momuo, 'ITo ueKo

Topoe YBCJIII'ICHIIC 06'beMa TCDJIOBbl,IJ,CJIHIOID;IIX 

:meMeHTOB, co.[J,epmam;ux MonoRap6n,IJ, ypana c co

cTanoM BbliiiC CTCXHOMCTpH'ICCKOI'O, Bbl3biBaeTCH 

paCTpCCKIIBaijiiCM TOil~IIBHOfO MaTepllaJia npu 

DbiCOKOiJ TCMIIepaType. 

,lJ,OKllaA P/338 (npeACTaBHJl B. M. roJlfiHOB) 

,LJ,I-1CKYCCI-1fl 
JI. 8. ,I1;m. POBEPTC (KaHaAa): 06m;aH npn

JW,IJ,a paccM<JTpenuoro BaMn JIBJICHIIH, IIO-BII.[I,nMo

My, aHa.'"IOI'IIlJHa npnpOAC HBJICHIJH, ROTOpoe Mbl 

na6JIIO,IJ,aJIII B :3JICKTpOHHOM MIIKpOCKOIJC Ha npo

CBCT 11 KOTopoe onucano B AOKJia,IJ,e P/155. He 
Haxo,IJ,nTc Jill Bhl, 'ITO <<CBCT.'lhie ,IJ,e<fleKTbV> ,IJ,IIa

MeTpoM 1 OA, 1\0TOpbie Bbi na6JIIO.[I,aJIH rrpn oT· 

il\llfC, B ,IJ,CitCTBJITCJibHOCTII npe,IJ,CTaBJIHIOT co6oii 

ne6oJibiiiiiC rry3bipbKII ra3oo6pa3HbiX rrpo,IJ,yRTon 

,'.(CJICHIHI, KOTOpbiC Mbl Ha6JIIO;IaJin, IIpanp;a, 11pH 

,'.(OBOJibHO 60JiblliiiX pa3MCpaX? 

B. M. fOJIHHOB (CCCP): <<CncT.lbie ,IJ,C!peR

Tbi>> CJIJIIIIKf>M MHOfO'liiCJICHHbi, 'lT06bi IIX C'lii

TjlTb IIY3bipbKaMu raaoo6pa3libiX npo,IJ,yKTon ,IJ,eJie

HIIH. J\poMC TOrO, IIX ROJIII'ICCTBO COOTBCTCTBOBam> 

l.JIICJIY ):l;CJICHilii ( CM. IIpC,D.IlOCJIC,D.HII ii naparpaql 

pa3p;ena, oaarJiasnenuhiii <<06cym,'],enne peayJibTa
TOB>>). 

,lJ,oKnaA P /17 (npeACTaBHll ,lJ,>+<. A. 11. Po-
6eprcoH) 

,LJ,I-1CKYCCI-1fl 
,l1;m. <I>. Y. Bl1IliOII (Coe.[I,HHennoe Kopo.lJencT

no) : B BameM ,IJ,OKJia.[l,e Bbi yTnepm,IJ,aeTe, '!To 

c<flopMyJinponamr HOBhiii MCTO,IJ, IIpC,Il,CKa3aHJIH 

BI>I.'.(eJieHHH ra3a II3 ,IJ,BYOKIICll ypana. KaRHM ny

TeM BLI yquThiBaeTe II3Menemm n TonJinne, Bhi

anaHHhie o6JiyqenueM? YtJnThiBaeT Jill aTa MO,IJ,e.'Ih 

IJHTerpaJibHYIO )J;03Y o6Jiy'leHIJH II HaCROJibKO aHO

MaJibHbl Te 15 pe3yJILTaTon, ROTOpbie ne corJiacy

IOTCH C paC'lCTaMn? 

Y. 5. Jlbi011C (Kana,IJ,a): EcJiu n Mory oTne

'laTh OT IIMCHII BCCX aBTOpOB, TO H 61>1 CKa3a.ri, 'ITO 
IIOCJie HarrucaHHR: ,IJ,OKJiaAa 6biJIO naii:,IJ,eHO B03MOil\

HbiM yJiylJIIIIITL aMnHpii'lecRoe cooTnorneniie. Co

oTnornenHe npeAorrpep;eJIHeT cpe,IJ,nee Bhi,IJ,eJieHIW 
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ra3a ll3 ORIICHOfO TOnJUIBa npn 113BeCTHOM Ha-
1IaJihHOH TIJIOTHOCTU, npu 113BeCTHOM TenJIOBhi!J.C

uaKc 

JICHIIII (J' f.da), a T3KiRe npn li3BeCTHOM 
nooepx 

BpeMeHII o6JiyqeHJUI IIJIII ROHeqHOM BhlfOpamm. 
CooTHOIIICHne MOiRCT npnMeHHThCH R oKncHoMy 
TOnJIHBY nJIOTHOCTbiO Bhlllle 10 e/c.M3 B BH!J.e Kpyr
JihiX cTepmneii: n MeTaJIJinqecKoii: o6oJiotJKe, oxJia
iR!J.aeMoii: BO!J.Oii. Bhi!J.eJieHne ra3a, Ha6JIIO!J.aeMc e 
BO BCeX 6e3 HCKJIIOlJeHIIH 83 CJiyqaJIX, He npeBhi
IIIaJIO paCClJHTaHHhlX cpe!J.HHX BeJIIIlJIIH 6oJiee qe~l 
na 5% 06111ero ROJIHlJeCTBa BhiiJ.eJIHIOIIIIIXCH ra30-
o6pa3HhiX npO!J.YKTOB iJ,eJ'IeHHH. 1\ 3TIIM C.Jiy'laHM 
OTHOCHTCH OnhiTbl no 06JiytJeHUIO IJ.O BhlfOpaHIIH 
8000 M6r · cyrl'iu/r ypaHa c Bhi!J.eJieHueM 11.0 40% 
J,'aaa npn J /.cta = 87 61llc.M. CJieiJ,yeT oTMeTHTL, 

41-0°C 
11TO no pactJeTaM !J.OJIJI Bhl;J;CJIIIBIIIeroCH ra3a yne
JilllJHBaCTCH C yneJIHlJeHIICM BhlfOpaHIIH nOCJie nep
BOHatJaJihHOH 3aiJ.epiRKII, o6yCJIOBJieHHoii npeMeH
HhiM 3aXBaTOM aTOMOB ra3a nyCTOTaMII H KOMII
JieRCaMII BaKaHCJlH ( o6cymiJ,aeTCH B iJ.OKJiap,c 
P/19). 

,D;m. M. JIEEJIAH (EeJihruH) *: IlocKoJIM'Y 
uo2 H uo2- Pu02 npu ,ll;OBOJibHO Hll3KJIX TeMnc
paTypax cTaHoBHTCH nJiaCTJitJHhiMII, RaK Bhl oue
nunaeTe HanpHiReHJIH, B03HHKaiOIIIIle B o60JIOlJIW 
TIOIJ. iJ.eHCTBJleM TeiiJIOBOfO paCiliUpeHIIH TOnJIJIBa? 

,D;m. A. JI. POEEPTCOH (KaHaAa): l\h1 pac
C1IHThinaeM HanpHiRCHJlH B 060JIOlJKe BO npeMH 
o6JiyqenuH no cTeneHu ee ,o;e<flopMauuu, II3Mepen
noii no c JI e o6Jiy<JeHJIH. TaR, HanpuMep, ecJin 
o6oJiotJKa o6napymunaeT H3MepnMyro lw<flopMa
uniO, HO He pa3pyiiiCHa, TO Mbl ,rJ;eJiaCM BhiBO!J., lJTO 
uanpHmennH npenhiiiiaJin npe!J.CJI TeKy<JecTn npn 
COOTBeTCTBYIOII~CH TeMnepaType, HO 6biJIIf Hli/1\C 
npe,o;eJia npoqnocTn. TaKoe npn6JinmeHne ue yqu
ThlnaeT BJIHHHHH 06Jiy1IeHHH Ha npOtJHOCTb o6o
.TJOlJKH, HO B 6oJihiiiHHCTBe OllhiTOB ,o;e<flopMaQJIH 
na6mo,o;aJiacb na panueii CTa,o;nn o6Jiy<JenuH, .10 

Toro KaR 3aMeTnoe nonpem,o;eune naRanJiunaJIOCh. 

n. MEPPEtt (Coe,o;nueuuoe 1\opOJICBCTBO): 
Ilpu npoBeiJ.eHHH OIIhiTa B peaKTope C ABYORHChiO 
ypaua CTexnoMeTpnqecKoro cocTana n cpanHennn c 
ABYORHCbiO ypaHa, HMe10111eii COCTaB HHiRe CTC
XllOMeTpnqecKOfO, He omniJ,aJin Jill Bhl na Jia6opa
TopnhiX HCIIhlTaHHH, lJTO pa3HHQa B TenJionpo
BOIJ.HOCTll BbiHBHTCH cpa3y me, a He nOCJie 1019 8e
Jte1tUU/CM3, RaR C006111aeTCJI B iJ.OKJiaiJ,e? 

,D;m. A. JI. POEEPTCOH (1\anaiJ.a); TeMnepa
Typa B ueHTpe CTepiRHJI ll3 U02-X 6hiJia Hnme, 
tJeM B CJiyqae TOTIJIHBa 113 U02 +x (npUMepHO Ha 
50° npn 900° C) 11.ame n HatJaJie o6JiytJeHn:H. 011.
HaRo pa3HUQ3 nOBbiiii3JI3Cb C yaeJIUlJeHIICM iJ,JIII
TeJihHOCTH 06JiyqeHIIH II R KOHQy OnhiTa, npO!J.OJI
maaiiiefOCJI MeCJIQ, COCTaBIIJia 150° npn 1100° C. 
Mhl He MomeM noJinocTI>IO o6'bHCHIITh nu pe3yJih
TaThl, HO noJiaraeM, qTo 6yiJ,yT yMeCTHhl CJieiJ,yiO
IIIHe coo6pameHnH. 

• 3TOT nonpoc He 6hiJI nocTaBJICH Ha aace,llaHHH. 

B nepno,o; nepnoHaqaJII>Horo nycKa u ao npcMH 
OCTaHOBOK pCaKTOpa BCe o6pa3Qbl 6y,o;yT 06JiytJaTh
CJI npn TeMnepaTypax Hume o6hltJHhiX pa6oqnx 
TeMnepaTyp. Ma pa6oT 16• 17• 19 II U3 !J.OI\Jla!J.a 
P/155 Mhl 3HaeM, lJTO TenJionpOBO)J;HOCTb uo2+ X 

yxy,o;IIIaeTCH no,o; iJ.eHCTBHeM 06JiytJeHIIH. 
,lJ;oiiOJIHHTeJihHbiMH li3MepeHUHMII 3JieKTp11tJC

CKUX CBoiiCTB YCT3HOBJieHO, lJTO B ORHCII U02 c x 

JIOCJIC Ce II3fOTOBJieHIIH HCKOTOpbiii H36biTOK ypa
Ha OCTaeTCH B BH!J.e TBepiJ.OfO paCTBOpa B peiiieTKe 
uo2. OTiRllf npu TeMnepaTypax HlliRe 1500° c BHC 
peaKTOpa, BepOJITHO, Bhl3hiBaeT Bhi)J;eJieHIIe ua6hi
TOqHOfO ROJillqecTBa ypaHa B Bll,ll;e BRJIIOqeHnii. 
O,o;HaKo n peaKTope aToT ypau MomeT pacTnopnTL
cH, roMoreHnanpyJI CTPYKTYPY TaKnM o6pa3oM, 
RaR 3TO Ha6JIIOiJ,aJIOCb B ypaH-MOJIII6,rJ;eHOBhiX 
cnJianax. 

B cepe~nne on~ITa no o6Jiyqennro TeMnepaTypa 
TerrJIOHOCHTCJIH yneJinqnJiacb rrpnMepHo rra 100° C, 
'ITO npiiBCJIO ll R nOBbiiiieHHIO TeMnepaTypbi TOII
JIIIBa. 

YqnThiBaH aTn <flaRThi, H He omniJ.aiO ToqHoro 
COfJiaCHH C JII06hiMH peayJII>TaTaMII 110 o6JiytJeHHIO, 
TIOJiytJeHHhiMU paHee, II, KOHeqno, C peayJihTaTaMII 
Jia6opaTopHbiX OnhiTOB. 

,lJ,oKnaA P/19 (npeAcTasHn Y. 5. JlbK>Hc) 

,D,I-1CKYCCI-1R 
C. HEtlMAPK (CllJA) *: B aRcHepnMeHTe 

PeiinoJih!J.Ca 29 iJ,aBJICHne, uaMcpeunoe nu!J. o6oJio•I
Koii TOnJIIIBa, YBCJIIIlJlfBaeTCH COBCpiiiCHHO JIIIHCii-
110 c yneJIIttJCHIIeM BhiropaunH. EcJIII CYIIICCTBYCT 
RaKaH-HH6yiJ,b 3aMeTUaH cop6QHH KCCHOHa iJ.BY
OKUCbiO ypana, 6yiJ,CT ,rJ;aBJTCIIHC ra3006pa3HblX 
npO!J.YHTOB !J.CJICHIIH OCTaBaTbCH Ha O)J;HOM ypoBH(' 
IIJIII yMCHbiiia ThCH? 

Y. B. Jlbl0l1C (1\aHa~a): BemitJuna Bbianan
Horo o6JiytJeHJICM IIOfJIOIUCHUH 1\CCHOHa ,lJ;BYORIIChiO 
ypana, ycTanonJicnnaH n ::mcuepnMenTax, onncan
HhiX B naiiieM ~OHJia~e, ne TaH nemma, lJT06bi oua 
MorJia 6hiTh BhiHBJiena n aHciiepuMenTe PeiinoJih)J.
ca. ,lJ;oCTIIfHYTIJC liM ,rJ;aBJieHIIC ue upCBbiiiiaeT npn
Mepuo 15 ar, upntJeM aTo 6LIJIO HalfaJihHoe raao
noe naKonJieHIIe. 

Ha puc. 6 u n Ta6JI. 2 naiiiero IJ.ORJia!J.a 6oJILIIIoe 
BJIIIHHlle IIJIOTHOCTII ORliCH ( IIJIII IIJIOIIIaiJ.ll 3RCIIO
HHpOBaHHOii nonepXHOCTH) II BpeMCHII o6JiyqeHIUI 
He II03BOJIHeT C RaKOH-JIII60 TOqHOCTbiO IIpe,rJ;CKa-
3aTb, KaKIIM o6pa30M ra3000pa3Hhle HpO!J.YKThl !J.e
JieHIIH n aKcrrepuMeHTe PeiinOJihiJ,Ca 6y~yT crrona 
yJianJinBaThCH. OiJ,naKo B onncaHHhiX ycJIOBHHX 
BTOplltJHOe IIOfJIOIIIeHUe He II3MCHIIT iJ.aBJICHIIJI 
raaa Ha 10% II TIOTOMy He MOiRCT 6hiTb orrpe!J.e
JICHO. 

,lJ;pyroii: 3KCIIepnMeHT, TIO!J.06Hb1H 3KCIIepnMeHTY 
na11. TOnJIHBHhiM CTepmHeM MI{-IX c Ta6JieTKaMn, 
o KOTopoM paccKa3hlBaeTcH a rrpeiJ,rrocJieiJ.neM paa
,o;eJie narnero iJ.OKJiaiJ,a, n uacTOJIIIIee npeMH He 
OKOHlJeH. ,lJ;aBJieHne rrepBOHalJaJibHOfO HaKOIIJieHIIH 
ecTeCTBeHHOfO KCeHOHa yneJilllJIIBaeTCJI C yneJIHlJe-

* 3TOT BOllpOC He 6biJI fiOCTaB.'ICH Ha JaCe,llaHHH. 
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HHCM MO~HOCTH peaKTOpa IIpH6JIH3IfTCJihHO ;1,0 

150 ar, HO 3aTCM YMCHblllaCTCH Ha 20%. 3n> 

yMeHhlliCHHe qacnt'IHO o6'hHCHHeTCH paclliHpeHH

eM o60JIO'IKH IIO)l; p.eiiCTBHCM TCpMH'ICCKOfO pacny

xaHHH OKHCH H qacTH'IHO a6cop6~Hell: raaa. YTe'IKa 

He Ha6JIIOp.aJiach. 

JI 6hi XOTCJI CaM IIOCTaBIITh CJiep.yiO~IIH BOIIpoc. 

B 3TOM p.oKJiap.e Mhi o6'hJICHHeM, 'ITO nooep.eHne 

raaoo6pa3HhiX npop.yKTOB )J,CJICHIIH HOCHT CJIOii\Hhiii 

xapaKTep, HO HH'ICfO HCH3BCCTHO, HaCI\OJihKO 

opep.nhiM OHO MOiKCT 6biTh. MoiKeT JIII KTo-Hn6yp.h 

paCCKaaaTh 0 )l;CTaJIHX paapylliCHIIJI TOITJiliBa ,[l,pe3-

)l;CHCKOfO peaKTOpa ( U 02 B o60JIO'IKC II3 ~lipKa
Jioa), KoTopoe B p.oKJiap.e P/205* o6'hHCHJieTcJI He

p.ocTaTKOM coo6op.Horo npocTpaHCTBa, ocTaoJieHHO

ro )l;JIH aanoJIHCHIIJI raaoo6paaHhiMII npop.yKTaMII 

)J,CJICHIIH? Tio MOC~IY MHCHIIIO, JII060e IIO)l;06HOC 

paapyrneHHC TOIIJIHBa HCCOBMCCTifMO C ycTaHOB

JICHHbiM nooe~~eHHeM raaoo6pa3HhiX npop.yKTOB AC

.'ICIIItH. 

C. HEtlMAPK (CiliA): ,[l,oa ua o6~ero KOJIII

'ICCTBa 50 000 TOIIJIIIBHblX CCI'MCHTOB IIO)J,BCprJIHCI. 

IIOBpCiK)l;CHIIIO B npo~PCC(' pa60Tbi, KOTOpoe MOiKHO 

11p11111ICaTb )J,PiiCTBIIIO II36biTO'IHOfO p.aBJJeHIIH, 

Bhi<JBaHHOfO Bbl)J,CJICHIICM raaoo6pa3HblX upop.y:n

TOB )l;CJICHIIH. B HCKOTOpb!X TOIIJIIIBHbiX CCl'MCHTaX 

,[l,peap.eHcKoro pcaKTopa ncpooii 3arpy3KII HC 6hiJio 

npep.yCMOTpCHO CB060)J,HOfO IIpOCTpaHCTBa ;'l.JIH na-

1\0IIJICHHJI raaoo6paanhiX npop.yKTOB )l;CJICHHH. Xa

paKTep 3Tnx p.oyx pa3pyrnennii noKa3hioacT ooa

MOiKHOCTh pa3pyrnCHIIH o60JIO'IKH ITO)l; p.ciiCTBUCM 

BHyTpcnnero p.aoJienna. Op.naKo TO'lno ycTaHOBIITh 

ll pii'lliHY HCB03MOiKHO. 

* HacTOHII,\ee ua):laHHe, T. 5, aace):laHue 1.2. 
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CJiep.yeT OTMCTIITh, 'ITo, HaK JI uop.qep:nuoaJI, na

Mcpemm PeiinoJihACOM onyTpenHero p.aoJI('HUH B 

TCI1JIOBhl)l;CJIHIO~CM 3JICMCHTC, o6Jiy'laiO~CMCH B 

peaKTope, noKa3hiBaiOT JIHneiinoe yoeJinqenHe 

p.aBJICHIIJI B 3aBIICIIMOCTII OT Bhll'OpaHIIH. 3TO, 110-

BH)l;IIMOMy, yKa3hiBaCT Ha TO, 'ITO cy~eCTBYIOT Ta-

1\IIC pa6o'IIIC ycJIOBIIH, npn KOTopbiX ne nponcxo

p.nT cop6~nn 1\CeHona p.oyoKUChiO ypana HJIH oo 

BCJIKOM CJiyqae OHa O'ICHh MaJia. 3TU )J,aHHhie MO

ryT Bhi3BaTh HCKOTOpb!C COMHCHIIJI B OTHOlli('HJIII 

YHIIBepcaJibHOCTH 3aHBJlCHHH )1;-pa JlbiOifCa 110 

3TOMy BOnpocy. J1HTepeCHO TaKii\C OTMCTHTh, 'ITO 

npaHTJfliCCKH BO BCCX KOHCTpyiU~IIHX TCIIJIOBbl)l;C

JIJIIO~IfX 3JICMCHTOB BO BCCX CTpaHaX B HaCTI)H~CC 

BpCMH npep.yCMaTpiiBaCTCH CB060)l;HOC IIpOCTpaH

CTBO, npep.Ha3HalJCHHOe )l;JIH 3aiTOJIHCHIIJI ra3006-

pa3HhiMH npop.yKTaMU )l;CJICHIIH. 

Y. B. JlbiOHC (KaHaAa): B OTBcTe r-na Hci[

MapKa yny~CHhl HCKOTOpbiC MOMCHThl, OTMC'ICH

Hb!C B BOIIpoce. B CJiy'laC KpyrJihiX TOIIJIIIBHhiX 

CTCpiKHCii 113 )l;BYOKIICII ypaHa B o60JIO'll\C 113 ~np-
1\aJIOJI, OXJiaiK)l;aCMhiX BO)J,Oji B YCJIOBIIJIX KUIICHIIH 

IIJIII 6e3 nero II o6JiyqaeMhiX 6e3 IIJiaBJICHIIJI B 

~enTpe AO BhiropaHnJI MeHee 30 000 MBr · cyrnu/r 
ypaHa, Ha6JIIOp.aeMoe Bhi)l;eJienne ra3oo6pa3HhiX 

llJlOAYKTOB )l;CJICHilJI HC npiiBC)l;CT K pa3pyrneHIIIO 

npO'IHOii Tpy6l\II 113 ~IIpKaJIOfl, )l;aiKC CCJIII II HCT 

coo6op.noro npocTpancToa, np(')l;Ha3Ha'leHHoro )l;JIJI 

aanoJIHCHJJJI raaoM. DoJiee oepOJITHO, no-onp.nMo

My, TO, 'ITO paapylliCIIIIC o60JIO'IKII o6'hR:CHJICTCH 

paClliiipCHJICM IIJlU p.c<f,lopMa~ueii 01\IICHOfO TOilJIII

Ba. J1 ne 6yA;y npunnChiBaTh pa3pyrnenue A;eikT

BIIIO ra3oo6pa3HhiX HPOAYHTOB )J,eJicHna p.o TCX 

110Jl, 1101\a He OYACT ycTaHOBJICHO, 'ITO Tpy6Ka pac

lliiiJ>HCTCJI IIOA A;eiicToncM paonoMepnoro rnp.po

cTa Tli'ICCKOfO )l;aBJlCHIIH. 

Combustibles ceramicos 

Presidente: M. Sal esse (Francia) 

Documento P/543 
DISCUSI6N 

R. W. DAYTON (Estados Unidos de America): 
El Sr. Smith dice que el recubrimiento de particulas 
combustibles con BeO en fase de vapor « parece 
impracticable por razones econ6micas y por la 
dificultad de producir un recubrimiento grueso imper
meable de grano fino >>. Quisiera decir que Ia expe
riencia de Estados Unidos solo concuerda en parte 
con Ia conclusion del Sr. Smith. 

Por lo que se refiere al aspecto economico, es 
cierto que el coste del recubrimiento es elevado 

en Ia actualidad. Este elevado coste se debe principal
mente al hecho de que Ia produccion se desarrolla aun 
en pequefia escala, pero las. previsiones basadas en 
un desarrollo razonable de los procesos de recubri
miento indican que el costo de las particulas recu
biertas con BeO seni poco mayor que el costo del 
material. 

Se ha solucionado el problema de Ia impermeabili
zacion de los recubrimientos de BeO. Hoy es posible 
preparar estos recubrimientos de tal forma que sean 
impermeables a los gases de fision xenon y cripton, 
hasta el limite de medi.da de las determinaciones. 
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La cuesti6n del tamaii.o de grano de las capas de 
BeO require una contestaci6n mas amplia. El tamaiio 
de grana es un factor importante debido a su influencia 
sobre Ia resistencia mecanica y sobre Ia resistencia al 
deterioro producido por Ia radiaci6n, propiedades 
que ayudan a determinar si los recubrimientos se 
agrietaran en una irradiaci6n prolongada. Las pro
piedades de las particulas recubiertas tambien influyen 
sobre el agrietamiento de las particulas, como ha 
sido expuesto concretamente para el aluminio y para 
las particulas recubiertas con carbono pirolitico 
(vease el documento P/235). 

Empleando particulas recubiertas con BeO, con el 
diseiio 6ptimo fue posible alcanzar un grado de 
quemado del 3% a 900 °C sin fallo del recubrimiento. 
Sin embargo, aparecieron grietas en el enfriamiento 
despues de Ia irradiaci6n, lo que se supone fuera 
debido al deterioro por Ia irradiaci6n que se mani
festaba como tensiones termicas y fragilidad del 
recubrimiento de granos de gran tamaiio. 

El elevado tamaiio de grano parece ser, por lo 
tanto, el mayor problema de los revistimientos con 
BeO y se han investigado procedimientos para 
obtener un tamaiio de grano fino. En un programa 
de varios meses de duraci6n nos fue imposible 
encoptrar adiciones adecuadas para que se obtenga 
un refinado del grano. No obstante, no tenemos Ia 
impresi6n de que nuestros esfuerzos hayan agotado 
las posibilidades de este metodo de ataque. 

Dacumenta PJ832 (presentada par B. Liebmann) 

DISCUS16N 

P. MURRAY (Reino Unido): 1,Que tipo de moldes 
frios han dado agrietamiento en los ensayos de 
« fusi6n en cuenco » del carburo? En Harwell se 
ha producido material sin grietas incluso en forma 
de barras de UC - 15% de PuC de pequeiio diametro 
(1/4 in) empleando moldes frios de grafito de pared 
delgada. Nosotros encontramos este tipo de material 
mas dificil de emplear que el uc, especia\mente 
para diametros pequeiios. Tambien hemos obtenido 
UC sin grietas en moldes frios para diametros com
prendidos entre 1/4- I in, como informamos en el 
documento P/154. 

B. LIEBMANN (Republica Federal de Alemania): 
No hemos tenido problemas graves con el agrieta
miento en el intervalo de diametros comprendidos 
entre 7'4 - I in, pero las grietas vuelven a constituir 
un problema para diametros de mas de I in. Hemos 
colado en moldes frios de paredes delgadas y en 
moldes precalentados, como describimos en Ia 
memoria, pero no estoy seguro de si el problema de 
las grietas en diametros grandes puede solucionarse 
recurriendo exclusiv:;1mente a un proyecto adecuado 
de Ia lingotera y a un precalentamiento. 

Para contenidos de carbono de 4,6 a 4,7% en peso, 
encontramos menor tendencia al agrietamiento que 
para 4,8 % en peso en adelante. Ademas, parecen 
tener influencia en el agrietamiento algunas impurezas 

no definidas todavia. Actualmente estamos estudiando 
este problema. 

La mayoria de las grietas no son perceptibles 
despues de colar. Solamente despues del rectificado 
completo de Ia superficie, operaci6n obligada por las 
especificaciones, se hacen visibles todas las grietas. 
No se, y probablemente nadie lo sabe, que perjuicio 
representan estas grietas para el funcionamiento de 
los elementos de UC en el reactor. De acuerdo con las 
especificaciones presentes, se rechazaron incluso las 
coladas que presentaban pequeii.as grietas. El cambio 
de las especificaciones puede ser una soluci6n al 
problema. 

H. PEARLMAN (Estados Unidos de America): La 
fusi6n en arco y colada es el principal metodo 
empleado en los Estados Unidos para preparar 
lingotes de monocarburo de uranio, pero como 
puede verse en Ia figura 2 del documento P /234, el 
procedimiento difiere en algunos detalles del descrito 
en esta memoria. El contenido de carbono, segun 
se especifica, es de 4,4 a 4,8 % en peso y se controla 
mediante un plan de muestreo estadistico. Alrededor 
del 84 % de todas las hornadas han cumplido esta 
especificaci6n. 

l Cual es el material del electrodo en su proceso 
de fusi6n de carburo de uranio? 

B. LIEBMANN (Republica Federal de Alemania): 
Empleamos un electrodo de grafito. Con atmosfera 
de arg6n y control adecuado del arco por una bobina 
magnetica, se han usado electrodos basta 50 opera
ciones de fusi6n antes que fuera necesario su reem
plazo. En vacio, los electrodos hubieron de ser reem
plazados despues de 10 a 20 operaciones. 

D. 0. PICKMAN (Reino Unido): Se puede emplear 
uo2 fundido y molido 0 uo2 sinterizado y molido 
como material de alimentaci6n para la vibro-com
pactaci6n. Vd. seiiala que una ventaja del U02 

fundido es un reciclado menor del material molido. 
l Puede V d. decirme si existen otras ventajas y cuales 
son los costos comparativos? 

B. LIEBMANN (Republica Federal de Alemania): 
Estamos desarrollando metodos para Ia fabricaci6n 
de los dos tipos de material de alimentaci6n para 
el vibro-compactado, el fundido y molido y el sin
terizado y molido, pero es muy pronto para establecer 
comparaciones entre los costos. 

Dacumenta PJ634 (presentada par M. E. A. Hermans) 

DISCUSI6N 

D. E. FERGUSON (Estados Unidos de America): 
El Sr. Hermans ha descrito un proceso sol-gel para 
preparar pequeiias particulas esfericas de mezclas 
de 6xidos de torio y uranio. Mi comentaJ;"iO pretende 
confirmar su afirmaci6n de que tal procedimiento 
puede ser empleado para particulas mayores y que 
esto puede trasladarse al plano industrial para Ia 
fabricaci6n a distancia de muchas formas de com
bustibles ceramicos. 
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En nuestra labor hemos llegado a preparar micro
esferas tanto de oxido como de carburo para Iuego 
llenar tubos de metal por compactado vibratorio 
y hemos aplicado el proceso a Ia plutonia y a Ia 
mezcla de toria-plutonia. 

La aplicacion mas avanzada en nuestro programa 
de desarrollo es Ia preparacion de oxidos de Th-233U 
mezclados para cargar tubos combustibles por 
compactado vibratorio. Una tonelada de este com
bustible se ha preparado y cargado en tubos de 
Zircaloy de 40 in por 1/2 in, en Ia Kilorod Facility 
del Oak Ridge National Laboratory. Estas instala
ciones incluyen equipos de soldadura y operacion 
a distancia para Ia preparacion de Th02-U02 por 
procesos de sol-gel, preparacion del polvo por 
molienda y clasificacion, carga de los tubos de 
Zircaloy por compactado vibratorio y soldadura e 
inspeccion del elemento terminado. Despues de corre

. gir difi.cultades mecanicas iniciales, se consiguio 
establecer una fabricacion normal, al 90 % de Ia 
capacidad de Ia instalacion y menos del 3 % de los 
elementos eran rechazados para ser reciclados a 
causa de defectos en Ia densidad. 

Nosotros preparamos microesferas mayores (50-
2 000 !J.) por dispersion del sol en un disolvente 
org{mico tal como el 2-etil-hexanol, en el cual el 
agua es moderadamente soluble. El sol, aun en 
forma de gotas esfericas, es transformado en gel 
solido por extraccion del agua de Ia fase disolvente. 
Introduciendo particulas pequefias de carbon en 
el oxido sol, se puede preparar una mezcla de gel de 
oxido-carbon. Despues de un secado, estos geles 
pueden reaccionar en argon a unos I 750 °C para 
dar carburo de alta pureza. Mezclas de dicarburo 
de torio-uranio se han preparado de esta manera 
con una densidad de 8,9 gjcm3 y suficiente pureza 
para ser empleado en el reactor. 

En conclusion, debido a su flexibilidad y facilidad 
de adaptacion, creemos que el proceso sol-gel pro
mete llegar a ser un Iiletodo casi universal de prepa
racion de materiales cenimicos para combustibles de 
reactores nucleares. 

Documento P/703 (presentado por V. Pravdic) 

DISCUSI6N 
M. Y. FARAH (Republica Arabe Unida): z.Consi

dera V d. que los procesos de preparacion en humedo 
de di6xido de uranio en medios alcalino y acido, 
empleando hidracina, un metal reductor o un proceso 
electrolitico, puedan llegar a ser competitivos con los 
metodos por via seca para preparar U02, particular
mente teniendo presente Ia pureza nuclear, especifica
ciones y propiedades? 

V. PRAVDIC (Yugoslavia): Hay que tener presente 
que las caracteristicas de los precipitados (especial
mente el U02) obtenidos por via humeda son dife
rentes de las caracteristicas de los polvos obtenidos 
por via seca. La diferencia mas acusada es que Ia 
superficie especifica del polvo obtenido por via 
humeda puede ser un orden de magnitud mayor que 
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Ia de los polvos obtenidos por metodos clasicos en 
seco. La competencia de los metodos en humedo 
puede ser evaluada al considerar el ciclo completo 
de producci6n, basado sobre las especiales carac
teristicas del material requerido. No existen problemas 
graves en controlar Ia pureza de las soluciones 
acuosas. 

Como ya informe*, los resultados de los experi
mentos de sinterizacion fueron prometedores. El 
polvo, seco, era piroforico. Sin embargo, el caracter 
piroforico se inactiva por absorcion de carbonato 
amonico y el producto puede ser introducido facil
mente en el proceso si se toman ciertas precauciones. 

Documento P/155 (presentado por L. E. J. Roberts) 

DISCUSI6N 
E. A. EvANS (Estados Unidos de America)**: z,Es 

posible que algunas de las diferencias entre los 
valores publicados de Ia conductividad termica del 
uo2 a alta temperatura sean debidas a cambios en 
estequiometria del oxido que se produzcan en 
muestras irradiadas en vainas tales como zirconio 
y que no se produzcan en sus muestras irradiadas 
en acero inoxidable o niquel? 

L. E. J. RoBERTS (Reino Unido): En experimentos 
realizados hasta hoy no hemos encontrado que una 
reduccion por debajo de Ia composici6n estequio
metrica origine ninguna diferencia significativa en Ia 
conductividad termica del uo2 policristalino no 
irradiado. Por lo tanto, no estamos en situacion de 
comentar sobre Ia posibilidad mencionada por el 
Dr. Evans, si bien estamos de acuerdo en que Ia 
composicion de las barras de uo2 irradiado en vaina 
de zirconio puede bien diferir del uo2 irradiado en 
acero inoxidable, particularmente en las regiones de 
temperatura elevada. 

Documento Pf233 (presentado por S. Naymark) 

DISCUSI6N 
P. MURRAY (Reino Unido): Aun despues de tener 

en cuenta los considerables datos presentados, parece 
existir alguna duda en Ia elecci6n del material de 
vaina para los elementos combustibles del BWR, 
debido al agrietamiento del acero inoxidable cuando 
se emplea en vaina delgada. Se ha introducido un 
nuevo aspecto con el empleo de Incoloy en lamina 
delgada en Iugar de Zircaloy, que parece ser interesante 
como eleccion posible frente al acero inoxidable. 
Los tres puntos especificos de interes son: agrieta
miento del acero inoxidable en lamina delgada, posible 
fragilizacion del Incoloy por irradiaci6n, y ataque 
interno (atribuible al yodo) que da Iugar en ciertas 
condiciones a defectos del tipo « picadura de alfiler » 
en el Zircaloy. 

z,Puede Vd. decir si se ha hecho o es posible hacer 
algtin intento en este sentido? 

*New Nuclear Materials Including Non-Metallic Fuels, 
OlEA, Vol. I, pp. 55-63, Viena (1963). 

** Esta pregunta no se hizo durante la sesi6n. 
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S. NAYMARK (Estados Unidos de America): En el 
proyecto de combustible para los reactores de agua 
hirviente que se construin1n dentro de pocos afi.os, se 
considera en un primer termino como material de vaina 
el Zircaloy-2. Esta seleccion se basa en la informacion 
actual sobre la operacion y el desarrollo, que indica 
que (para barras de 0,5 in de diametro aproximada
mente) con flujos termicos de 500 000 Btujft2 h, 
y para una vida del reactor de unos 3 afi.os, la capa 
del oxido producido por corrosion no sera mayor de 
I x 10-3 in aproximadamente (vease la seccion de 
Ia memoria relativa a Ia corrosi~n); el hidrogeno 
recogido en una capa de un espesor de 0,030 in de 
Zircaloy-2 es del orden de 100 ppm, y las propie
dades fisicas a la temperatura de operacion son las 
adecuadas (veanse las secciones sobre la estabilidad). 
Ademas, para la fkdB correspondiente .a este nivel 
de operacion, los ensayos a largo plazo no han 
permitido hallar indicios de ataque por yodo de 
fision en el interior de las vainas. 

Como un apoyo al empleo del Zircaloy, los ensayos 
sobre el Incoloy se han suspendido, asi como las 
aplicaciones a combustibles sobrecalentados. Por lo 
menos las barras de Incoloy delgadas y sujetas han 
dado un resultado de operacion satisfactorio para 
flujos termicos de 500 000 Btujft2 h tanto en agua 
sobrecalentada (temperatura de vaina 1 100- 1 300 °F) 
y agua hirviente (temperatura de vaina de 600-650 °F) 
aplicadas a combustibles con un quemado de unos 
3 500 MWd/t. Se continuan los ensayos. 

Se espera que el trabajo de desarrollo posterior 
sobre Zircaloy e Incoloy conduzcan a un mejor 
comportamiento termico y mayor duracion. 

H. MoGARD (Suecia): ~ Se reducira el coste de 
fabricacion en el futuro gracias al empleo de elemen
tos combustibles tubulares no segmentados de 
grandes diametros (por ejemplo, con diametro 
exterior = 4 in, diametro interior = 3 in)? 

S. NAYMARK (Estados Unidos de America): Los 
combustibles de diametros elevados, bien sean 
barras o anillos, permiten reducir los costes de 
fabricacion expresados en dolares por libra de uranio. 
No obstante, los costes de fabricacion son solamente 
parte de los costes del ciclo de combustible, dejando 
aparte los costes de instalacion, que son el com
ponente principal del costo de potencia total. 

Una razon basica para adoptar los reactores de 
agua ligera es reducir el coste de la potencia mediante 
el empleo de nucleos de alta densidad de potencia 
(kW/litro). En consecuencia, se procura que exista 
Ia mayor superficie posible de elementos en el nucleo. 
El proyecto final es por consiguiente un compromiso 
entre el combustible de pequefi.o diametro para elevada 
densidad de potencia (elevados costes de fabricacion, 
pero mas bajo coste de inversion) y el combustible 
de diametro elevado (bajos costes de fabricacion, 
pero gran tamafi.o del nucleo, tamafi.o de la vasija 
de presion, eoc.). Para reactores de agua ligera hir
viente, los mejores resultados economicos se obtienen 
actua-lmente con barras combustibles de 0,4 in y 

0,6 in de diametro exterior. Para reactores de agua a 
presion, el diametro optimo es ligeramente menor. 
Se han estudiado los elementos tubulares, pero no 
presentan ventajas comparados con las barras com
bustibles para reactores de agua ligera. 

D. 0. PICKMAN (Reino Unido)*: ~Cual fue la 
causa del arqueamiento mecanico que se presento 
como la razon de algunos fallos en los elementos 
combustibles en Dresden? Querria conocer que 
forma presento esta rotura (por ejemplo si eran 
grietas longitudinales) y ~en que posicion respecto 
al eje ocurrio Ia averia? 

~ Querria V d. indicarme tambien si se observo 
ataque por yodo en el interior de la superficie de 
las vainas de Zircaloy-2? Seria interesante saber si 
las vainas de aleacion de zirconia constituyen una 
trampa real para el yodo. 

Finalmente ~puede Vd. decirme si el deposito 
de sustancias extrafi.as h;:t sido un problema en los 
elementos combustibles de Dresden y si este deposito 
es mayor en la region de franca ebullicion? 

S. NAYMARK (Estados Unidos de America): No 
hemos apreciado ataque quimico alguno en la 
superficie interna de la vaina de los combustibles de 
Dresden ni del VBWR que sea achacable al yodo 
o a cualquier otra causa a pesar de estar sometidos 
a flujos termicos superiores a 500 000 Btu/ft2 h y 
tener diametros exteriores mayores que 0,56 in. 

En algunos de los elementos formados de pastillas 
envainadas en Zircaloy, estudiados en el programa 
en gran escala del uo2 en circuito a presion del 
GETR, a la potencia termica fkdB de cerca de 
200 W /em, se ha comprobado un ataque quimico 
en el interior de Ia vaina, junto a la superficie de 
contacto con la pastilla. Este ataque puede ser 
debido al yodo radiactivo. La potencia termica de 
esta prueba fue aproximadamente tres veces superior 
a la que se hace hoy dia en el disefi.o de combustibles. 
Actualmente se llevan a cabo investigaciones detalla
das sobre las causas de este ataque y modos de 
corregirlo. El empleo de combustibles de polvos 
capaces de ser compactados, con pequefi.os huelgos 
entre la vaina y el combustible, tal como ocurre 
cuando se emplea pastillas, parece ser el medio de 
superar esta dificultad. 

El deposito de materias extrafi.as no ha sido pro
blema para los elementos combustibles de Dresden, 
pues no lo hubo en las zonas del agua, del vapor, ni 
del agua-vapor. 

Dedujimos que la deformacion fue debida a la 
relajacion de las tensiones del tubo que trabaja a la 
temperatura del reactor durante largos periodos, 
puesto que experimentos semejantes fuera del reactor, 
en un autoclave, dieron una deformacion similar. 
No se habian eliminado las tensiones internas en el 
tubo despues de su fabricacion. Los fallos tenian la 
forma de superficies circulares locales muy corroidas 
y con gran cantidad de hidruros que creiamos que 

• Estas preguntas no se hicieron durante Ia sesi6n. 
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se debian al contacto del tubo con la pared del canal 
y a una refrigeracion insuficiente. La rotura estaba 
situada entre los separadores axiles. 

R. J. HASLAM (Reino Unido)*: z.Que cambios se 
han hecho en el proyecto del elemento combustible 
para evitarle las roturas debidas a la curvatura de 
la barra del combustible y por cuanto tiempo podria 
continuar trabajando normalmente el reactor de 
potencia BWR con el combustible defectuoso? 

S. NAYMARK (Estados Unidos de America): Se 
ha incrementado el numero de separadores entre 
las barras de tal forma que haya un numero mayor 
de elias por unidad de longitud de la barra y se han 
eliminado tensiones del tubo despues de su fabrica
cion, que eran causa de fluencia de deformacion con 
el tiempo. 

El combustible defectuoso se ha empleado en el 
reactor BWR algo mas de un aiio despues de notarse 
los primeros defectos, sin que se haya presentado 
ningun problema en la operacion ni tampoco hayan 
aparecido efectos posteriores en el sistema al quitar 
la barra defectuosa. 

Documento P/240 (presentado por T. J. Pashos) 

DISCUSI6N 
R. DELMAS (Francia): En algunos proyectos de 

nucleos de reactores, el incremento de la potencia 
especifica de los elementos combustibles de uo2 
esta limitado por la presion de los gases de fision 
desprendidos en las partes calientes del combustible. 

Particularmente en el EL-4, parte del U02 estara 
probablemente por encima de 1 800 °C, por lo que 
resulta necesario evaluar la importancia del fenomeno 
por encima de esa temperatura. Los autores del 
documento P/240 dicen que el 100% de la cantidad 
formada se desprende bajo estas condiciones. 

En Francia, hemos llevado a cabo pruebas en las 
cuales se sometia a calentamiento isotermico pequeiias 
muestras de uo2 en un flujo de neutrones y los gases 
desprendidos eran recogidos y analizados. 

A temperaturas de 1 850 y 2 000 °C, hemos obser
vado que solamente parte de los gases nobles se 
desprende del U02 ; a 1 850 °C, cerca del 7% del 
135Xe y del 85Krm con U02 sinterizado; a 2 000 °C, 
20-25% del 135Xe y del 85Krm con U02 sinterizado; 
y aproximadamente 4 % del 135Xe y del 85Krm con 
U 0 2 en monocristales. 

T. J. PAsHos (Estados Unidos de America): Se 
dijo en la memoria que las medidas de los gases de 
fision desprendidos del uo2 entre 1 650 y 1 800 °C 
varia ban de 1 a 100 %. Por encima de 1 800 °C, se 
desprendia mas 0 menos la totalidad de los gases de 
fision. 

El Sr. Delmas nos informa acerca de valores 
mas bajos del gas desprendido a temperaturas de 
2 000 °C, pero estos valores se refieren a condiciones 
isotermicas. Parece probable que los valores medidos 

• Esta pregunta no se hizo durante Ia sesi6n. 
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en una verdadera barra de combustible cilindrica 
sean mas altos que en unas muestras tratadas isoter
micamente a causa de los efectos del gradiente de 
temperatura sobre el desprendimiento de los gases de 
fision. 

J. F. W. BISHOP (Reino Unido): En Ia seccion de 
su memoria relativa al combustible de Pu02-U02, 

los autores establecen que se produce un incremento 
del 13 % en Ia longitud del combustible activo en una 
muestra tomada a 2,7 x 1020 fisionesjcm3• Creo que 
ya se han des9rito alargamientos algo mas pequeiios, 
aunque muy significativos, en combustibles a base de 
pastillas o de polvo compactado por forjado rota
torio en esta serie de irradiaciones. Puesto que el 
proyecto de combustibles en barras de poco diametro 
mantiene el combustible entre topes rigidos z.significa 
esto que las vainas se alargaron? y si ocurrio asi l. se 
confirmo esta tension axil midiendola? 

T. J. PAsHos (Estados Unidos de America): 
Recuerdo que el incremento de la longitud del com
bustible mencionado en mi memoria ocurria en la 
columna de pastillas dentro de la vaina y que la 
variacion se detectaba por medio de una exploracion 
gamma en muestras irradiadas. Sin embargo, le 
recomiendo que consulte las referencias [29] y [30] del 
trabajo original para obtener contestacion exacta 
a su pregunta. 

E. VANDEN BEMDEN (Belgica): l. Se puede deducir 
ahora que Ia perdida de oxido procedente de reventar 
una barra de polvo compactado es mayor que Ia 
procedente de una barra con pastillas? 

T. J. PASHOS (Estados Unidos de America): Las 
experiencias de irradiacion demuestran que no hay 
diferencias aparentes, con relacion a las perdidas 
de material combustible procedente de una barra de 
combustible defectuosa, entre barras con polv'o 
compactado de U02 y barras con pastillas de U02• 

Unas barras de polvo compactado con defectos 
hechos a drede, consistentes en pequeiios agujeros 
y ranuras largas en la vaina (0,020 in de anchas por 
0,500 in de largas), fueron irradiadas en el VBWR, 
resultando que las perdidas de material no fueron 
detectables. Una barra de combustible de polvo 
compactado, con vaina de acero inoxidable que 
tenia una larga hendedura de 6 in de larga, se vio 
que habia perdido una cantidad de uo2 despreciable. 

Parece que cuando una barra combustible con polvo 
compactado se somete a irradiacion hay una sinteri
zaci6n verdadera o ligazon de las particulas del polvo 
entre si como resultado del calentamiento microsco
pico en las espigas producido por la fision. 

B. R. T. FROST (Reino Unido)*: Se establece en 
la memoria que el UC tanto hipo como hiper
estequiometrico se hincha mas que el uc estequio
metrico. Se comprende el papel del uranio libre 
acelerando el hinchamiento de UC, pero z.cual es 
la causa del efecto similar cuando el UC contiene 

• Esta pregunta no se hizo durante Ia sesi6n. 



582 RECORD OF SESSION 2.2 COMPTE RENDU DE LA SEANCE 2.2 

exceso de carbono? Nuestros experimentos en Harwell 
tienden a demostrar mayor hinchamiento en UC + U 
que en UC + UC2, y estas observaciones se llevan 
a cabo mediante estudios con e1 microscopio elec
tronico de Ia formacion de burbuja en UC, UC2 y U. 

T.). PAsHos (Estados Unidos de America): Le 
sugiero que consulte las referencias [38, 39 y 41] 
de Ia memoria para ampliar los detalles del metodo 
empleado para determinar el comportamiento del 
hincbado de los carburos bipo e biperestequiometrico. 
Los cambios de volumen descritos en Ia memoria 
se derivan de medidas fisicas directas de elementos 
combustibles irradiados. Es posible que algunos de 
los incrementos de volumen medidos para elementos 
combustibles que contengan UC con estequiometria 
elevada sean debidos a un cracking del material 
combustible a temperaturas altas. 

Documento P/338 (presentado por V. M. Golyanov) 

DISCUSI6N 
L. E. J. ROBERTS (Reino Unido): La naturaleza 

general del fenomeno observado por V d. parece 
similar a Ia que observamos nosotros con el microsco
pio electronico por transmision y de Ia cual informa
mos en el documento P/155. ;,Cree Vd. que los 
defectos luminosos, de 10 A de diametro, que Vd. 
observo en el recocido, son en efecto pequefias 
burbujas de gases de fision, como nosotros obser
vamos en tamafios algo may ores? 

V. M. GoLYANOV (URSS): Los defectos luminosos 
fueron demasiado numerosos para ser burbujas 
de gases de fision; ademas su numero correspondia 
al de fisiones (vease el penultimo parrafo de Ia sec
cion titulada Resultados). 

Documento P/17 (presentado por j. A. L. Robertson) 

DISCUSI6N 

J. F. W. BISHOP (Reino Unido): Vd. establece 
en Ia memoria que ba formulado un nuevo metodo 
para predecir el gas desprendido del U02• ;,De que 
modo tiene Vd. en cuenta las variaciones de irradia
cion para el combustible; tiene en cuenta el modelo, 
Ia exposicion total y basta que punto son anomalos 
los 15 ·resultados que no estan de acuerdo con las 
predicciones? 

W. B. LEWIS (Canada): Si se me permite que 
responda a esto en nombre de los autores dire que 
ba sido posible mejorar Ia correlacion empirica 
desde que se escribio Ia memoria. La correlacion 
predice un desprendimiento medio de gas a partir 
de los datos de Ia densidad del oxido inicial, de Ia 

/

·maximo 

potencia termica ( A.d8 ) y del tiempo de irradia-
• superficie 

cion o el grado de quemado final, y se aplica al 
combustible en forma de barras de oxido de densidad 
superior a 10 gjcm3, con vaina metalica y refrigerado 
por agua. Sin ninguna excepcion, el desprendimiento 
de gas observado en 83 casos no sobrepaso Ia media 

prevista en mas del 5 % del total de los gases de 
fisi6n producidos. Las observaciones incluyen un 
numero de irradiaciones de aproximadamente 8 000 

MWdjt U y escapes basta 40% a JA.d8 = 87 W/cm. 
400oC 

Notese que Ia prediccion muestra que Ia fraccion de 
gas desprendido crece con el consumo del combustible, 
como era de esperar, teniendo en cuenta el retraso 
inicial debido al gas atrapado temporalmente en los 
vacios y agrupaciones de vacantes (discutido en el 
documento P/19). 

J. M. LEBLANC (Belgica)*: Puesto que el U02 y 
el U02-Pu02 se bacen plasticos a temperatura 
bastante baja, i, como calcula V d. Ia tension pro
ducida en Ia vaina por Ia expansion termica del 
combustible? 

J. A. L. ROBERTSON (Canada): Nosotros estimamos 
Ia tension en Ia vaina durante Ia irradiacion, midiendo 
Ia deformacion despues de Ia irradiacion. Asi por 
ejemplo, si Ia vaina muestra deformacion apreciable, 
pero no se ba rota, deducimos que Ia tension ba exce
dido el limite de fluencia a Ia temperatura apropiada, 
pero ba sido inferior a Ia carga de ruptura. Esta 
aproximacion excluye el efecto de Ia irradiacion 
sobre Ia resistencia de Ia vaina, pero en Ia mayor 
parte de los experimentos Ia deformacion ocurre al 
comienzo de Ia irradiacion, antes de que se acumule 
un deterioro apreciable. 

P. MURRAY (Reino Unido): En Ia prueba compara
tiva dentro del reactor con uo2 estequiometrico y 
U02 bipoestequiometrico ;,no esperaria Vd. de las 
pruebas del laboratorio que Ia diferencia en conduc
tividad termica se manifestara inmediatamente mas 
bien que despues de 1019 fisionesjcm3 como Vd .. ha 
informado? 

J. A. L. ROBERTSON (Canada): La temperatura 
central del U02_x fue inferior a Ia del UOzp 
(en unos 50 oc operando a 900 °C) incluso al comienzo 
de Ia irradiacion. Sin embargo, Ia diferencia crecio 
con Ia ex posicion hasta que fue de 150 °C a 1 100 °C 
al final de un ensayo de un mes. Todavia no podemos 
ofrecer una explicacion detallada de estos resultados, 
pero nos parece que los siguientes puntos son signi
ficativos. 

Durante Ia puesta en marcba y las paradas a lo 
largo de Ia prueba, todos los combustibles fueron 
irradiados a temperatura:s inferiores a Ia temperatura 
normal de operacion. Sabemos, de acuerdo con las 
referencias [16; 17 y 19] y con el documento P/155 
del Reino Unido, que la conductividad del uo2+X 
babria sufrido algun deterioro por irradiacion. 

A partir de algunas medidas complementarias de 
propiedades electricas, se deduce que en el U02_,, 
segun se fabrica, un exceso de uranio queda « tem
plado » en la red del U02. Si se recuece a tempera
turas inferiores a 1 500 °C fuera del reactor, pro
bablemente precipita el exceso de uranio sobrante. 

* Esta pregunta no se hizo durante la sesi6n. 
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Sin embargo, dentro del reactor el uranio puede 
disolverse y homogeneizarse la estructura, de la 
misma manera que se ha visto que ocurre en las alea
ciones de uranio-molibdeno. 

La temperatura de refrigeracion se elevo unos 
100 °C aproximadamente bacia la mitad del periodo 
de irradiacion y en consecuencia la temperatura del 
combustible se elevo tambien. · 

Si consideramos estos hechos, yo no esperaria 
una concordancia exacta con cualquier resultado de 
irradiacion previo, y desde luego con ensayos de 
laboratorio. 

Documento P/19 (presentado por W. B. Lewis) 

DISCUSI6N 
S. NAYMARK (Estados Unidos de America)*: En 

los experimentos hechos por Reynolds**, la presion 
medida dentro de la vaina del combustible crecio 
linealmente con el grado de quemado del com
bustible. Si hubiera cualquier absorcion apreciable 
de xenon por el uo2 z,se estabilizaria la presion del 
gas de fision o bien disminuiria? 

W. B. LEWIS (Canada): La magnitud de la absor
cion del xenon por U02, producida por la irradiacion, 
que hacemos constar en los experimentos descritos 
en nuestra memoria no es tan grande como la descrita 
en el experimento de Reynold. Las presiones que 
alcanzo no sobrepasaron las 15 atmosferas aproxima
damente y bubo un relleno inicial de gas. 

En los experimentos a que se refieren la figura 6 y 
la tabla 2 de nuestra memoria, la inftuencia de la 
densidad del oxido (o area de la superficie expuesta) 
y el tiempo de irradiacion hacian imposible predecir 
con cualquier seguridad que cantidad de gas de 
fision hubiera quedado atrapado en el experimento 
de Reynold. Sin embargo, bajo las condiciones 
descritas, la reabsorcion no hubiese cambiado la 
presion del gas en mas del 10 % y en consecuencia 
no se habria detectado. 

Otro experimento, semejante al Pellet Rod Mk IX 
discutido en la penultima seccion de nuestro docu
mento, se encuentra ahora en marcha. La presion 
del xenon natural con el que inicialmente se habia 
rellenado el elemento alcanzo dentro del reactor 
150 atm aproximadamente, pero despues disminuyo 
en un 20 %- El decrecimiento se atribuye en parte a la 
distension de la vaina por el hinchado termico del 
oxido y en parte a la absorcion de gas. No se obser
varon fugas. 

• Esta pregunta no se hizo durante Ia sesi6n. 
• • Referenda [29] del documento. 
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Me gustaria aiiadir algo por mi cuenta: N osotros 
explicamos en esta memoria que el comportamiento 
del gas de fision es complejo, pero existen unos 

· limites con respecto al perjuicio que puede ocasionar. 
z,Puede alguieri dar detalles sobre la rotura del com
bustible de Dresden (U02 envainado en Zircaloy) 
que se atribuyo en el documento P/205* a un espacio 
insuficiente para albergar los gases de fision, cuando 
yo encuentro tal rotura incompatible con el compor
tamiento observado de los gases de fision? 

S. NAYMARK (Estados Unidos de America): De 
un total de 50 000, dos de los segmentos combustibles 
tuvieron fracturas debidas probablemente al exceso 
de presion causado por el desprendimiento del gas 
de fision. En alguno de los segmentos de Dresden 
construidos para la primera carga, no se reservo 
espacio para la acumulacion de gas de fision. La 
naturaleza de las dos fracturas indicaba la posibilidad 
de que la rotura de la vaina podia haber sido causada 
por la presion interna. Sin embargo, no se pudo 
determinar la causa con certeza. ' 

Debe observarse, como seiiale, que las medidas, 
hechas en el reactor por Reynold, de la presion 
interna generada en un elemento combustible mostra
ban un incremento lineal de la presion en funcion 
del grado de quemado del combustible. Esto parece 
indicar la existencia de ciertas condiciones de trabajo, 
en las cuales no se produce la absorcion de xenon 
por la estructura del U02, o caso de producirse, es 
muy pequeiia. Este hallazgo podria disipar algunas 
dudas en cuanto a la universalidad de la manifestacion 
hecha por el Dr. Lewis en su pregunta. Tambien 
es interesante indicar que, practicamente, en la 
actualidad, todos los proyectos de combustible 
llevados a cabo por los diferentes paises reservan 
espacio para los gases de fision. 

W. B. LEWIS (Canada): El Sr. Naymark no ha 
contestado a algunos de los puntos. Para barras de 
oxido, envainado en Zircaloy, refrigeradas por agua 
hirviente o sin hervir e irradiadas a menos de 30 000 
MWd/t sin que se alcance la fusion en el centro, Ia 
cantidad de gas desprendido que se observa no 
produce la rotura de un tubo de Zircaloy que se 
encuentre en buenas condiciones, incluso si no existe 
espacio para alojar el gas de fision. Parece mas 
logico que la rotura se deba a la dilatacion o a la 
deformacion del oxido. Yo ~ atribuyo la fractura 
al gas de fision a menos que el tubo muestre clara
mente haberse dilatado por una presion hidrostatica 
uniforme. 

• Estas aetas, Vol. 5, sesi6n 1.2. 
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