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PROGRESS ON THE DEVELOPMENT OF 
URANIUM CARBIDE-TYPE FUEL MATERIALS 

P h a s e I Report on AEC Fue l -Cyc le P r o g r a m 

Edited by Frajok A. Rough and Walston Chubb 

This report covers the first 6-month period of a 2-1/2-Year program for the development 
of uranium monocarbide on the AEC Fuel-Cycle Development Program. It has been confirmed 
that uranium monocarbide can be prepared by reacting uranium metal powder imth methane at 
about 650 C, and that sintered carbides of greater than 90 per cent of theoretical density can be 
made. The cast density of carbides has been found to vary from 13.56 g per cm"^ for UC to 
11.7 g per cm"^ for VC^. The electrical resistivity of cast carbides has been found to vary from 
about 40 microhm-cm for UC to about 90 microhm-cm for I'Cn- About 500 ppm of iron or silicon 
has been found to decrease the quality of arc-melted castings of uranium monocarbide. Oxygen 
reacts with molten carbide to produce metal and carbon monoxide. Nitrogen seems to react 
with molten carbide to displace carbon from the monocarbide and produce some dicarbide. 
Diffusion rates in the carbides have been found to be appreciable at 1600 C (D = 3.6 x 10~^ 
cm2 per sec) and very rapid at 1980 C (D = 2.2 x 10'^ cm? per sec). The activation energy for 
diffusion in this system is very high (92,000 cal per mole). 

Additional studies are in progress to determine suitable chemical methods of preparing 
carbides from available raw materials, to develop techniques for making high-density compacts 
of carbide powder, to cast large shapes of carbide by melting techniques, to measure the 
mechanical and physical properties of cast uranium carbide and its alloys, to determine the 
chemical compatibility of carbides with various metals and reactor coolants, and to obtain 
information on the mechanism by which carbide-type compounds are damaged by fission fragments 
during neutron irradiation. 

I N T R O D U C T I O N 

Uranium monocarb ide is being developed as a ce ra in ic - type n u c l e a r - r e a c t o r fuel 
having many potent ia l economic advantages over uranii im dioxide. Uranium mono­
carbide is cons iderably m o r e dense than u ran ium dioxide and appea r s to have s i m i l a r 
r e s i s t ance to i r r ad i a t i on damage . Uranium, monocarb ide m a y be cas t f rom the mol ten 
state5 and the product has a t h e r m a l conductivity far g r e a t e r than that of uranixim di ­
oxide. The tendency of the carb ide to oxidize at high t e m p e r a t u r e s and to r eac t with 
wate r prohibi ts i ts use in r e a c t o r s using water or oxidizing coolants^ but this p rope r ty 
does not se r ious ly in te r fe re with i ts manufac ture or handling in m a s s i v e foi*m. The p r e s ­
ent p r o g r a m of r e s e a r c h is intended to remove a ma jo r obstacle to the ut i l izat ion of 
carb ide as a r e a c t o r fuel: the lack of p r e c i s e product ion and p r o p e r t y information con­
cerning it. 

Until ve ry recent ly s tudies of the u ran ium carb ides have been m o r e or l e s s of an 
academic nature(l"19)_ However^ within the l a s t 3 y e a r s s tudies have demons t r a t ed that 
u ran ium carb ides can be me l t ed by s tandard a r c - m e l t i n g techniques '^^" '^^ ' and cas t with 
suitable e q u i p m e n t ' ^ ' . The exis tence of m a s s i v e cas t ings of u ran ium carb ide has 
stimxilated a t r emendous i n t e r e s t in i ts p r o p e r t i e s as a potent ial r e a c t o r fuel m a t e r i a l 
and has provided a suitable m a t e r i a l upon which these p r o p e r t i e s can be de te rmined 
with accuracy . The p r e s e n t r e s e a r c h p r o g r a m is a logical outgrowth of the foregoing 
s t ud i e s , and cons i s t s of r e s e a r c h and development efforts in five r e l a t ed a r e a s of 
i n t e r e s t . 

(1) References at end. 
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F o r pu rposes of admiai s t r a t i on and r e p o r t i n g , the n s s e a r c h p r o g r a m has been 
divided into t h r e e pe r iods : 6 montha^ 1 year^ and 1 yea r iii cuiiseciitive o rde r . This 
r e p o r t covers the r e s e a r c h per forp ied in the ini t ial 6-mori(Ji period^ designated Phase I. 
R e s e a r c h in al l five a r e a s was init iated during P h a s e I., and r e s e a r c h in a l l five a r e a s 
will continue as pla.imed through P h a s e II, The five arfea,s ol r e s e a r c h a r e : 

(1) An invest igat ion of techniques and reac t ions by v/hicli dense bodies of 
u ran ium ca rb ides can be p r e p a r e d other than by mel t ing techniques . 
This p a r t of the p r o g r a m is d i rec ted toward producing m o r e economical 
u ran ium carb ide po'wder than can be p r e p a r e d by d i rec t r eac t ion of 
uraniium m e t a l and carbon; and it is d i rec ted toward s imultaneous or 
s epa ra t e product ion of dense carb ide bodies . It is expected that sufficient 
informat ion will have been accumula ted on this p a r t of the p r o g r a m to 
conclude the r e s e a r c h effort nea r the end of Phase II. 

(2) Developnnent of equipment and techniques for cas t ing u ran ium carb ides 
of var iab le s ize and shape and of reproducib le quality and alloy content. 
This p a r t of the p r o g r a m is intended io r e su l t in fur ther development 
of u ran ium carb ide cas t ing equipment so a,s to make the p r o c e s s m o r e 
ve r sa t i l e and r e l i ab le . In. addition^ this r e s e a r c h effort is e3q»ected to 
evaluate raw m a t e r i a l s and the effects of impur i t i e s and alloy additions 
upon the quali ty of cas t ings . 

(3) Dete rmina t ion of the phys ica l and mechan ica l p r o p e r t i e s of u ran ium 
carb ides as influenced by composifcion and p roces s ing v a r i a b l e s . The 
effect of impur i t i e s^ ca rbon content,, alloy add i t ions , and heat t r e a t m e n t 
will be m e a s u r e d in t e r m s of sui table p r o p e r t i e s . More detai led 
engineer ing p r o p e r t i e s such as t h e r m a l conductivi ty, s t r eng th , t h e r m a l 
expans ion , specific h e a t , t h e r m a l - s h o c k r e s i s t a n c e , e las t i c modu lus , 
and compat ibi l i ty with m e t a l s , f lu ids , and gaseous med ia a r e to be 
de te rmined on u ran ium monocarb ide and on any al loys of uraniujxi 
monocarb ide that show spec ia l p r o m i s e . 

(4) Studies of the r a t e s of self-diffusion and in te r diffusion of uranixrrn and 
carbon in uranium monoca rb ide . These s tudies a r e intended to provide 
a bas ic unders tanding of s in ter ing phenomena , mechan ica l p r o p e r t i e s at 
high t e m p e r a t u r e s , p rec ip i ta t ion phenomena, and diffusion and r e l e a s e 
of f iss ion products f rom i r r a d i a t e d spec imens . 

(5) An invest igat ion of the m e c h a n i s m of i r r ad i a t i on damage to uranii im 
monocarb ide . This study will involve v i sua l , X - r a y , and other physical 
m e a s u r e m e n t s of the p r o p e r t i e s and s t r u c t u r e of uran ium carbide in an 
a t tempt to define the na ture of f i s s ion-product damage and the behavior 
of f iss ion products in compounds of this type. 

The p r o g r e s s that has been made in each of these a r e a s during the f i r s t phase of 
this r e s e a r c h p r o g r a m is desc r ibed in the following pages . 
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DEVELOPMENT OF ALTERNATE FABRICATION TECHNIQUES 

Methods of producing h igh-dens i ty UC compacts by powder -me ta l lu rgy techniques 
as well as var ious methods of producing UC powder a r e being invest igated. Methods thus 
far invest igated include the reac t ions of u ran ium m e t a l and uranixim oxides with ca rbon , 
the reac t ion of UC^ with u r a n i u m , and the r eac t ion of u ran ium with me thane . A l s o , 
s in ter ing s tudies have been conducted on UC powder containing 4 . 70 and 4 . 85 w / o ca rbon 
obtained by crushing a r c - c a s t but tons . The feasibi l i ty and economics of m a s s p r o ­
duction as well as the quality of the UC produced a r e being cons idered . 

Severa l poss ib le reac t ions leading to the format ion of UC have been cons idered . 
Since t h e r m a l data a r e unre l iable in many c a s e s , t hese equations have been used only as 
a guide to r e s e a r c h . A reac t ion which is successful for producing fine UC powder is 
U + CH4^UC + 2H2. A AF value of -24 ,600 cal has been calcula ted at 1000 K, A mod i ­
fied Siever t s appara tus has been cons t ruc ted to invest igate th is reac t ion and other u r a ­
nium me ta l - a lkane reac t ions leading to the format ion of UC. UC powder of nea r s to ichi ­
omet r i c composi t ion has been p r e p a r e d by the u ran ium m e t a l - m e t h a n e reac t ion by f i r s t 
hydriding the u ran ium to obtain fine u ran ium powder and then reac t ing with methane gas 
at a p r e s s u r e of l e s s than 1/2 a tm at a t e m p e r a t u r e of 650 to 700 C. After s eve ra l 
cha rges of methane had been added with evacuat ion between c h a r g e s , it was found bene­
ficial to drop the t e m p e r a t u r e and hydride the unreac ted u ran ium m e t a l in o r d e r to 
ma in ta in a loose m a s s so that the reac t ion with methane would occur f reely when the 
t e m p e r a t u r e was again r a i s e d . The complet ion of the reac t ion was indicated when no 
d e c r e a s e in p r e s s u r e o c c u r r e d as the r eac t ion tube was allowed to cool to room, t e m p e r ­
a t u r e . If a d e c r e a s e in p r e s s u r e was noted, hydr id ing , b rea lang down of the hydr ide , 
and reac t ion with methane were repea ted . Additional s tudies will be conducted to fully 
evaluate this r eac t ion and evaluate the powder produced. A l s o , a lkanes such as acetylene 
and ethane a r e being cons ide red for r eac t ion with u ran ium for the poss ib le format ion of 
UC powder. 

Other reac t ions which appear prom.ising for obtaining a porous s in te red m.ass of UC 
a r e UsOg + U C ^ 3UC + 8CO and UO2 + 3C ^ UC + 2CO. Since the UsOg probably 
r e v e r t s to UO2J the UO2 reac t ion probably governs tiae reac t ion . The calcula ted free 
energy of the dioxide reac t ion is +16,000 ca lo r i e s at 1800 C. Exper imen ta l r e su l t s 
indicate that e i the r the the rmodynamic data a r e i n c o r r e c t or the k inet ics of the reac t ion 
a r e such that the reac t ion with ca rbon can take p lace . The s to ich iomet r ic composi t ion of 
UC was p r e p a r e d f rom powders of Mal l inckrodt U3O8 and minus 600 m e s h AGOT graphi te . 
The powders were m.ixed 2 h r in a V-type m i x e r . The mix tu re was com.pacted at 30 t s i 
in a powder -compact ing d i e , resul t ing in a g r een densi ty of 2 .87 g p e r cm^ . The pel le t 
was t r a n s f e r r e d to a vacuum-induct ion furnace which was modified to study these high-
t e m p e r a t u r e r e a c t i o n s . The furnace is composed of a 3 - 1 / 2 - i n . - d i a m e t e r Vycor vacuum 
chamber . A 2-in. - d i a m e t e r graphi te suscep to r is used for heatings Norblack has been 
used for an insulat ing m a t e r i a l arotmd the graphi te suscep tor ; howeve r , s eve re degass ing 
of th is e x t r e m e l y fine powder o c c u r r e d on each t e m p e r a t u r e i n c r e a s e . Zi rconia powder 
used in place of the Norblack was found to r e a c t with the graphi te suscep to r at 3000 F , 
even though the m a t e r i a l s were not in contact . A tan ta lum suscep tor is being made to 
rep lace the graphi te in an a t tempt to e l iminate r eac t ion and degass ing p r o b l e m s . The 
U308-graphi te pe l le t was hea ted slowly to 1750 C in the unit while using the graphi te 
suscep tor and Norblack ins%ilation. The vacuiim was main ta ined at a m in imum of 25 /i. 
Severe degassing became evident at 1400 C. When a t e m p e r a t u r e of 1750 C was r e a c h e d , 
it was mainta ined until a vacuuiia of 7 /i was obtained, at which t ime the furnace was 
allowed to cool. The reac t ion was extensive as indicated by a densi ty i n c r e a s e from 
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3 ^ 
2.87 g per cm to 8. 11 g p e r cm'-'. F u r t h e r ver i f icat ion of the extens iveness of the 
reac t ion is shown by the fact that of a total carbon content of 5. 94 to 6. 05 w / o , only 
0. 04 to 0. 05 w / o was found to exis t as free or uncombined carbon. The reac t ion appears 
promis ing from the standpoint of p repa r ing a porous s in ter m a s s which can be consol i ­
dated by additional powder -meta l lu rgy t r e a t m e n t s . Additional s tudies a re being con­
ducted with the ox ide-carbon m i x t u r e s . 

The reac t ion UC2 + 2U ^ 2UC has a calculated f r ee - ene rgy change of 0 and -10 ,000 
cal at 1000 and 2073 K, respec t ive ly . The s to ich iometr ic composit ion of UC was p r e ­
pa red from UC^ powder containing 8. 74 w/o carbon and minus 325-mesh uranium 
powder. The powders were mixed 2 h r in a V-type m i x e r . A pellet of this mix ture 
was compacted at 40 t s i , resul t ing in a g reen density of 9. 11 g pe r c m 3 . After vacuum 
heating for 2 h r at 1100 C the densi ty was 8. 37 g p e r cm-^, and after an additional 4 - h r 
heating at 1100 C the density was 8. 34 g pe r c m 3 . No changes in dimensions were noted 
between the 2- and 4 - h r s i n t e r s ; however , a growth of 4 . 88 pe r cent was noted between 
the g reen volume and the volume after the 2-hr reac t ion t i m e . The density data indicate 
very li t t le r eac t ion , and an evaluation of the s t ruc tu re could not be made by me ta l l o -
graphic examinat ion. Additional s tudies will be conducted using X - r a y and chemica l -
analys is techniques . 

In addit ion, a sample compacted at 40 t s i f rom a mix tu re of 5 w/o AGOT minus 
600-mesh graphite and 95 w / o minus 325-mesh uran ium powders resu l ted in a density 
of 8. 15 g pe r cm^. After vacuum reac t ion for 2 and 6 h r at 1100 C, respec t ive den­
s i t ies of 7. 02 and 7. 00 g p e r cm^ were obtained. Pho tomicrographs of the sample after 
6 h r at 1100 C indicated li t t le or no reac t ion to form UC. The pur i ty of the uranium meta l 
and agglomera t ion of the graphi te during mixing a r e felt to be fac tors preventing the 
reac t ion from occur r ing . Additional u r a n i u m - c a r b o n samples containing 4 to 5 w/o 
carbon compacted to h igher g reen densi t ies a r e being p r e p a r e d for reac t ion s tudies . 
Investigations will be conducted using var ious types of uran ium and graphite powders 
and var ious mixing p r o c e d u r e s . 

Other reac t ions being cons idered for invest igat ion for the possible formation of 
UC a r e l i s ted in Table 1 with calcula ted f r ee -ene rgy values at 1000 and 2073 K. 

TABLE 1. STANDARD FREE-ENERGY CHANGE OF POSSIBLE REACTIONS 
YIELDING URANIUM MONOCARBIDE AT 1000 AND 2073 K 

React ions 

Standard F r e e - E n e r g y 
Change, 
A F , cal 

1000 K 2073 K 

1. 
2. 
3. 
4. 
5. 

2UF4 + 3^3- + CaC2 T 2UC + 4CaF2 
2UF6 + 5Ca + CaC2 ^ 2UC + 6CaF2^^^ 
UF4 + SiC ^ UC + SiF4 
US + C ^ UC + 1 /2Sz 
8US + C8H18 ^ 8UC + 4S2 + 9H2^^) 

(a) Probably the UFg ^ UF4 + F2. 

(b) HgSfe) is completely dissociated at 2073 K, 

-283,740 
-655,740 
+27,100 
+13,800 
-32 ,390 

-274,900 
-550,900 

-9 ,290 
-7 ,000 

-400,000 
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In a d d i t i o n , s a m p l e s p r e p a r e d f r o m c r u s h e d a r c - c a s t UC bu t tons h a v e b e e n v a c u u m 
s i n t e r e d for 90 n i i n a t t e m p e r a t u r e s r a n g i n g f r o m 1730 t o 2000 C . UC s a m p l e s 
h a v i n g c o m p o s i t i o n s of 4 . 70 a n d 4 . 85 w / o c a r b o n w e r e s i n t e r e d a t e a c h t e m p e r a t u r e . 
A l l p a r t i c l e s i z e s w e r e m i n u s 325 m e s h . T h e p e l l e t s w e r e p r e s s e d a t 40 t s i a f t e r e v a p o ­
r a t i n g off n e a r l y a l l a l c o h o l f r o m a c a m p h o r - a l c o h o l s o l u t i o n w h i c h w a s plctced on t h e 
p o w d e r t o p r e v e n t o x i d a t i o n . T a b l e 2 s h o w s t h e r e s u l t s of s i n t e r i n g fo r 90 m i n a t t h e 
t e m p e r a t u r e s i n d i c a t e d . In a d d i t i o n , a 4 . 85 w / o c a r b o n UC p e l l e t p r e s s e d a t 40 t s i w a s 
v a c u u m s i n t e r e d f o r 30 m i n a t 2120 C , r e s u l t i n g in a d e n s i t y of 1 1 . 7 g p e r cm.3. 

T A B L E 2 . D E N S I T I E S O B T A I N E D A F T E R VACUUM SINTERING UC P E L L E T S 
O F 4 . 70 A N D 4 . 80 w / o C A R B O N F O R 90 MIN 

Speciinenl '*- ' 

A - 1 
B - 1 
A - 2 
B - 2 
A - 3 
B - 3 
A - 4 
B - 4 

fa'k "A" iSDecimensi were 

A p p r o x i m a t e 
G r e e n Dens; i t y . 

g p e r c m 3 

Dreoared from 

9 . 3 5 
9 . 6 1 
9 . 4 3 
8 . 9 3 
9 . 4 0 
9. 10 
8 . 8 9 
9. 15 

Dowder c ontainine 4.70 w/o 

S i n t e r i n g 
T e m p e r a t u r e , 

C 

1730 
1730 
1800 
1800 
1900 
1900 
2000 
2000 

carbon, while "B" specini 

S i n t e r e d 
D e n s i t y , 

g p e r c m ^ 

9 . 5 7 
9 . 0 0 

1 0 . 4 1 
9 . 9 7 

1 1 . 0 5 
1 0 . 0 5 
1 1 . 0 3 
1 1 . 0 7 

ens were prepared from 

powder containing 4„85 w/o carbon^ 

In a d d i t i o n t o t h e w o r k i n d i c a t e d by the p r e c e d i n g p a r a g r a p h s , a d d i t i o n a l s i n t e r i n g 
s t u d i e s w i l l b e c o n d u c t e d on v a r i o u s t y p e s of UC p o w d e r t o d e t e r m i n e t he s i n t e r a b i l i t y a s 
w e l l a s t h e a c t i v a t i o n e n e r g y . 

M E L T ING AND CASTING 

T h i s p a r t of t he r e s e a r c h p r o g r a m i s c o n c e r n e d wi th t he e v a l u a t i o n of t h e e f f ec t s of 
s t a r t i n g m a t e r i a l s , a l l o y a n d i m p u r i t y c o n t e n t , a n d m e l t i n g a n d c a s t i n g m e t h o d s on the 
e a s e of c a s t i n g , s u r f a c e q u a l i t y a n d s o u n d n e s s , c a s t s t r u c t u r e , a n d h o m o g e n e i t y of t he 
c a s t i n g . T h e p r o d u c t i s t o be e x a m i n e d p r i m a r i l y b y n o n d e s t r u c t i v e t e c h n i q u e s s u c h a s 
m e t a l l o g r a p h i c a n d r a d i o g r a p h i c e x a m i n a t i o n , r e s i s t i v i t y m e a s u r e m e n t s , a n d u l t r a s o n i c 
t e s t i n g . 

I n i t i a l i n v e s t i g a t i o n s e x p l o r e d the e f f ec t s of e l e m e n t s w h i c h m i g h t be p i c k e d up 
d u r i n g m e l t i n g , s u c h a s i r o n , n i t r o g e n , o x y g e n , s i l i c o n , a n d t u n g s t e n . It w a s found t h a t 
i r o n a n d s i l i c o n in a m o u n t s of a p p r o x i m a t e l y 500 p p m o r g r e a t e r h a d a d e t r i m e n t a l e f fec t 
on t h e q u a l i t y of s m a l l s h a p e s . I r o n p r o d u c e d i n t e r n a l c r a c k i n g ; s i l i c o n r e d u c e d m e l t 
f lu id i ty a n d i n c r e a s e d t h e t e n d e n c y t o p i p e . T h e o t h e r s h a d no e f fec t up t o a c o n c e n t r a t i o n 
of 800 p p m . No d e c r e a s e i n e a s e of c a s t i n g w a s n o t e d fo r m a t e r i a l n i e l t e d in a n a t m o s ­
p h e r e c o n t a m i n a t e d w i t h h y d r o g e n . 
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A study of the effect of ca rb ide- forming alloy additions is now in p r o g r e s s . Ad­
ditions of 1, 10, and 50 mole p e r cent of A I 4 C , Cr3C25 Mn3C, M02C, NbC, T i C , T a C , 
VC, and Z r C a r e being naade to UC, and the alloys a r e being cas t into cyl indr ica l spec i ­
mens 3/8 in. in d i amete r and 1-3/4 in. long. 

Melting and cas t ing p r o c e d u r e s for the p r epa ra t i on of a s - c a s t shapes have been de­
veloped prev ious ly for product ion of cas t ings in s izes up to 5/8 in. in d iamete r and 2-1 /2 
in. long. Carbon content can be control led to 4 . 8 ± 0. 1 w / o carbon. P r e p a r a t i o n s for 
mel t ing and cast ing of u ran ium carbide by skull a r c - m e l t i n g techniques to l a r g e r s izes 
and to va r i ed shapes have been ini t iated. It is planned to m e l t u ran ium carbide in a skull 
of the same m a t e r i a l and cas t into graphi te m o l d s . 

MECHANICAL AND PHYSICAL PROPERTIES OF 
CARBIDE MATERIALS 

A study of the p r o p e r t i e s of u ran ium monocarb ide has been under taken to desc r ibe 
the effects of composi t ion and hea t t r e a t m e n t on the alloy as an engineering m a t e r i a l . 
The study is r e la ted to product quality from the point of view of controll ing and improving 
the mechan ica l and chemica l p r o p e r t i e s of the al loy. Mechanical p r o p e r t i e s , such as 
rup ture s t r eng th , h a r d n e s s , and m o d u l u s , and physical p r o p e r t i e s , such as t h e r m a l con­
ductivi ty, e l e c t r i c a l r e s i s t i v i t y , dens i ty , and specific hea t , and co r ro s ion r e s i s t ance 
and compatibi l i ty a r e being surveyed as functions of carbon content , alloy content , and 
heat t r e a t m e n t . 

Hydrogen , i r o n , n i t rogen , oxygen, s i l icon , and tungsten were se lec ted as the con­
taminants m o s t l ikely to be introduced into the alloy unintentionally f rom the a t m o s p h e r e , 
m o l d s , or e lec t rode t i p s . Uranium monocarb ide t e s t spec imens 3/8 in. in d i amete r and 
1-3/4 in. long containing these impur i t i e s in amounts of 100 to 800 ppm were p r e p a r e d by 
i ne r t - e l ec t rode a r c mel t ing . Oxygen was added as UO2, n i t rogen as N2 gas and as UN, 
hydrogen as a gas mixed with the n o r m a l hel ium a t m o s p h e r e , and the o thers as m e t a l s . 
Dens i t i e s , e l e c t r i c a l r e s i s t i v i t i e s , t r a n s v e r s e rup ture s t rength in th ree -po in t loading, 
m i c r o s t r u c t u r e , and c o r r o s i o n r e s i s t a n c e in 60 C water were examined in an a t tempt to 
evaluate the effects of these i m p u r i t i e s . The t e s t s d isc losed that cas t UC spec imens of 
the s to ich iomet r i c composi t ion (4.8 w / o carbon) containing impur i t i e s were s t ronger 
(average t r a n s v e r s e rup ture s t r eng th of 15,000 psi) than spec imens with the s a m e 
impur i t i e s that contained 5 w / o ca rbon (average t r a n s v e r s e rup ture s t rength of 10,000 
ps i ) . Nei ther ca rbon nor impur i ty content had an apprec iab le effect on e l ec t r i ca l 
r e s i s t iv i ty . A specinaen containing 4 . 8 w / o ca rbon and no impur i t i e s had a c o r r o s i o n 
ra te in 60 C water of 6OO mg/ (cm2)^hr ) , while a s i m i l a r spec imen containing 5.0 w / o 
ca rbon had a c o r r o s i o n ra t e of 1000 m g / ( c m ^ ) ( h r ) . The impur i ty additions had l i t t le 
effect on c o r r o s i o n r a t e s with the exception of hydrogen. A threefold d e c r e a s e in c o r ­
ros ion ra te was observed for a spec imen me l t ed under a hydrogen-contaminated a t m o s ­
p h e r e . The actual hydrogen content of this spec imen is unknown. 

Metal lographic examinat ion of these al loys showed that excess carbon (over 4 . 8 
w/o) tends to p romote nnic roc racking of s p e c i m e n s , as does 800 ppm i ron p re sen t as an 
impur i ty . A UO2 addit ion to a m e l t charge containing 4 . 8 w / o carbon produces f ree 
u ran ium in the cas t a l loy , p r e sumab ly by the reac t ion 2UC + UO2 -* 3U + 2CO. Uranium. 
mononi t r ide additions to uran ium monocarb ide did not a l t e r the appearance of the alloy; 
the phase formed is bel ieved to be U(C,N) solid solution. 



7 

Specimens of u ran ium-ca i 'bon alloys containing additions of up to 3 w/o hydrogen, 
n i t rogen , and oxygen have been p r e p a r e d . Metal lographic observat ions of these alloys 
have confirmed the above-ment ioned effects of n i t rogen and oxygen addi t ions. Specimens 
containing 1 to 3 w / o n i t rogen , having m i c r o s t r u c t u r e s showing a U(C,N) m a t r i x con­
taining UC25 exhibited r e s i s t i v i t i e s of about 60 m i c r o h m - c m . ftcygen and hydrogen ad­
ditions had no not iceable effect on r e s i s t iv i ty or densi ty . 

The effect of ca rbon content on the densi ty and e l ec t r i c a l r e s i s t iv i ty of a s e r i e s of 
u r a n i u m - c a r b o n al loys is shown in F igu re s 1 and 2. Three -po in t loading t e s t s on single 
spec imens of these u r a n i u m - c a r b o n alloys produced t r a n s v e r s e rupture s t rengths ranging 
f rom 15,000 p s i for spec imens containing 4 . 5 to 7. 0 w/o ca rbon to 8,000 ps i for a spec i ­
m e n containing 8. 75 w / o carbon. 

At tempts to al loy UC with other ca rb ides a r e now in p r o g r e s s . Alloys of UC con­
taining 1, 10, and 5 0 a / o A I 4 C , C r s C , M n s C Mo2C,NbC, T a C , T i C , UC, and ZrC a r e 
being mel ted and cas t into cyl indr ica l spec imens . 

Compatibi l i ty t e s t s on uranium.-4. 8 w / o carbon and u r a n i u m - 5 . 0 w / o carbon alloys 
a r e in p r o g r e s s . Carbide samples a r e being sea led in tubes of var ious m e t a l s . These 
will be hot swaged and then heated to var ious t e m p e r a t u r e s for t e s t ing . Aluminum and 
magnes ium capsu les will be t e s t ed at 600 C, copper at 1000 C, and Inconel , mi ld s t e e l , 
s t a in less s t e e l , and z i rconium at both 1000 and 1200 C. Thermal -conduc t iv i ty m e a s u r e ­
m e n t s , speci f ic-heat m e a s u r e m e n t s , and modulus and c o m p r e s s i v e - s t r e n g t h t e s t s will 
be made as soon as l a r g e - s i z e spec imens a r e avai lable . Specimens a r e being p r e p a r e d 
for c o r r o s i o n t e s t s in NaK, t e rpheny l , other o r g a n i c s , and wa te r . 

DIFFUSION STUDIES OF URANIUM MONOCARBIDE 

Diffusion-rate m e a s u r e m e n t s a r e being made on uran ium monocarb ide in an effort 
to provide a bas ic unders tanding of phenomena occur r ing in this m a t e r i a l at high tenaper-
a t u r e s . S in ter ing , re laxa t ion of s t r e s s e s , p rec ip i ta t ion phenomena , envi romnenta l r e ­
ac t i ons , and diffusion of f iss ion products a r e some of the p r o c e s s e s which can be under ­
stood be t t e r in the p r e s e n c e of diffusion-rate data. It was intended that data would be 
obtained on the r a t e of in ter diffusion of u ran ium and carbon in u ran ium c a r b i d e s , the r a t e 
of self-diffusion of u ran ium in urani\ma iTionocarbide, and the r a t e of self-diffusion of 
ca rbon in u ran ium monocarb ide . However , it appea r s that the technical p rob lems in­
volved in sampling uran ium monocarb ide for ca rbon in m i l l i g r a m quanti t ies m a y preven t 
the de te rmina t ion of the r a t e s of self-diffusion of carbon. 

Measu remen t s of the r a t e of in ter diffusion of u ran ium and carbon in the sys tem 
uran ium monoca rb ide -u ran ium dicarbide a r e in p r o g r e s s , and m o s t of the r e su l t s a r e 
avai lable now. These m e a s u r e m e n t s a r e based on the r a t e of growth of the carbide l a y e r s 
formed between graphi te and liquid u ran ium sa tu ra ted with carbon. Str ic t ly speaking, the 
method is p r e c i s e only if a single carbide is formed between the graphi te and the liquid or 
if the ra te of diffusion is the same in a l l the l a y e r s formed. The ini t ial t e s t s showed that 
two l aye r s (corresponding to the monocarb ide and the dicarbide) were fo rmed at all 
t e m p e r a t u r e s f rom 1800 to above 2000 C. In addit ion, the data showed that diffusion 
r a t e s above 2000 C were too rapid in this sys t em for p r ac t i c a l de te rmina t ion of r a t e s 
at such t e m p e r a t u r e s . 
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The r e su l t s obtained on a number of such graphi te - l iquid uran ium couples in­
dicate that the l a y e r s formed by diffusion grow in th ickness approximate ly as a fxmction ^Bk 
of the square root of t i m e , as r equ i r ed by theory . However , it is c l ea r a lso that diffusion ^ ^ 
is somewhat s lower in uraniima dicarbide at 2000 C than in urani iun monocarb ide . Fo r 
example , in 101 m i n at 1980 C a diffusion zone 0.057 in. thick was formed consis t ing of 
a 0. 017-in. - th ick l ayer of d icarbide and a 0. 040-in. - th ick l ayer of monocarb ide . In the 
absence of a sui table method for analyzing these data as s epa ra t e p a r t s , it m u s t be 
a s s u m e d that diffusion r a t e s in the two compounds a r e the s a m e . It follows that the 
diffusion coefficients shown in the following tabulat ion and in F igure 3 r e p r e s e n t some 
sor t of an ave rage of a somewhat h igher diffusion ra te in uranixmi monocarbide and a 
slightly lower diffusion ra te in uran ium dicarbide: 

T e m p e r a t u r e , Inter diffusion Coefficient, 
C D , cm2 p e r sec 

1600 3. 6 X 10-8 
1800 2 .3 x 10-7 
1800 3 .3 X 10-7 
1900 1.6 X 10-6 
1980 2 .2 X 10-6 

As shown in F igure 3 , these r e su l t s appear to fall ve ry near ly on a s t ra ight line 
when the logar i thm of D is plot ted v e r s u s the r e c i p r o c a l of t e m p e r a t u r e . The equation 
for this line i s : 

D = 1770 e -92 .000 /RT^ 

where 92,000 cal p e r mole is the act ivat ion energy for inter diffusion in this duplex, 
UC-p lus -UC2, sy s t em. This value appea r s to be reasonable for a sys tem such as this 
one involving solvents having v e r y high mel t ing po in t s . 

Exper imen ta l techniques for de termining r a t e s of self-diffusion of u ran imn in 
uran ium monocarbide a r e being developed concur ren t ly with the above s tud ies . It is 
expected that a thin foil of enr iched uran ium will be bonded between two p ieces of depleted 
u ran ium c a r b i d e , diffusion annealed , sec t ioned, and analyzed by an act ivat ion technique. 
It has been found poss ib le to p r e p a r e shor t cy l inders of carbide from long cas t ings using 
e i ther a diamond cutoff wheel or an Alundtim cutoff wheel and a ke rosene coolant. It has 
a l so been foxxnd poss ib le to bond two such shor t cy l inders together with a uran ium me ta l 
foil between them. 

Fu tu re work will include a few addit ional m e a s u r e m e n t s of sect ions from the in te r -
diffusion m e l t s , fur ther development and actual applicat ion of techniques for measu r ing 
r a t e s of self-diffusion of uranit tm in u ran ium m o n o c a r b i d e , and a minor effort to find 
a suitable technique for m e a s u r i n g the r a t e of self-diffusion of carbon in uran ium 
monocarb ide . 
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MECHANISM OF IRRADIATION DAMAGE 

Uranium d ica rb ide , urani iun s e squ i ca rb ide , and u ran ium monocarbide a r e different 
in the i r a tomic bonding and physica l p r o p e r t i e s compared with me ta l s and oxides . T h e r e ­
fo re , a basic knowledge of the effects of neut ron radia t ion and of f iss ion is needed to 
guide the fabr icat ion and use of c a r b i d e s . Information to be sought includes the extent of 
c ry s t a l s t r a i n , incidence of f ragmenta t ion , diffusion of f iss ion products causing bubble 
format ion and a c c e l e r a t e d swel l ing, and loss of f i ss ion g a s e s . 

Uranium monocarb ide has a s t rong covalent type of bonding between uran ium and 
carbon a toms with re la t ive ly weak c a r b o n - c a r b o n and u r an imn-u ran ium bonds. However , 
t h e r e a r e f ree e l ec t rons avai lable to give meta l l ike e l ec t r i c a l and t h e r m a l conduct ivi t ies . 
T h e r e f o r e , the ca rb ides par take of some of the p r o p e r t i e s of both me ta l s and re f rac to ry 
compounds. 

The dependence of i r r ad i a t i on effects upon t e m p e r a t u r e m a y be s imi l a r to those of 
other r e f r ac to ry compounds. T h u s , at low t e m p e r a t u r e the diffusion of f iss ion products 
and in te r s t i t i a l s m a y be quite s low, with c r y s t a l la t t ice s t r a i n increas ing and f ractur ing 
occur r ing . However , at high t e n i p e r a t u r e s t h e r e will be apprec iable diffusion and p o s s i ­
ble rel ief of s t r a in . T h e r e f o r e , some accumulat ion of f i ss ion gases into bubbles leading 
to swelling m a y be expected. 

The type of m e a s u r e m e n t s which will yield the d e s i r e d bas i c information on s t r u c ­
t u r a l and physical p r o p e r t i e s have been inves t iga ted , and some conclusions can be made 
as follows: Normal ho t - ce l l m e a s u r e m e n t s of phys ica l d imensions and densi ty a r e need­
ed for o v e r - a l l co r re l a t ion . C rys t a l - l a t t i c e expans ion , s t r a i n , and f ragmenta t ion r e ­
quire ana lys is of powder X - r a y diffraction data . The incidence of cracking and bubble 
format ion can be followed by light and e l ec t ron m i c r o s c o p y . The nucleat ion of c l u s t e r s 
or gas bubbles m a y poss ib ly be detected by low-angle X - r a y sca t t e r ing . 

X - r a y diffraction m e a s u r e m e n t s on i r r a d i a t e d fuel m a t e r i a l s r equ i r e extensive 
c a r e in spec imen p r e p a r a t i o n and in e l iminat ion of the effects of spec imen radia t ion. 
Such m e a s u r e m e n t s can be obtained with di f f ractometer equipment by use of local spec ­
imen shielding, plus a c r y s t a l monochroma to r path for p ropor t iona l counting with e l e c ­
t ron ic d i sc r imina t ion c i r c u i t s . It has been e s t ima ted that spec imens having act iv i t ies of 
0. 2 to 0. 5 cur ie can be handled. This p laces a s eve re l imi ta t ion on spec imen size and 
burnup. The g ra in s ize of a r c - c a s t carbide is too l a rge for powder X - r a y diffractometry. 
T h e r e f o r e , it is n e c e s s a r y to p r e p a r e powder by c rush ing . Powder c rushed to l e s s than 
325 m e s h is adequate for giving X - r a y diffraction l ines suitable for m e a s u r i n g line con­
tou r s for c r y s t a l s t r a i n , expans ion , and s i ze . The l i jui tat ion on spec imen act ivi ty r e ­
qu i res an upper l imi t of about 25 mg of powder having a burnup of 0. 5 a / o of u ran ium. 
Methods for mounting such spec imens have been worked out. Special spec imen ho lde r s 
have been designed for this pu rpose . 

The observat ion of c r a c k s and bubbles in i r r a d i a t e d m a t e r i a l m a y be done by d i rec t 
m ic roscopy and by e l ec t ron m i c r o s c o p i c a l examinat ion of r e p l i c a s . The reac t iv i ty of 
uraniiim carb ide with water r e q u i r e s addit ional c a r e in meta l lographic p repa ra t i on and 
repl ica t ion . Suitable techniques have been developed with un i r rad ia ted m a t e r i a l s . For 
these a dry a tmosphe re is n e c e s s a r y , and the appl icat ion of the technique to i r r ad i a t ed 
specinaens in the hot cel l will be t r i e d . 
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The accumulat ion of gaseous f iss ion products into nuclei and the growth of bubbles 
can be de te rmined in theory by m e a n s of low-angle X - r a y sca t t e r ing . The s ize and con­
cent ra t ion of such sca t t e r ing cen t e r s can be de te rmined f rom the angular d is t r ibut ion of 
s ca t t e r ed monochromat ic X - r a y s . Because of the high absorp t ion of X - r a y s by uranixim., 
spec imens with sufficient t r a n s m i s s i o n need to be quite th in , about 8 ji for UC, and, 
t h e r e f o r e , a r e quite f ragi le and difficult to m a k e . However , the th ickness m a y be in­
c r e a s e d s eve ra l fold by diluting the u ran ium concentra t ion . Both UC and ZrC have the 
same c r y s t a l s t r u c t u r e and they form a continuous solid solution. F o r a mixed carbide 
containing 80 w / o Z r C and 20 w / o UC, the th ickness of spec imen could be 50 fi. Such a 
spec imen appea r s feasible to p r e p a r e by th in - sec t ion lapping techniques . To t e s t th is 
p r o c e d u r e , al loys of nominal 90 w / o Z rC-10 w / o UC, 80 w / o ZrC-20 w / o UC, and 60 
w / o Z r C - 4 0 w / o UC were a r c mielted. The alloy of 80 w / o Z r C - 2 0 w/o UC did not a r c 
m e l t to give a usable button. The other al loys gave sufficiently l a rge but tons. These 
were two-phase a l l o y s , containing f ace -cen te red -cub ic (Zr ,U)C and body-cen te red-cub ic 
(Zr ,U) m e t a l . The al loys were very h a r d and, t h e r e f o r e , difficult to cut and l a p , r e ­
quiring Alund\xm or diamond a b r a s i v e s . However , the r e su l t s appear sufficiently encour­
aging that fur ther a t t empts will be made to produce a s ing le -phase sol id-solut ion ca rb ide . 
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