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PROGRESS ON THE DEVELOPMENT OF URANIUM CARBIDE-TYPE FUELS 

Phase II Repor t on the AEC Fue l -Cyc le P r o g r a m 

Edited by F r a n k A. Rough and Walston Chubb 

This report covers 1-1/2 years of a 2-1/2-year program for the develop­
ment of uranium monocarbide on the AEC Fuel-Cycle Development Program. The 
results achieved in the first 6 months of this program were reported in greater detail 
in BMI-1370 (August 21, 1959). 

Investigations in the field of chemical synthesis have demonstrated the 
feasibility of preparing uranium monocarbide from uranium metal by reaction with 
methane. The product obtained is suitable for direct compaction and sintering into 
pellets. 

Powder metallurgical techniques have been developed for cold pressing 
and sintering uranium carbide powders containing excess uranium metal to densi­
ties above 90 per cent of theoretical. Hot pressing has been employed to consoli­
date uranium carbide powders to densities of essentially 100 per cent of theoretical. 

The skull arc-melting and casting process for uranium carbide has been 
developed to where it is possible to make a single casting weighing up to 5 kg or 
several smaller castings having the same total weight. 

The strength and hardness of uranium carbides are relatively insensitive 
to composition in the range from 4.8 to 9.0 w/o carbon. The 7.0 w/o carbon alloy 
is slightly harder than the other alloys in the as-cast condition. When heat treated 
to produce the I] nCo structure, the 7.0 w/o carbon alloy has a hardness of about 
1100 KHN as compared to about 700 and 500 KHN for VC and UCn, respectively. 
The strength and integrity of uranium carbides are very adversely affected by ex­
posure to moisture. Alloying with refractory carbides alleviates this problem. 
Alloys of uranium monocarbide with Mo^C, NbC, VC, and ZrC show high strength 
and hardness plus improved resistance to corrosion in Santowax R at 350 C, and 
constitute a new and highly promising class of carbide fuel materials. 

Uranium monocarbide is compatible with aluminum and magnesium up to 
about 600 C, with mild steel and copper up to about 900 C, with stainless steel, 
Inconel, and zirconium to near or slightly below 800 C, and with niobium, mo­
lybdenum, and tantalum to about 1200 C, depending upon the exact conditions. 

The activation energy for self-diffusion of uranium in uranium mono­
carbide is 82 kcal per mole or essentially the same as the activation energy 
for interdiffusion of uranium and carbon (79 kcal per mole). The rate of inter-
diffusion is over 500 times faster than the rate of self-diffusion of uranium. 

Irradiations of uranium monocarbide to bumups of 0.01 and 0.03 a/o 
of the uranium have produced data that suggest that elastic expansion of the 
lattice reaches its limit between these two exposures, and that the additional 
stress applied to the lattice by exposures to burnups of 0.03 a/o and greater 
is relieved by reduction of the crystallite size. 
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INTRODUCTION 

Uranium monocarbide is 25 p e r cent m o r e dense than UO2 and has a t he rma l con­
ductivity at l eas t three t imes g r e a t e r than than of UO2. It has a mel t ing point 1400 C 
above that of uranium m e t a l , and it has an i so t rop i c , cubic c ry s t a l s t ruc tu re as c o m ­
pared to the an i so t rop ic , or thorhoinbic c ry s t a l s t ruc tu re of uran ium me ta l . The above 
p r o p e r t i e s alone tend to make UC the p r e f e r r e d fuel for ce r t a in types of nuclear r e ­
a c t o r s , and the recent d i scover i e s that UC can be cas t like a me ta l ' ~ ' and can with­
stand neutron i r r ad ia t ions to burnups of at l eas t 1.5 total a/o^'*"") have suggested that 
UC may replace uranium meta l a lmos t ent i re ly as a fuel for nuc lear power r e a c t o r s . 
On the other hand, the carbide is 28 pe r cent l e s s dense than uran ium me ta l and is much 
l e s s co r ros ion and oxidation r e s i s t an t than UO^-

Various aspec ts of u ran ium carbide technology a re p re sen t ly under study at 
Ba t te l le . The r e s e a r c h is sponsored by the Reac tor Development Division of the U. S. 
Atomic Energy Commiss ion as a port ion of i t s efforts to develop uranium carbide under 
the Fue l -Cycle Development P r o g r a m . The p r o g r a m is divided into three t empora l 
pe r iods and into five subjective divisions for purposes of admin is t ra t ion and repor t ing . 
The three t empora l per iods consis t of 6 mon ths , 1 y e a r , and 1 yea r in consecutive o rder 
This r epo r t covers the r e s e a r c h pe r fo rmed in the second per iod (12 months long), d e s ­
ignated Phase II. The five subjective divisions or a r e a s of r e s e a r c h a r e : 

(1) An investigation of reac t ions and techniques by which uraniiim carbide 
powders (or other solid forms) can be synthesized and consolidated 
into dense bodies w^ithout r e sor t ing to mel t ing and cast ing p r o c e d u r e s . 
This pa r t of the p r o g r a m has been d i rec ted toward producing m o r e 
economical uranium carbide powder for powder me ta l lu rg ica l studies 
than can be p r epa red by melt ing uranium me ta l and carbon together and 
crushing the product . The products of var ious reac t ions have been 
cha rac t e r i zed by analyt ical techniques and by subjecting them to var ious 
consolidation p r o c e d u r e s , including cold p r e s s i n g and s in te r ing , l iquid-
phase s in te r ing , and hot p r e s s i n g . The p r i m e objectives of this p a r t of 
the p r o g r a m have been completed , and, at this t i m e , no fur ther work in 
this a r e a is contemplated during Phase III. 

(2) Development of equipment and techniques for mielting and cast ing of 
uranium carbide shapes of reproducible d imens ions , soundness , and 
ana lys i s . This p a r t of the p r o g r a m has been p r i m a r i l y concerned with 
perfect ing the skull a r c - m e l t i n g and cast ing p r o c e s s for p repa r ing 
m a s s i v e shapes of uranium ca rb ide . No ser ious p rob l ems have been 
encountered in connection with the operat ion of the equipment or in con­
nection with the cast ing opera t ion. P r o b l e m s have been encountered in 
connection with control of the composit ion of the ca s t i ngs , and to solve 
these p r o b l e m s , this p a r t of the r e s e a r c h p r o g r a m will continue into 
Phase III. 

(3) Determinat ion of the physical and mechanica l and chemica l p r o p e r t i e s 
of uranium carbides as influenced by composit ion and p roces s ing v a r i ­
ab les . This p a r t of the p r o g r a m involves de te rmina t ion and evaluation 
of the r o o m - t e m p e r a t u r e h a r d n e s s , s t reng th , dens i ty , r e s i s t i v i t y . 

(1) References at end. 
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co r ros ion r e s i s t a n c e , and m i c r o s t r u c t u r e of urani\am ca rb ides as 
affected by impur i t i e s and alloy additions and by heat t r e a tmen t . 
P r e l i m i n a r y evaluations of the compatibi l i ty of ca rb ides with m e t a l s 
have also been under taken. These s tudies will continue through 
Phase III with m o r e emphas i s on de te rmina t ion of engineer ing 
p r o p e r t i e s at elevated t e m p e r a t u r e s . It is expected that such p r o p ­
e r t i e s as s t reng th , h a r d n e s s , t he rma l conductivi ty, the rmal -expans ion 
coefficient, specific hea t , and re s i s t iv i ty will be de te rmined as a 
function of t e m p e r a t u r e . 

(4) Measu remen t of the r a t e s of interdiffusion and self-diffusion of u r a ­
nium and carbon in uranium c a r b i d e s . These basic phys ica l data 
a re expected to contr ibute to the unders tanding of many of the other 
h igh - t empera tu re p r o c e s s e s which can occur in uran ium carbide 
such as s in te r ing , gra in growth, c r e e p , phase changes , prec ip i ta t ion 
p r o c e s s e s , relief of res idual or radia t ion- induced s t r e s s e s , and dif­
fusion of f ission p roduc t s . Studies of interdiffusion r a t e s have been 
comple ted , and studies of the r a t e s of self-diffusion of uran ium in 
uran ium monocarbide a r e nea r ly complete and should be finished 
ea r ly in Phase III of this p r o g r a m . No suitable exper imenta l tech­
nique for de te rmin ing the ra te of self-diffusion of carbon in uranium 
carbide has been devised as yet . 

(5) Studies of the p r o c e s s e s ajid m e c h a n i s m s leading to damage in u r a ­
nium monocarbide as a r e su l t of r eac to r i r rad ia t ion . This p a r t of 
the p r o g r a m has been involved in and d i rec ted toward the m e a s u r e ­
ment of changes in such physical p r o p e r t i e s as r e s i s t i v i ty , la t t ice 
p a r a m e t e r , and densi ty as a function of r eac to r exposure . M i c r o -
s t ruc tu ra l changes as observed by optical and e lec t ron mic roscopy 
a r e also of i n t e re s t . Two of the six r eac to r i r r ad i a t i ons planned on 
this p r o g r a m have been completed, and the major effort in these 
studies is planned during Phase III. 

Deta i l s of the p r o g r e s s that has been made in these five a r e a s of r e s e a r c h during 
the pas t year (Phase II) a r e descr ibed in the following pages . 

DEVELOPMENT OF ALTERNATE FABRICATION TECHNIQUES 

Several types of uranium carbide powders and different methods of sol id-phase 
fabricat ion of these powders were invest igated in this port ion of the p r o g r a m . Although 
the basic aim was to devise methods for economical p r epa ra t i on of uran ium carbide c o m ­
ponents , the fundamental aspec t s of u ran ium carbide powder p repa ra t ion and s inter ing 
behavior were also studied. Powder was p r e p a r e d by: (1) ca rbur iz ing uraniiim meta l 
with methane or p ropane , (2) crushing c o m m e r c i a l u ran ium carbide shot, s inter cake , or 
but tons , (3) react ing UO^ and ca rbon , and (4) synthesizing uranium carbide by a rc mel t ing 
and crushing the resu l tan t but tons. These powders were analyzed chemica l ly and m e t a l -
lographical ly and classif ied as to par t i c le s ize . Compacts of these powders were f ab r i ­
cated by cold p r e s s i n g and s in te r ing , hydros ta t ic hot p r e s s i n g , and conventional hot 
p r e s s i n g . Sintering of mix tu res of uranium and carbon as well a s the effect of alloying 
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additions on the s in terabi l i ty of UC were a lso studied briefly. The alloying agents used 
were M02C, NbC, and chromiiam. 

P r e p a r a t i o n of Uranium Carbide 
Fo r Use in Sintering Studies 

Uranium-Me thane Reaction 

The feasibi l i ty and kinet ics of producing high-qual i ty uranium monocarbide by r e ­
acting uraniixm meta l with a gaseous mix ture of hydrogen and methane were studied both 
thermodynamical ly and exper imenta l ly . It was thought that , by adjusting the hydrogen/ 
methane ra t io in a flowing gas m i x t u r e , the act ivi ty of the carbon in the gas s t r e a m could 
be made equal to or g rea t e r than the activity of carbon in UC but l e s s than the activity of 
carbon in UC2- Under these condi t ions , uranium m e t a l might be converted to s toichio­
m e t r i c UC at the react ing t e m p e r a t u r e . The per t inent equi l ibr ia for the u r a n i u m -
methane reac t ions a r e : 

U(s) + CH4(g)—UC(s) + 2H2(g) (1) 

UC(s) + CH4{g) —UC2(s) + 2H2(g) (2) 

CH4(g)—C(s) + 2H2(g) . (3) 

In o rde r to calculate the activity of carbon in UC and UC2J as expressed for Equa­
tions (1) and (2), a brief l i t e r a tu re survey was conducted to find f r ee - ene rgy data for UC 
and UC2- The data considered m o s t re l iable were those der ived by Ward. (^) Using 
Ward ' s data and suitable f r ee -ene rgy data for methane(8) , the s tandard f r ee -ene rgy 
change (AF°) was calculated for the equi l ibr ia in Equations (1), (2), and (3). Since AF° = 
-RT In K and K = iPH-) /{PCHA^ ^^ values of log^Q ( P H T ) ^ / ( P C H A ^ were calculated for the 
equi l ibr ia . The data and the r e su l t s of the above calculat ions a re tabulated in Table 1. 
In the absence of f r ee -ene rgy data for U2C3, UC and UC2 were assumed to be the only 
stable phases in the u ran ium-ca rbon sys tem between 800 and 1200 K. 

The resu l t s of the calculat ions a re thermodynamical ly inconsis tent . In going from 
the two-phase region U + UC to the two-phase region UC + UC^j which mus t r e p r e s e n t 
an inc rease in the activity of carbon in the condensed p h a s e s , the calculat ions shown in 
Table 1 indicate that there is an i nc rea se in the pa r t i a l p r e s s u r e of hydrogen in the gas 
m i x t u r e , corresponding to a dec r ea se in the activity of carbon in the gas phase . The 
chemical potential of carbon mus t be the same in both the condensed and gaseous p h a s e s , 
and an inc rease in the carbon activity in one phase mus t be accompanied by a c o r r e ­
sponding i nc rea se in the other phase . Since calculat ions based on the f r ee - ene rgy data 
show the r e v e r s e situation to occu r , the data m u s t be in e r r o r . Another way of demon­
s t ra t ing this point is to exaj:nine the following equilibrivim: 

2UC::r=UC2 + U . (4) 

Since AF° for this react ion at 1000 K, 727 C, would be -4 ,040 cal p e r mole using the data 
in Table 1, these data tell us that UC will decompose to form UC2 and uraniiim at equi­
l ibr ium at 727 C. Exper imenta l da ta , as expressed in the u ran ium-ca rbon phase d ia ­
gram, show that this situation is imposs ib le . 
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T A B L E 1. F R E E - E N E R G Y AND L O G ^ Q (PH2 ' / ^ P C H 4 ) C A L C U L A T I O N S 

BASED ON T H E D A T A O F W A R D { 7 ) AND ROSSINl(8) 

CH4(g) 
UC{s) 
UC2(s ) 

U{s) + C H 4 ( g ) — U C ( s ) + 2H2{g) 

UC(s ) + C H 4 ( g ) r ; : U C 2 ( s ) + 2H2(g) 

C H 4 ( g ) r ^ C { s ) + 2H2(g) 

U(s) + CH4{g) : :^UC(s) + 2H2(g) 

UC{s) + C H 4 ( g ) r ^ U C 2 ( s ) + 2H2{g) 

CH4{g)r : : :c (s ) + 2H2(g) 

800 K 

- 5 5 0 
- 1 8 , 4 9 5 
- 4 1 , 0 8 0 

- 1 7 , 9 4 5 

- 2 2 , 0 3 5 

+ 550 

4 . 9 0 2 

6 . 0 1 9 

- 1 . 8 5 0 

900 K 

A F ° , 

+ 2 , 0 1 0 
- 1 8 , 2 9 0 
- 4 0 , 6 3 6 

A F ° , 

- 2 0 , 3 0 0 

- 2 4 , 3 5 6 

- 2 , 0 1 0 

L o g ] 

4 . 9 2 9 

5 . 9 1 4 

+ 0 . 4 8 8 

1000 K 

c a l p e r mc 

+ 4 , 6 1 0 
- 1 8 , 0 1 0 
- 4 0 , 0 6 0 

1100 K 

)le 

+ 7 , 2 2 0 
- 1 7 , 6 2 0 
- 3 9 , 3 3 0 

c a l p e r m o l e 

- 2 2 , 6 2 0 

- 2 6 , 6 6 0 

- 4 , 6 1 0 

- 2 4 , 8 4 0 

- 2 8 , 9 3 0 

- 7 , 2 2 0 

0 (PH2)^ / (PCH4) 

4 . 9 4 3 

5 . 8 2 6 

1.007 

4 . 9 3 5 

5. 747 

1.434 

1200 K 

+ 9 , 8 5 0 
- 1 7 , 1 7 0 
- 3 8 , 4 9 0 

- 2 7 , 0 2 0 

- 3 1 , 1 7 0 

- 9 , 8 5 0 

4 . 9 2 1 

5 . 6 7 6 

1 .794 
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Despite the inaccurac ies in the available f r ee - ene rgy da ta , reasonable assumpt ions 
made it possible to approximate the equi l ibr ium hydrogen /methane ra t io over s toichio­
m e t r i c UC. It was thus de te rmined from these data that at 1200 K, 927 C, where the 
gas-composi t ion range is widest and the g r ea t e s t opportunity for p r o c e s s control e x i s t s , 
the CH4 composit ion l imi ts for s to ichiometr ic UC ranged from 0. 0001 to 0. 01 volume 
p e r cent CH4. This resu l t points out the difficulty of control l ing the composit ion of the 
condensed phase by controll ing the gas composit ion above i t . 

The kinet ics of Equations (1) and (2) were studied exper imenta l ly in a stat ic s y s ­
tem. These data were obtained w^hile at tempting to satisfy an immedia te need for quan­
t i t ies of uranium carbide powder for s inter ing s tud ies . Observa t ions were made of the 
gas p r e s s u r e within the sys tem as re la ted to t ime . P r e s s u r e data were obtained from 
manomete r readings on a modified Siever ts appara tus containing 30-g batches of u r a ­
nium me ta l heated to 700 C by a r e s i s t ance tube furnace . Init ial methane p r e s s u r e s 
were var ied from 90 to 600 m m of m e r c u r y . 

Attempts to ca rbur ize the uran ium di rec t ly were unsuccess fu l , poss ib ly due to the 
formation of a thin oxide film on the uranium by res idual oxygen in the sys tem during 
heating to t e m p e r a t u r e . The absence of p r e s s u r e var ia t ions during these tes t s indi­
cated that pyro lys i s of the methane at the react ion t empe ra tu r e w a s , of i tself, not 
significant. 

Initiation of the react ion was found to requ i re the hydriding of the uranium and the 
subsequent decomposit ion of the hydride during heating to the react ion t e m p e r a t u r e . It 
appears probable that decomposit ion of the hydride produces an act ivated uranium s u r ­
face which functions as a catalyst for the decomposi t ion of the methane . The genera l 
pa t t e rn of the manomet r i c data for the react ion under these conditions is shown in F i g ­
ure 1. Analysis of the p r e s s u r e var ia t ions as a function of t ime revealed that the p r e s ­
s u r e , with the exception of a shor t init ial induction per iod of from 2 to 4 min , va r i e s 
l inear ly as a function of the logar i thm of t i m e , as shown in F igure 2. 

It appears that the p r e s s u r e i nc rea se is due to hydrogen buildup according to 
Equation (1), although there a r e indications that the actual react ion m e c h a n i s m s involve 
m o r e than this simple one-s tep p r o c e s s . The slopes of these plots a r e independent of 
the initial methane p r e s s u r e , i n c r e a s e s in init ial p r e s s u r e m e r e l y serving to r a i s e the 
whole plot on the p r e s s u r e ax is . This suggests that the concentra t ion of methane m o l e ­
cules adsorbed on uranium in the range of p r e s s u r e s observed is probably so la rge as to 
be a lmost independent of p r e s s u r e and that the ra te -cont ro l l ing mechan i sm involves the 
so l id-s ta te diffusion of e i ther carbon or uran ium a toms or both. The local exhaustion of 
methane in the immedia te vicinity of the sol id-gas interface would thus be negl igible . 

P - P 
Indeed, if the t e r m , , which denotes the fraction of methane reac ted according to 

Po 
the s toichiometry of the above react ion (P being the p r e s s u r e of the system at any t ime 
and P Q being the initial methane p r e s s u r e ) , is a s sumed to be propor t ional to the fraction 
of uranium converted into monocarb ide , then the ra te -cont ro l l ing mechan i sm could be 
infer red as being a diffusion p r o c e s s following a logar i thmic ra te law s imi la r to that ob­
served in the oxidation of zinc. ' ^ ' 

However , it was found that when the gaseous products of react ion were evacuated 
after a t ime and fresh methane w^as introduced to the same uranium c h a r g e , the or iginal 
active surface was regenera ted and produced coincident p r e s s u r e - t i m e c u r v e s . This 
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FIGURE 1. GENERAL PATTERN OF THE MANOMETRIC DATA FOR THE 
URANIUM-ME THANE REACTION 

The curve i l lus t ra ted is for data at 700 C with an ini t ial CH4 
p r e s s u r e of 0 ,4 a tm . 



0 4 

I 

Q . 

Time,min 
30 70 75 80 90 100 

Time, min 
8 9 10 

AEO-26471 

00 

FIGURE 2. FRACTION OF CH4 REACTED AS A FUNCTION OF TIME (LOG^o *) 
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behavior suggests that the surface reac t ion is r e t a rded by the p re fe ren t i a l adsorpt ion 
and blocking of react ion s i tes by hydrogen produced during the r eac t ion , which finally 
p ro t ec t s the surface so efficiently that fur ther decomposi t ion of methane is p rac t i ca l ly 
prevented . An example of such a phenonaenon i s to be found in the decomposi t ion of 
ammonia on quar tz su r faces , l^^) 

If this cessa t ion of decomposi t ion is caused by the adsorpt ion of nascent hydrogen 
on the active su r face , an i n c r e a s e in the surface a r e a of the uranitim should not only 
p e r m i t the decomposit ion to proceed fu r the r , but should, at the same t i m e , also cause 
axi i n c r e a s e in the init ial ra te of the decomposi t ion. Differences in the slopes of the 
p r e s s u r e - t i m e cu rves for different u ran ium cha rges a s well a s prev ious ly repor ted v a r i ­
ations in the equi l ibr ium constant for the ini t ial p seudo-ha l f -o rde r reaction^ ' support 
this theory . It is cons idered probably that the uran ium carbide behaves as a me ta l for 
hydrogen adsorpt ion because of the high densi ty of free e l ec t rons observed in UC. The 
re ta rda t ion of the methajie react ion is probable not caused by any apprec iable hyd ro -
genization of uranixim carbide by methane because in no case did the calculated hydrogen-
methane p r e s s u r e s ra t ios approach the calculated equi l ibr ium rat io de te rmined from 
f r ee - ene rgy data for Equation (1). 

T h u s , in a stat ic s y s t e m , the avai lable evidence seenas to indicate that a surface 
react ion is the ra te -con t ro l l ing mechan i sm for the u ran ium-methane reac t ion , and that 
the hydrogen produced by the react ion r ema ins to some extent adso rbed , or assoc ia ted 
in some other fashion with u ran ium ca rb ide . 

P r e p a r a t i o n by Other Techniques 

One batch of this type of powder was p r e p a r e d with propane substi tuted for m e t h ­
ane. It was felt that no significant differences in the product r e su l t ed , although the r e ­
action ra te with propane may have been slightly h igher . 

A mix ture which should have resu l ted in the s to ich iometr ic composit ion of UC was 
p r e p a r e d from UO2 and carbon powder s . This mix tu re of loose powders was slowly 
heated to 1500 C in a graphite crucible in a vacuiom. The t e m p e r a t u r e was held at 1500 C 
until outgassing was completed. X - r a y diffraction examination of this product revealed 
the p re sence of UC, U02^ and unknowns. Since a be t t e r -qua l i ty , finer product was ob­
tained from the alkane reac t ion , no fur ther work was pe r fo rmed employing this reac t ion . 

Powder was produced at Bat tel le by a r c mel t ing uranii im cind graphite to form UC 
buttons and then crushing them in a ball mi l l or with a m o r t a r and pes t le in a protec t ive 
a tmosphe re . Three c o m m e r c i a l products were studied. These w e r e obtained from the 
Mal l inckrodt , Numec , and Vitro l a b o r a t o r i e s . The Mall inckrodt m a t e r i a l was a minus 
20-mesh s in ter cake; the Numec m a t e r i a l appeared to be a r c - m e l t e d buttons; and the 
Vitro m a t e r i a l was minus 20 plus 100-mesh spher ica l shot. These c o m m e r c i a l m a t e ­
r i a l s were powdered by crushing techniques s imi l a r to those used for the a r c - m e l t e d 
buttons produced at Bat te l le . 

Charac te r i za t ion of the Powder s 

Chemical and vacuum-fusion ana lyses of the var ious powders a r e shown in Tables 2 
and 3. The Niimec m a t e r i a l contained 0. 31 w/o ni t rogen as compared to 0. 26 w / o in 
the Mall inckrodt powder , 0. 067 w/o in the Vitro powder , and 0. Oil w /o in the Bat te l le 
a r c - m e l t e d and c rushed powder . Oxygen contents of these same powders w e r e . 
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TABLE 2. SUMMARY OF RESULTS OF VACUUM-SINTERING 

Total Carbon 
Unsintered 

Powder 

4 .94 
4 . 9 4 
4 .94 
4 ,94 

4,94(b) 

4 . 8 3 

4 .83 

5.33(d) 

4 ,89 
6.47 

6.47 

5.98 

5.98 
5 .98 
5 .98 

4 .68 
4 .68 
4 .68 
4 .68 
4.85 

Sintered 
Compact 

. . 
--
--

4.55 

4 ,32 

4 .66 

4 .37 

3.87 
4 .70 

--
--

4 .61 
--
— 

4 .32 

4 .37 
--
— 

4,17 
"•-

Chemical an 
Free 

Carbon 
Before 

Sintering 

<0. 05 

<0. 05 
<0.05 
<0. 05 
<o, 05(b) 

0.03 

0.22(d) 

0. 01 

0.45 

0,46 

0.10 

0.15 

0.15 
0.15 

0.15 

0.32 

0.32 

0.32 

0.32 

1.1 

d Vacuum-Fusion Analj 

Oxygen 
Unsintered 

Powder 

0.27 

0.27 
0.27 
0.27 

0.79 

0.079 
0.079 

1.33(d) 

0.19 
0.40 

0.40 

0.19 

0.69 

0.69 
0.69 

0.69 

0.56 
0.56 
0.56 
0.56 
1.39 

ses, w/o 

Sintered 

Compact 

--
--
--

0.19 

0.36 
--

0.14 

0.48 
--
--
--

--
--
— 

0,15 

--
--

0.17 
— " 

Nitrogen 
Unsintered 

Powder 

0.015 
0. 015 
0,015 
0,015 

0.015 
0.011 

0,011 

0.31(d) 

0.31 

0.26 

0,26 

0.067 

0.15 

0.15 
0.15 

0.15 

0.16 

0.16 

0.16 
0.16 
0.54 

Sintered 

Compact 

Average 
Powder 

Particle 

Diameter, 

fi 

Arc-Melted and Crushed 

--
— 
--

0.011 

0.012 

— 

0.32 
--
--
— 

Methane -Urani 

--
— 
— 
- -

20 
20 
20 
20 

4 

25 

25 

Commercial 

6 
70 

26 

25 

25 

um-Reaction 

12 

12 
12 

12 

Propane -Uranium -Reaction 

. . 

— 
--
— 
—— 

8 

8 

8 
8 

12(b) 

(a) Determined from weights and dimensions. 
(b) Estimated. 
(c) No great variation in grain size, maximum about equal to average. 
(d) Analysis performed after kerosene partly removed by evacuating at room temperature, analysis of same material before 

adding kerosene in next line. 
(e) Ball milled under kerosene. 
(f) Static system unless noted otherwise. 
(g) Greater than measured value in previous column because fissures from CO release not counted as porosity, 
(h) Powder prepared in flowing gas system. 
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Sintering Conditions 
Time, Temperature, 

hr C 

Uranium Carbide 

1/2 1700 
2 1700 
4 1700 
2 1900 

2 1900 
1 1900 
1 1950 

Uranium Carbide 

2 1900 
1 1900 
2 1700 

3 1800 

- . 

Compact Density^ ^' , 
g per cm 

Green 

9.2(''> 
9 .2 
9 .2 
9 .2 

9 .1 

8.8 
8.8(b) 

8.8 
9 .4 
8 , ( /b) 

8.0(b) 

--

Sintered 

10.5 
10.8 
11,5 
11 .3 

12.8 
10 .1 
11 .2 

13.4 

9.6 
8.2 
8 .2 

--

Metallographic 
Density, 

pet cent of 
theoretical 

75 
80 
85 
85 
90 

75 
85 

' 

95 
70 

70-75 
70-75 

--

Grain 
Average 

30 
30 
30 
35 
50 
35 
50 

50 
75 

20 
20 

— 

Size, 

Maximum 

(c) 
(c) 
(c) 
(c) 
180 

(c) 
125 

250 

(c) 

(c) 
(c) 
--

Comments 

. -
--
--
--
--
--
--

Numec'^) 
Numec 
Mallinckrodt 
Mallinckrodt 

Vitro 

Uranium Carbide'" 

1 1900 

2 1910 
1 1920 

1 1950 

Uranium Carb ideO 

1 1900 

2 1910 
1 1920 
1 1950 

2 1900 

7 .3 

7.7 
7.9 
7.9(b) 

7 .2 
7 .4 

7.7 
7.5 

7 .3 

11.0 

11.8 
11.9 

11.2 

11.4 

12.0 

10.5 

— 
12.5 

75 

95(g) 
85 

85 

80 
95(g) 
90(g) 

95(g) 

85 

15 
180 

35 

40 

40 

220 
50 

250 

8 

25 

(c) 
180 

125 

327 

(c) 
200 
350 

375 (h) 



TABLE 3 . SUMMARY OF RESULTS OF ARGON-ATMOSPHERE SINTERING STUDIES 

Condition 

1 

2 

3 
4 

Condition 

1 

2 

3 

4 

Average _ 

Powder Particle T 

Diameter, p. 

6 
25 
25 
12 

Type of Powder 

ime 
hr 

2 

1/2 
4 
2 

Numec, ball milled in kerosene 

BMI, arc melted and crushed 

BMI, arc melted and crushed 

Methane-uranium reaction 

-

Sintering Conditions 
, Temperature, 

C 

1900 
1910 
1915 

1900 

Total Carbon 

Before 
Sintering 

5.33(d) 

4 .83 

4 .83 

4 .88 

After 
Sintering 

4 .09 

--

4 .55 

--

DensityC*), 

Green 

8.6 
8.3 
8.8(c) 

7 .8 

g per cm3 

Sintered 

11 .1 
8,4 

9 .5 

10.7 

Metallographic 
Density, 

per cent of 
theoretical 

80 
60 

70 
75-80 

Chemical and Vacuum-Fusion Analyses, w/o 
Free 

Carbon 
Before 

Sintering 

0.22(d) ' 

0 .03 

0 .03 

0 .31 

Before 

Sintering 

1.33(d) 

0.079 

0.079 

--

Oxygen 

-

Grain Size 
Average 

12 

40 
35 
35 

Nitrogen 
After Before 

Sintering Sintering 

0.56 0.31(d) 

0.011 ' 

0 .011 -" 

. -

After 

Sintering 

0.34 

. . , 

--

--

M 
Maximum 

(b) 
(b) 
(b) 

(b) 

Uranium 
After 

Sintering 

95 .0 

--

--

--

H-' 

t\) 

(a) Determined from weights and dimensions, 

(b) No great variation m grain size; maximum about equal to average, 

(c) Estimated, 

(d) Analysis performed after kerosene partly removed by evacuating at room temperature; see Table 1 for analysis before adding kerosene. 

• • 
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re spec t ive ly , 1900, 4000, 1850, and 790 p p m , hydrogen contents w e r e 24, 18, 6, and 
15 ppm, and the "free carbon" contents were 0. 0 1 , 0. 45 , 0. 10, and 0. 03 w / o . The above 
analyses were obtained on powder of comparab le pa r t i c l e s i z e , about 25 /i in average 
d i ame te r . F u r t h e r c rushing resu l ted in h igher impur i ty contents . In two typical 
batches the pa r t i c l e s izes of the product of the s tat ic p ropane -u ran ium and m e t h a n e -
uranium reac t ions were 8 and 12 jU in d i a m e t e r , r espec t ive ly . Nitrogen contents of these 
two batches were 0. 16 and 0. 15 w / o , r e spec t ive ly , oxygen: 5600 and 6900 p p m , h y d r o ­
gen: 46 and 350 p p m , ajid free carbon: 0. 32 and 0. 15 w / o . X - r a y examination of the 
8-jH powder showed a pa t te rn of UC of ve ry s t rong in tens i ty , a ve ry faint pa t t e rn of UO2J 
and ve ry faint pa t t e rns of unknowns. The 12-jLi powder showed a pa t t e rn of UC of ve ry 
s t rong in tens i ty , a s trong pa t t e rn of UC2> a ve ry faint pa t t e rn of UO2, and very faint 
pa t t e rns of unknowns. 

Oxygen was probably the mos t undes i rab le impur i ty p r e s e n t . Where la rge amounts 
of oxygen were p r e s e n t , U O T was observed in the m i c r o s t r u c t u r e . F igure 3 shows the 
UO2 dis t r ibut ion in a s intered compact made from powder containing about 1.4 w/o 
oxygen. During vacuum sinter ing the UO^ probably r e a c t s with UC according to the 
equation; 

UO2 + 2UC:!;:3U + 2CO . 

This r e su l t s in a reduction of the carbon and oxygen contents and in the formation of free 
uran ium and of poros i ty from the l ibera t ion of the CO. In the spec imen po r t r ayed in 
F igure 3 , free u ran ium w^as p r e s e n t nea r the surface of the spec imen , and the UO2-UC 
s t ruc tu re shown in the photomicrograph was p r e s e n t in the center of the compact . P o s ­
sibly, if the s inter ing time had been prolonged, the UO2 in the center of the compact 
would also have reac ted . The m i c r o s t r u c t u r e of a s in tered compact made from a powder 
containing 6900 ppm oxygen i s shown in F igure 4. As m a y be seen , no UO2 is p r e s e n t 
and the remaining oxygen in the s in tered compact (0. 15 w/o) is probably dissolved in the 
UC phase as d i scussed in the next sect ion. The thickness of this second compact was 
1/4 in. The high-oxygen powder compact was 1/2 in. thick. 

Nitrogen in the quantit ies p r e s e n t in the above powders undoubtedly was dissolved 
in the UC phase in the s intered o m p a c t s , and the amount p r e s e n t before and after s i n t e r ­
ing remained essen t ia l ly unchanged. No adverse effects on s in ter ing c h a r a c t e r i s t i c s due 
to the p r e s e n c e of ni t rogen were obse rved , although a qualitative difference in re s i s t ance 
to chemical at tack by var ious e tches was observed . The h igh-ni t rogen m a t e r i a l was l e s s 
r e s i s t an t to at tack by n i t r ic acid. 

No harmful effects caused by the p r e s e n c e of hydrogen were observed during s in­
ter ing . The l a r g e s t amount of hydrogen observed in a s in tered compact was 42 ppm. 

Sintering Studies 

The b inders used for cold p r e s s i n g served also to p ro tec t the powders from oxida­
tion during p r e s s i n g and loading into fu rnaces . The binder was added by i m m e r s i n g the 
powder in solutions of cetyl alcohol dissolved in pe t ro leum e the r , camphor in methyl 
a lcohol , or Carbowax 6000 in methyl a lcohol , and evaporat ing the e ther or alcohol under 
a hood at room t empera tu re after the excess liquid had been decanted. 
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FIGURE 3 . MICROSTRUCTURE OF URANIUM CARBIDE CONTAINING LARGE 

AMOUNTS OF OXYGEN AS AN IMPURITY 

This compact, which was made with powder prepared by the 

methane-uranium reaction and contained 1.39 w/o oxygen, was 

sintered 2 hr m vacuum at 1900 C. The outlined gray phase is 

UO2, the black areas are voids, and the matrix is UC. 
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FIGURE 4 . MICROSTRUCTURE OF URANIUM CARBIDE COMPACT PREPARED BY 

VACUUM SINTERING 1 HR AT 1950 C POWDER MADE BY METHANE-

URANIUM REACTION 

An oxygen content of 0.69 w/o in the powder prior to sintenng was 
low enough so that it was removed by reaction with the UC to form 
CO and uranium meta l . The oxygen content after sintering was 0.15 
w /o . The peppery white particles and the grain boundary phase are 
uranium, the black areas are voids, and the matrix is UC. No UO2 
is apparent. 
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A compact ing p r e s s u r e of 25 to 30 t s i proved to be op t imum. The green densi ty of 
a r c - m e l t e d and c rushed powder having an average pa r t i c l e d i ame te r of 25 |Li var ied a l ­
mos t l inear ly between 8. 8 and 9. 3 g p e r cm^ as p r e s s u r e was var ied from 15 to 60 t s i . 
Sintering was pe r fo rmed in cold-wal l vacuum furnaces using tantalvim sheet h e a t e r s . One 
of these furnaces was adapted to p e r m i t the use of an argon a t m o s p h e r e . After s in te r ing , 
densi ty was de te rmined by m e a s u r i n g the d imensions of the spec imens and weighing 
them in a i r . This technique r e su l t s in conserva t ive v a l u e s , since any surface roughness 
reduces the apparen t density as de te rmined by this method. Another densi ty es t ima te 
was obtained by mic roscop ic inspect ion of a pol ished c r o s s sect ion of the compact . 
These m e a s u r e m e n t s with e s t ima te s of gra in s i z e , chemica l a n a l y s e s , and vacuum-
fusion analyses a r e s u m m a r i z e d in Tables 2 and 3. 

Resul t s of vacuum-s in te r ing studies on compacts p r e p a r e d from a r c mel ted and 
crushed powders a r e summar i zed in Table 2. F igure 5 is a plot of the t ime-densi f ica t ion 
re la t ionship at 1700 C for m a t e r i a l s with the 20-jU pa r t i c l e size (Table 2). As may be 
seen , densification p roceeds quite rapidly for the f i r s t half hour then t ape r s off t o a m u c h 
lower r a t e . Increas ing the t e m p e r a t u r e to 1900 C led to l i t t le improvemen t , as can be 
seen in F igure 5; a 2-hr in te rva l at this t e m p e r a t u r e resu l ted in a m e a s u r e d densi ty of 
11. 3 g pe r cm-^ or about 85 pe r cent dense , as de te rmined mic roscop ica l l y . A photo­
m i c r o g r a p h of a compact s in tered for 4 h r at 1700 C is shown in F igure 6. A homoge­
neous one-phase s t ruc tu re was typical of about 98 p e r cent of this spec imen. A 50-/i 
outer r im was observed containing the duplex UC-uranium s t ruc tu re of F igure 4 with 
slightly l a r g e r gra ins and g r e a t e r densi ty . An es t imated 1 p e r cent of this r im con­
tained free u ran ium. As m a y be seen in F igure 6 spheroidizat ion of po re s had bare ly 
be gun. 

The spec imens s intered at 1900 C contained spher ica l voids exclus ively , although 
no apprec iable gra in growth or po re shrinkage had o c c u r r e d . The duplex r i m of the 
spec imens s in tered at 1900 C had enlarged to a th ickness of about 250 ^ or 10 mi l s in 
the 1/2-in. - d i ame te r spec imens . Grain growth of many magni tudes and la rge amounts 
of gra in-boundary uran ium were somet imes observed in these r i m s . It is thought that 
oxygen from the UO2 in the speciinens and from the smal l amount of a i r or m o i s t u r e in 
the dynamic vacuum reac t s at the surface of the compacts during s inter ing to reduce the 
UC to free uran ium and CO gas . This so r t of react ion has been d i scussed e a r l i e r in con-
nection with impur i t i e s and in BMI-1441^ ' and could explain the r i m s observed . C a r ­
bon loss by these m e c h a n i s m s could explain the la rge drops in carbon content obse rved , 
since the oxygen dec rease occur r ing during s in ter ing is not l a rge enough to account for 
the carbon l o s se s observed . 

There was not nea r ly enough free uran ium observed in the m i c r o s t r u c t u r e of the 
compact descr ibed in Table 2 as having an average powder pa r t i c l e size of 20 û and 
s in tered 2 h r at 1900 C to account for the analys is of 4 .55 w/o carbon found in the s in­
te red compact . The analyt ical data in Table 2 indicate that 1900 ppm oxygen and 
110 ppm ni t rogen were p r e sen t in this compact after s in ter ing . In other s in tered com­
p a c t s , combined ni trogen and oxygen contents as high as 8000 ppm have been de tec ted , 
although in each of these cases no mic roscop ic evidence of their p r e s e n c e was detected. 
As far as ni t rogen is concerned, UN is known to be mutual ly soluble in UC, and t h e r e ­
fo re , one would expect that re la t ive ly la rge amounts of ni t rogen could reac t with the free 
uranium in these compacts to form UN which in turn is soluble in UC. No UO phase has 
been isolated and identified as such, but it would appear equally feasible for smal l 
amounts of oxygen to form a substi tut ional solid solution of the U(C,0) type at concen t ra ­
tions too low for UO2 to fo rm. The final r e su l t is a UC lat t ice s t ruc tu re with ni trogen 
or oxygen or both randomly substi tuted for carbon. 
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FIGURE 5. EFFECT OF TIME AT TEMPERATURE 

ON DENSITY OF ARC-MELTED AND 

CRUSHED URANIUM CARBIDE DURING 

SINTERING IN VACUUM 

250X N71627 

FIGURE 6. MICROSTRUCTURE OF URANIUM CARBIDE COMPACT PREPARED 

BY VACUUM SINTERING 20-ft POWDER 4 HR AT 1700 G 

Black areas are voids. The presence of both rounded and angular 

voids shows that neck growth advanced in several areas during 

sintering. 
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Some of the powder used for the above compacts was c rushed fur ther by dry ball 
mil l ing in argon to an average pa r t i c l e d i ame te r of approximate ly 4 jU, using uran ium 
bal ls in a rubber - l ined m i l l . This resu l ted in apprec iable oxygen pickup as may be seen 
in Table 2. Sintering this m a t e r i a l at 1900 C gave compacts having an average densi ty 
of 12. 8 g pe r cm-^ or 90 pe r cent of theore t ica l as de te rmined meta l lographic al ly . A 
quantity of g ra in-boundary u ran ium was observed in these c o m p a c t s , as would be ex ­
pected from the low carbon , n i t rogen , and oxygen contents given in Table 2. 

An examinat ion of Table 2 shows that higher carbon contents and lower oxygen 
contents could be achieved by s inter ing the powders having re la t ive ly coa r se pa r t i c l e 
s i z e s ; however , the maximtim densi ty at tainable for 20-jLt-diameter powder was approx i ­
mate ly 11.5 g pe r c m 3 . Sintering t e m p e r a t u r e s up to 2000 C gave no improvement . ( ̂ 4) 
Crushing to a finer pa r t i c le size improved the s in tered densi ty to 12. 8 g p e r cm-^; how­
e v e r , impur i ty pickup was g r e a t e r and the carbon content of the s in tered compact was 
reduced. 

The r e su l t s of t e s t s on c o m m e r c i a l powders a re a lso given in Table 2. A m a x i -
mirm s in tered densi ty of 9. 6 g p e r cm-^ was observed for the coa r se powder . The den­
sity of the Numec m a t e r i a l after ball mil l ing under ke rosene to an average par t i c le 
d i amete r of 6 jU w^as 13. 4 g pe r cm-^ or 95 pe r cent of t heo re t i ca l , as de te rmined m e t a l -
lographica l ly , after s in ter ing at 1900 C. The m i c r o s t r u c t u r e at the edge and center of 
these compacts a re shown in F igu re s 7a and b. F r e e u ran ium is p r e s e n t as a continuous 
gra in-boundary phase as well as in the form of fine spheroids within the g r a in s . Again, 
c rushing to a fine size has resu l ted in good densification w^ith the aid of g ra in-boundary 
u ran ium. The m i c r o s t r u c t u r e of the 6.47 w/o carbon Mall inckrodt powder compacts 
after s in ter ing consis ted of two p h a s e s , UC and UC2, with no free u ran ium p r e s e n t . 

Sintering studies on the Vitro m a t e r i a l have not been completed. 

The r e su l t s of studies on uran ium carbide produced by the a lkane-uran ium r e ­
actions a re given in Table 2. Since a fine powder was obtained by this method , no fur­
ther crushing was n e c e s s a r y . The m i c r o s t r u c t u r e of a compact of the 12-|:i m a t e r i a l 
after s in ter ing at 1910 C is shown in Figure 8. The average d i ame te r of the g ra ins was 
about 180 ji which r e p r e s e n t s an o r d e r of magnitude growth over the or ig inal 12 |Lt. The 
only phases p r e s e n t were UC and free u r an ium, as was the case with all s in tered c o m ­
pac ts in this s e r i e s . The m e a s u r e d densi ty of this compact was 11. 8 g pe r cm com­
pared with the meta l lographic es t imate of 95 pe r cent of t heo re t i ca l , which is cons ide r ­
ably g rea t e r than 11. 8. The meta l lographic es t imate did not include f i s su re s and voids 
from CO re l ease which a r e included in the m e a s u r e d densi ty . Thus , the meta l lographic 
es t imate gave a t rue r p ic ture of the fundamental s inter ing behavior of the m a t e r i a l as 
re la ted to neck growth and pore shr inkage. 

Simi lar s t ruc tu re having higher dens i t ies and l a r g e r g ra ins were obtained using the 
8-jLi-diameter powder . Densi t ies of 90 pe r cent or m o r e were obtained with s inter ing 
t e m p e r a t u r e s of 1910 C or h igher , as shown in Table 2. The carbon and oxygen d e ­
c r e a s e s during s inter ing noted in Table 2 probably resul ted from the m e c h a n i s m s d i s ­
cussed e a r l i e r . 

A brief study of the effect of using a stat ic argon a tmosphere on the s in terabi l i ty of 
uranium carbide was conducted. The argon was introduced after heating the compacts in 
a vacuum to 690 C to remove the binder . Resul t s of these t es t s a re shown in Table 3. 
The density of the s intered compacts made from 6-j i i -part icle-size m a t e r i a l is seen to be 
11. 1 g per cm-^. This compares with a densi ty of 13.4 g pe r cm^ for the same 
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250X N68454 

a. Center of Vacuum-Sintered Compact 

The white grain-boundary phase and the peppery white 
phase are uranium. 

^ 5# 

8... *«^ti • -̂  ^ " A " . ^ ^ 

• 

* « ' . . ! ^ - . 

I? . ifi SA 
lOOOX N68460 

c. Center of Argon-Sintered Compact 

The black areas are voids. The white spots at the center 
of some voids are light reflections. No uranium is visible. 

250X N68455 

b. Edge of Vacuum-Sintered Compact 

This structure shows grain growth and less uranium meta l . 

lOOOX N68461 

d. Edge of Argon-Sintered Compact 

The unidentified black needles or cracks near the edge 
resulted from reactions with impurities m the argon 
such as nitrogen or oxygen. 

FIGURE 7. MICROSTRUCTURES OF URANIUM CARBIDE COMPACTS PREPARED BY SINTERING 6-fi POWDER 2 HR AT 1900 C 
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m a t e r i a l s in te red in a vacuum, as d i scussed e a r l i e r . F i g u r e s 7d atnd 7c show the 
m i c r o s t r u c t u r e of this m a t e r i a l s in tered in argon. As m a y be seen , the use of the 
argon a tmosphe re prevented the format ion of free u ran ium and severe ly re ta rded gra in 
growth. Minor edge effects to a depth of about 20-/1 a r e shown in F igure 7d. No free 
u ran ium was p r e s e n t in this zone. The needlel ike s t ruc tu re in the 6-/i r im probably is 
the resu l t of reac t ions with impur i t i e s in the argon. A compar i son of the analyt ical data 
per t inen t to the above exper iments shows that the compact s in te red in argon contained 
m o r e carbon and oxygen. The UO2-UC react ion d i scussed e a r l i e r undoubtedly p roceeds 
much slow^er in stat ic argon than in a vacuum. This fact could explain the g r ea t e r r e t en ­
tion of carbon and oxygen when s inter ing in argon. This difference in carbon and oxygen 
removal apparent ly p romotes the formation of the hypothetical U ( C , 0 , N ) phase d i scussed 
previous ly . The three other exper iments desc r ibed in Table 3 resu l ted in s imi l a r edge 
and core s t r u c t u r e s . No free uranium was observed in any of these compac t s . A gen­
e r a l needlel ike prec ip i ta te was observed in the s in tered comipact containing 4. 55 w/o 
ca rbon , as shown in F igure 9. Although ana lyses for ni t rogen and oxygen were not p e r ­
fo rmed , the m i c r o s t r u c t u r e indicates that enough ni t rogen or oxygen or both was picked 
up to form this UC^ ' l ike phase . This UC2-like phase m a y also contain var ious amounts 
of ni t rogen a n d / o r oxygen. 

Qualitative examination of the f rac ture c h a r a c t e r i s t i c s of a cas t ing of UC-10 w/o 
MooC alloy showed it to be considerably tougher than pure UC. In addit ion, this alloy 
has been found to be much m o r e r e s i s t an t to co r ros ion than U C . ' ^ ^ ' Sintering theory 
p red ic t s that ductile m a t e r i a l s s in ter m o r e readi ly than br i t t le m a t e r i a l s . F u r t h e r m o r e , 
the advantages der ived from a tougher fuel e lement a r e obvious; t he r e fo r e , a r c - m e l t e d 
buttons of this nominal composit ion were c rushed to a pa r t i c le d i ame te r of approximate ly 
25 ji in an argon a tmosphere for s inter ing s tudies . Analysis of this powder gave the fol­
lowing r e s u l t s : 4. 71 w/o total ca rbon , 0. 21 w/o free ca rbon , and 9. 28 w / o molybdenum. 
It is e s t imated that total hydrogen, n i t rogen , and oxygen content was about 1000 ppm. 
Resul t s of vacuum sinter ing these compacts at t e m p e r a t u r e s of 1700 to 1900 C a r e given 
in Table 4. As may be seen , dens i t ies up to 90 pe r cent of theore t ica l we re obtained 
with s inter ing t e m p e r a t u r e s of 1800 C using this re la t ive ly coa r se powder . The m i c r o -
s t ruc tu re of an a r c - m e l t e d button and that of a typical s in tered compact a r e shown in 
F igu re s 10a and 10b. Two phases were observed in the s in tered compac t s . M i c r o h a r d -
ness m e a s u r e m e n t s showed the average ha rdness of the minor p h a s e , shown etched light 
in F igure 10a and dark in F igure 10b, to be 1380 KHN, compared with 846 KHN for the 
UC m a t r i x ; t he re fo re , on the bas is of the poss ib i l i t i es in the th ree -component s y s t e m , 
the mino r phase i s probably M02C. P o r e s in these compac ts were spher ica l and were 
located at M02C-UC in te r faces . The s t ruc tu re of the spec imens s in tered at 1700 C was 
uniform from edge to cen t e r , but depletion of molybdenum and l a rge voids were ob­
served near the edges of the compacts s in tered at 1800 and 1900 C. Qualitative t es t s of 
an impact nature showed these s in tered compacts to be much tougher and l e s s prone to 
cracking than pure UC. One of the r easons for the be t t e r s in terabi l i ty observed with 
this alloy was probably connected with the p re sence of mult iple gra ins p e r powder p a r t i ­
cle in this alloy cont ras ted with the s ing le -gra in UC powder . 
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lOOX N66540 

FIGURE 8, MICROSTRUCTURE OF URANIUM CARBIDE COMPACT PREPARED FROM 
METHANE-URANIUM REACTION POWDER BY VACUUM SINTERING 
2 HRAT 1910 C 

The phases shown are uranium metal (white) and UC. 

: ^ 

rMm-^-'^!<i^:^. ll.::.r.><^-^ \ j i 

FIGURE 9. MICROSTRUCTURE OF URANIUM CARBIDE COMPACT PREPARED FROM 
25-11 POWDER BY SINTERING 4 HR AT 1915 G IN ARGON 

The black rounded areas are voids, the gray and white phase is UC, and 
the black platelets are probably UC2. Since this specimen contained 
only 4.55 w/o carbon, some nitrogen must have substituted for carbon 
in this structure, thus the structure is really U(C,N) and UCC.N)^. 
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lOOX Lactic-Nitric Acid Etch 

a. As-Cast Button 

This structure shows white M02G in a gray UC matrix. The black regions were 
not identified but are probably voids produced during metallographic 
preparation. 

- 4 ^ Jr' ^ 

500X Modified Murakami's Etch N70306 

b. Compact of Crushed Powder Vacuum Sintered 3 Hr at 1800 C 

The structure resulting from sintering powder made from the cast material is shown 
here. The dark phase is M02C, and the matrix is UC. Note that a different 
etchant has been used. 

FIGURE 10. MICROSTRUCTURE OF UC-10 w/o MogC ALLOY 
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TABLE 4 . SUMMARY OF RESULTS OF VACUUM SINTERING UC-10 w/o MOgC AND UC-5 w/o NbC ALLOYS 

Nominal 
Composition 

UC-10 w/o MOgC 
UC-10 w/o M02C 

UC-10 w/o M02C 

UC-5 w/o NbC 

UC-5 w/o NbC 
UC-5 w/o NbC 

Time, 

hr 

2 

3 
2 

2 

3 
2 

Sintering 

Conditions 

Temperature, 

C 

1700 

1800 

1900 

1700 
1800 
1900 

Dens 

Green 

9.1(b) 

9.l(b> 

9 ,1 

9.1(b) 

9.1(b) 

9 .1 

ty(a), 

cm-^ 
Sintered 

11.2 

11.9 
11.5 

9.9 
9,8 

10.2 

Metallographic 
Density, 

per cent of 
theoretical 

80-85 
85-90 

85-90 

. . 
75-80 
75-80 

Averag 

15 
15 
15 

. -
30 
30 

Grain 
Size, H 

3 Ma ximum 

(c) 

(c) 

(c) 

_-

(c) 
(c) 

(a) Determined from weights and dimensions. 
(b) Estimated, 

(c) No great variation in grain size, maximum about equal to average. 

Data p resen ted e l sewhere in this repor t show a high ra t io of t r a n s v e r s e bend 
s t rength to compress ive s t rength for a UC-5 w/o NbC alloy. This behavior usual ly in­
dicates l e s s notch sensitivity^ or higher ducti l i ty. A button of this nominal composi t ion 
was a rc me l t ed , c rushed , and analyzed. The ZS-^i d i amete r powder contained 4 .98 w/o 
total carbon 0. 09 w/o free ca rbon , and 2. 80 w/o niobium. Sintering data on compacts 
of this alloy a re given in Table 4. The max imum densi ty achieved was 10. 2 g pe r cm-^ 
after s inter ing at 1900 C. No free uranium was observed; and the s t r uc tu r e s consis ted 
of a s ingle-phase UC-NbC solid solution. These compacts and buttons were not as 
tough as the UC-10 w/o Mo^C alloy compacts and but tons . 

E a r l y in the p rog ram it was lea rned that the p r e s e n c e of liquid uran ium enhanced 
densif icat ion, but , since the melt ing point of u ran ium is about 1300 C lower than that of 
UC, the mechanica l p r o p e r t i e s of a u ran ium carbide component containing a continuous 
gra in-boundary uranium phase would probably be grea t ly reduced at high t e m p e r a t u r e s . 
It was d iscovered that l iquid-phase gra in-boundary conditions could a lso be obtained by 
adding chromitim to UC and s inter ing at t e m p e r a t u r e s above 1760 C. Because of i t s higl 
vapor p r e s s u r e , the chromivim could be dis t i l led off completely at 1850 C. It was found 
that the liquid phase sealed voids rapidly at 1760 C. F igure 11 shows the m i c r o s t r u c t u r e 
of a UC-8 w/o chromium alloy after vacuum sinter ing 1 h r at 1760 C and i l l u s t r a t e s the 
extent of densification. The const i tuents of the eutectic s t ruc tu re visible in the lOOOX 
photomicrograph a re probably UC and chromium. When sma l l e r quanti t ies of ch romium 
were added, local densification was s imi la r ly enhanced. The m i c r o s t r u c t u r e of an un­
alloyed UC powder compact vacutim s intered for 2 h r at 1700 C is compared with com­
pacts containing 1 and 3 w/o chromium and also vacuum s in tered for 2 h r at 1700 C in 
F igure 12. Despite the effect on m i c r o s t r u c t u r e , the s inter ing t i m e - v e r s u s - d e n s i t y 
curve at 1700 C for a UC-1 w / o chromium alloy coincided with the curve for pure UC 
plotted in Figure 5. The reason for this behavior m a y be found by examining F igu re s 11, 
12a, 12b, and 12c. The spher ica l , 40 to SO-jU voids in these compacts were caused by 
the p re sence of ch romium, as these la rge voids do not occur in pure UC compac t s . 

A static argon a tmosphere was employed in s inter ing a special ly p r e p a r e d UC-
chromium alloy. To minimize the effects of possible impur i t i e s in the chromium powder 
the chromium was added to a u r a n i u m - c a r b o n - c h r o m i u m button by a r c mel t ing . The but­
ton was then crushed to an average par t i c le d iamete r of about 25 fj., and green p r e s s e d to 
a densi ty of 9. 1 g p e r cm^. Chemical analys is of the powder showed 4. 97 w/o carbon 
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250X N68457 

lOOOX N66544 

HGURE 11 . MICROSTRUCTURE OF UC-8 w/o CHROMIUM COMPACT VACUUM 
SINTERED 1 HR AT 1760 C 

The black areas are voids and the gray phase is UC. The white 
constituent of the eutectic structure around the UC is probably 
chromium meta l , and the dark constituent of the eutect ic 
structure is UC. 
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250X N71241 

a. Stoichiometric Uranium Carbide 

Angular black areas are voids; the remainder 

is UC. 

b . U C - i w/o Chromium 

The structure shows advanced neck growth and void 

rounding. The voids are black, the metal l ic 

chromium is white, and the major phase is UC. 

c. UC-3 w/o Chromium 

This compact shows more advanced sintering, 
densification, and rounding of the voids. The 
metal l ic chromium in this structure is white, 
the voids are black, and the major phase is UC. 

250X N71239 

FIGURE 12. EFFECT OF CHROMIUM ADDITIONS ON THE MICROSTRUCTURE OF URANIUM CARBIDE POWDER 

COMPACTS SINTERED 2 HR IN VACUUM AT 1700 G 
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and 1. 26 w / o ch romium. Compacts of this powder were s in te red for 4 h r at 1700 C in 
an argon a t m o s p h e r e . Pho tomic rographs of one of these compacts a r e shown in F i g ­
u re 13. The l a rge 60-ju, voids vis ible in F i g u r e s 11 and 12 w e r e e l iminated . T h e r e f o r e , 
it was concluded that these l a rge voids were indeed caused by in te rna l gas p r e s s u r e . 
Despi te the el iminat ion of the la rge vo ids , the average densi ty of these compacts was 
only 10.5 g p e r cm'^, s imi la r to that obtained in a vacuum a t m o s p h e r e . The reason for 
this may be due to the effect of argon on the s in terabi l i ty of this t e r n a r y alloy or to the 
nonequil ibr ium condition of this compact as evidenced by the var iab le etching effect on 
the UC shown in the top photomicrograph in F igure 13. F u r t h e r m o r e , this powder was 
c o a r s e r than that used prev ious ly . 

Hot P r e s s i n g 

An a l te rnat ive method to conventional co ld -p re s s ing and s inter ing p r o c e d u r e s for 
densifying uran ium carbide compacts cons i s t s of applying an i sos ta t ic p r e s s u r e at elevated 
t e m p e r a t u r e s while the uran ium carbide compact is sealed in an evacuated me ta l can. 
Under p rope r conditions a me ta l lu rg ica l bond may be obtained between the can and the 
carbide using this method. 

A s in tered pel le t p r epa red from 25-jLi-dicLmeter powder , obtained by crushing an 
a r c - m e l t e d button, was densified by this method. The carbon content of this powder was 
4. 83 w / o . Sintering for 30 min at 1930 C in a vacuum resu l ted in a densi ty of approx i ­
ma te ly 70 pe r cent of theore t ica l . After i sos ta t ica l ly hot p r e s s i n g this compact in a 
tantalum container for 3 h r at 1320 C, under a hel ium gas p r e s s u r e of 5 t s i , the densi ty 
of this compact inc reased to 95 pe r cent of theore t i ca l , a s de te rmined mic roscop ica l ly . 
Typical photomicrographs of the m i c r o s t r u c t u r e near the cen te r of this compact a r e 
show^n in F igure 14. A smal l amount of uran ium aJid UC w^ere the only phases p r e s e n t . 

Various types of uran ium carb ides as well as t e rna ry - a l l oy compacts have been hot 
p r e s s e d in this m a n n e r , using niobium tubes and g r e e n - p r e s s e d and degassed compac t s . 
Microscopic e s t ima te s of densi ty a r e compared w^ith tw ô other methods of density m e a s ­
u remen t in Table 5. The uranium-carbon-molybdenioin alloy powder is the same m a t e ­
r ia l d i scussed previous ly in connection with s inter ing of a l loys . As may be seen from the 
t ab le , 3 h r at 1370 C under a 5- t s i p r e s s u r e densified this m a t e r i a l to about 99 p e r cent 
of the theore t ica l densi ty of 12.9 g p e r cm^. The m i c r o s t r u c t u r e of this compact was 
s imi la r to that of the s in tered s t ruc tu re in F igure 10b except for the p r e s e n c e of an un­
known p h a s e , h a r d e r than the UC, poss ib ly some modification of U2C3. Various 
diffusion-interact ion effects to a depth of 5 m i l s into the core and 0. 2 mi l into the n io ­
bium tube were observed as a resu l t of the interdiffusion of ca rbon , molybdenum, n io­
b ium, and uran ium. No free uran ium was p r e s e n t . Although no evidence of oxide was 
found in this al loy spec imen , al l of the pure UC spec imens r e f e r r e d to in Table 5 con­
tained varying amounts of UO^- Although no oxygen or carbon ana lyses were pe r fo rmed 
on these h o t - p r e s s e d scimples, it is probable that m o s t of the UO2 observed was p r e s e n t 
in the s tar t ing powder , which contained 2700 and 7900 ppm oxygen in the 20- and 4-;U 
powder , respec t ive ly . The low t empera tu r e involved, 1370 C, and the lack of an escape 
route for CO accounts for the retent ion of UO2 as such. In addition to UC and UO^, 10 
to 20 w/o of an unidentified p h a s e , usual ly assoc ia ted with the UO2 was observed . This 
phase was h a r d e r than UC, and was poss ib ly U2C3. As m a y be seen in the t ab le , the 
dens i t ies of four of five pure UC spec imens equaled or exceeded 12. 5 g p e r c m ^ , r e g a r d ­
l e s s of pa r t i c l e s i ze . 
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250X N71628 
Lactic N u n c Acid Etch 

250X N71626 
As Polished 

FIGURE 13. MICROSTRUCTURE OF COMPACT PREPARED BY SINTERING URANIUM-1.26 w/o CHROMIUM-4.97 w/o 
CARBON POWDER 4 HR AT 1700 C IN ARGON 

The polished structure shows pores as black spots m a white field. The etched structure shows chromium 
metal to be present as the white phase plus a UG matrix which has retained in part a heterogeneous 
structure that was observed m the master-alloy casting. 
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250X 
Bnght Field 

RM15918 

lOOX 

mjk^^^^^^SBg^SW^mm ^^ ^^ 

RM15915 
Polarized Light 

FIGURE 14. CENTER OF URANIUM CARBIDE COMPACT ISOSTATICALLY HOT PRESSED 3 HR AT 1320 C AND 5 TSI 

These photomicrographs show a structure having a few isolated round pores (black) associated with grain-
boundary uranium m a matrix of UC. The average pore volume m this compact was estimated to be 
5 volume per cent. 
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TABLE 5. DENSITY MEASUREMENTS OF URANIUM CARBIDE AND URANIUM-
CARBON-MOLYBDENUM POWDER COMPACTS ISOSTATICALLY 
HOT PRESSED 3 HR AT 1370 C AND 5 TSI 

Avera 
Powd< 

Lge 
2 r 

P a r t i c l e 
S ize , 

20 
20 
20 

4 
4 

25 

M 

Carbon 
Content , 

w / o 

4 .94 
4 .94 
4 .94 
4 .94 
4 .94 
4 .71 

Molybdentim 
Content , 

w / o 

0 
0 
0 
0 
0 

9.28 

Densi ty M e a s u r e m e n t 

Radiographic , 
g P er cm-^ 

12 
12 
12 
13 
12 
13 

Liquid 
Buoyancy, 
g pe r cm^ 

12.5 
12.7 
12.9 
12.8 
11.6 
12.9 

M i c r o s c o p i c . 
p e r cent 

of theore t ica l 

90 
90 

90-95 
95-99 
85-90 

99 

Mixtures of minus 100-mesh uran ium shot with minus 325-mesh h igh-pur i ty 
graphite powder were also i sos ta t ica l ly hot p r e s s e d in niobium tubes after V-mixing and 
tamping the loose powder into tubes . A p r e s s u r e of 5 ts i was applied for 3 hr at 1020 C. 
Heterogeneous patches of dense u r a n i u m - r i c h a r e a s and powdery g raph i t e - r i ch a r e a s 
were the final r e su l t . These exper iments d i sc losed , however , that a substant ial quantity 
of UC had formed in the u r a n i u m - r i c h a r e a s , as de te rmined meta l lographica l ly . Im­
proved mixing techniques will be requi red for using this method successful ly. 

Conventional hot p r e s s ing of mix tu re s of 95. 2 w / o of minus 325-mesh uran ium and 
4. 8 w/o of minus 325-mesh graphite powder was pe r fo rmed at t e m p e r a t u r e s ranging 
from 1050 to 1150 C for 4 h r in a graphite die under a p r e s s u r e of 2500 p s i . Microscopic 
excumination of these specinaens showed UC, u r an ium, U02^ and two unidentified p h a s e s , 
and the maximum density obtained was 80 pe r cent of theore t ica l . No fur ther work was 
per formed using this technique since be t ter r e su l t s were m o r e readi ly at tainable using 
the i sos ta t ic technique. 

Conclusions 

Dense uranitim carbide components can be fabr icated from powders that have an 
average d iamete r of l e s s than 8 jn by vacuiom sinter ing compacts of these powders at 
t empera tu re s g rea t e r than 1910 C. F r e e uran ium in the grain boundar ies invar iably a c ­
companies the high-densi ty (90 to 95 p e r cent of theoret ica l ) compac t s . 

F r e e uranium was el iminated by s inter ing uran ium carbide powders in a stat ic 
argon a tmosphere ; however , the maximum densi ty at tainable was 85 pe r cent of 
theore t ica l . 

Isos ta t ic hot p r e s s ing of a pa r t i a l ly s intered uran ium carbide compact at 1320 C 
inc reased the densi ty of the compact from 70 to 95 pe r cent of theore t ica l . The s t ruc tu re 
consis ted of UC and free u ran ium. 

Isostat ic hot p r e s s ing of green compacts p r e p a r e d from the UC-M02C alloy powder 
resu l ted in a density of 99 pe r cent of theore t ica l at a t e m p e r a t u r e of 1370 C and a p r e s ­
sure of 5 ts i compared with 90 to 95 pe r cent for pure UC. 



29 

Alloying UC with M02C improved s in te rabi l i ty . Rela t ive ly c o a r s e powder could be 
densified at 1800 C, and free uran ium was e l imina ted . 

Chromium additions to UC grea t ly enhanced s in te rab i l i ty , but resu l ted in u n d e s i r ­
able side effects . The use of an argon s inter ing a tmosphe re gave p r o m i s e of e l iminat ing 
the side effects. 

MELTING AND CASTING OF UC 

Labora to ry techniques suitable for the p repa ra t ion of n e a r - s t o i c h i o m e t r i c uran ium 
monocarbide shapes of good pu r i ty , soundness , and nea r theore t ica l densi ty have been 
developed in pas t r e s e a r c h . H) However , these l a b o r a t o r y - s c a l e techniques do not 
appear economical ly a t t rac t ive for the product ion of l a rge quant i t ies of fuel e l e m e n t s . 
T h e r e f o r e , w^ithin the Fue l -Cycle Development P r o g r a m attention has been given to the 
development of techniques capable of volume product ion of UC. The efforts expended in 
this pa r t i cu l a r p r o g r a m of study have been r e s t r i c t e d to the examinat ion and development 
of the i n e r t - e l e c t r o d e skull- type a r c - m e l t i n g technique. 

This skul l -mel t ing technique ut i l izes a h i g h - c u r r e n t a r c to me l t and homogenize 
the charge m a t e r i a l s res t ing on a bed of the same nominal composi t ion. The mol ten 
m a t e r i a l is poured f rom the bed or "skul l " into a mold of the de s i r ed shape. These 
opera t ions a r e conducted within a vacuumtight enc losure to main ta in the pur i ty of the 
product and to p ro tec t the charge from oxidation during mel t ing . In this study of skul l -
type a r c mel t ing as it is applied to UC, observa t ions have been made of the effect of 
furnace a t m o s p h e r e , mel t ing p r a c t i c e , charge m a t e r i a l , and molding p rac t i ce upon the 
quality of the product . The composit ion control obtainable in the product and the homo­
genei ty , pu r i t y , soundness , and m i c r o s t r u c t u r e of the cas t ings have been evaluated. The 
r e su l t s of these act iv i t ies a r e p resen ted below. 

F u r n a c e , A t m o s p h e r e , and Melting P r a c t i c e 

The per t inen t novel fea tures of the a rc furnace employed in these studies a r e a s ­
sociated with the crucible that contains the " sku l l " , the mold and the mold-hea t ing d e ­
v i ce , and the e lec t rode from which the a rc is s t ruck and mainta ined. The cruc ib le is a 
heavy-wal led wa te r -coo led copper container in which the skull i s built up by mel t ing 
smal l charges of uran ium and carbon. The crucible is mounted so that it can be ti l ted 
to pour the mol ten m a t e r i a l into an at tached mold. When the crucible is in the mel t ing 
pos i t ion , the mold can be heated by an induction coi l . The graphite e lec t rode tip is in­
te rna l ly threaded so that it mounts secure ly on the copper wa te r -coo led e lec t rode s t inger . 
The shape of the e lec t rode tip is roughly cy l indr ica l , with the working a r e a well 
rounded. 

The power supply is d i rec t cu r r en t at 24 v (e lectrode negat ive) , and the cu r r en t 
m a y be var ied as de s i r ed or as requi red by the p a r t i c u l a r p rocedure used . Fo r example , 
when the furnace a tmosphere used i s a dynainic vacuum, the power input to the furnace 
i s init ially ve ry low (24 v at 800 amp) . This ini t ial lower power input is n e c e s s a r y b e ­
cause of the cons iderable r i s e in furnace p r e s s u r e caused by outgass ing of the furnace 
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and cha rge . If the p r e s s u r e is allowed to r i s e to above 5 x 10"^ m m of m e r c u r y a b s o ­
lu t e , glow d i scha rges occur in the furnace and the mel t ing cycle may be d is rupted . As 
mel t ing is continued and outgassing d e c r e a s e s , the power input is r a i s ed to about 
2000 amp at 24 v. At this power input, about 300 cm-^ of carbide may be mel ted and 
cas t . If the a r c cu r r en t is r a i sed to about 3000 amp the volume of mol ten carbide in ­
c r e a s e s to about 500 cm-*. At any power se t t ing , the volume of m a t e r i a l cas t is g r e a t e r 
using a dynamic vacuum than when a stat ic furnace a tmosphe re is used . 

Charge Mate r i a l s 

Up to the p r e s e n t t i m e , l a rge quanti t ies of prea l loyed UC have not been available 
commerc ia l ly . For this r e a s o n , e lementa l cha rges have been used a lmos t exclusively . 
Usual ly , r e a c t o r - g r a d e uran ium and var ious grades of graphite have been used as 
charge m a t e r i a l s . It has been noted that turbulence and outgassing during mel t ing a r e 
re la ted to the pur i ty of the charge m a t e r i a l s , pa r t i cu l a r ly the graphi te . This effect was 
also evident on the few occasions when UC sc rap from previous runs was remel ted . If 
this sc rap was re la t ively free of oxide, it mel ted with l e s s turbulence than a charge in 
which oxide was noticeably p r e s e n t . On the occasions when meta l l i c u ran ium and 
spect rographica l ly pure graphite were used as the charge m a t e r i a l s , turbulence was 
very slight. 

The nominal composit ion of the charge is about 4. 0 w / o carbon when cas t ings with 
composit ions nea r 5. 0 w/o carbon a r e de s i r ed . The total weight of the charge v a r i e s , 
depending upon the volume of carbide cas t from the preceding me l t . Approximately 4 kg 
is charged after a 300-cm^ mel t and 7 kg after a 500-cm-^ me l t . 

Composit ional Cont ro l , Homogeneity, and P u r i t y 

The problem of control of carbon composit ion in cas t ings p r e p a r e d by the skul l -
type a r c -me l t i ng technique has received the mos t attention during recen t months . On a 
l abora tory sca l e , p rocedures have been developed for p repa r ing u ran ium-ca rbon alloys 
with predic ted composit ions accura te to ±0. 1 w/o carbon. At the p r e s e n t state of deve l ­
opment , cast ings p r epa red by the skull- type a r c -me l t i ng technique va ry f rom the in ­
tended composit ions by ±0. 3 w/o carbon. In attaining this degree of predic tabi l i ty with 
e lemental charges of r eac to r -g rade uran ium and c o m m e r c i a l g raph i te , mel t ing t i m e s , 
power l e v e l s , and skull p repara t ion have been found to be impor tan t . In spite of this 
var ia t ion of carbon from mel t to m e l t , the homogeneity of a cast ing or seve ra l cas t ings 
poured at one t ime has been very good. Analyses confirm that homogenei t ies be t te r than 
±0. 1 w/o carbon a re consis tent ly obtained. 

With re fe rence to composit ion control from me l t to m e l t , it has been es tabl ished 
that turbulence of the molten pool during mel t ing causes the difficulties exper ienced. 
This turbulence i s responsib le for an uncontrol led pickup of carbon by e ros ion of the 
graphite e lec t rode (molten m a t e r i a l sp la t t e r s on the hot e lec t rode and dr ips into the me l t 
ca r ry ing an unpredictable quantity of carbon into the me l t ) . As noted p rev ious ly , it is 
evident that impur i t i es in the charge a r e responsib le for the turbulence encountered. At 
this t ime no conclusions as to the significance of any specific impur i t i e s can be m a d e . 
However , the lack of turbulence when spec t rographica l ly pure graphite is used and the 
low impur i ty content of UC mel ted in a dynamic vacuum would indicate that both meta l l i c 
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and nonmetal l ic impur i t i e s a r e r espons ib le . Analyses typical of these m a t e r i a l s , g raph­
i t e , u r a n i u m , and UC as p r e p a r e d in an iner t a tmosphe re and in a dynamic vacuum a re 
p r e sen t ed in Table 6. 

Molding P r a c t i c e and Cast ing Quality 

In te res t in molding p rac t i ce cen te r s around the c h a r a c t e r i s t i c s that a r e exhibited 
by the cas t shapes . These include soundness , surface condit ion, in te rna l s t r u c t u r e , and 
handling c h a r a c t e r i s t i c s . Both copper and m a s s i v e (2 in. in OD by 3/4 in. in ID) g raph­
ite chill molds have been used . Heated graphite molds a lso have been used as well as 
thin-walled (1 in. in OD by 3/4 in. in ID) graphite molds of re la t ive ly low heat capaci ty . 

Cast ings made in copper or in unheated m a s s i v e graphite molds were prone to 
cracking upon cooling or to cracking in subsequent handling or machining opera t ions . 
Cas t shapes made in graphite molds heated to a t e m p e r a t u r e of about 1100 C p r i o r to 
pouring exhibited the best soundness and handling c h a r a c t e r i s t i c s . Cas t ings poured in 
vacuum into unheated thin graphite molds were only slightly infer ior in these r e s p e c t s . 
However , cas t ings poured in a stat ic ine r t a tmosphere into unheated thin-walled graphite 
molds did not demons t ra te as complete a soundness and a f reedom from cracking as did 
cas t ings poured in the same molds in vacuum. This effect is a t t r ibuted to the m o r e 
rapid cooling effected by the p r e s e n c e of the ine r t gas . 

The surface condition of the cas t ings was mos t sensi t ive to the a tmosphere in the 
furnace . Surface poros i ty on some ingots was a t t r ibuted to the s tat ic a tmosphere p r e s e n t 
during mel t ing and cast ing opera t ions under ine r t gas . 

Almost al l cas t ings show^ed evidence of slight p r i m a r y or secondary cen te r - l i ne 
shr inkage . In mos t c a s e s , no de le te r ious effects of this shr inkage were noted in subse ­
quent handling. 

The cas t s t ruc tu re of shapes (3 /4 - in . in d i amete r by 8 in. long) produced by the 
thin-walled molding technique usual ly cons is t s of l imi ted a r e a s of columnar gra ins at 
the cast ing surface . The major p a r t of the cas t ings cons is t of equiaxed g ra ins . The 
s ize of the equiaxed gra ins is l a r g e r at the top of the cas t ings (see F igure 15). A photo­
graph of a typical group of such UC rods cas t in a c lus te r in a thin-walled graphite mold 
is p re sen ted in F igure 16. 

The observa t ions noted above apply in genera l to cas t ings in which the composit ion 
is near or above 4. 8 w/o carbon (corresponding to UC). Cast ings containing l e s s than 
4. 8 w/o carbon show a tendency to hot t ea r and reac t with the graphite mo lds . 

Summary of Resul t s and Future R e s e a r c h 

The skull- type a r c - m e l t i n g and cast ing technique appea r s to be a p r ac t i c a l method 
for producing la rge quantit ies of uranium carbide fuel e l e m e n t s . On the bas i s of the r e ­
sul ts obtained so f a r , vacuum mel t ing seems super io r to an ine r t a tmosphere because of 
cast ing soundness and the l a r g e r volume of molten m a t e r i a l poured with the same power 
consumption. Heated molds genera l ly resu l t in cas t ings with be t te r su r faces ; however , 
cas t ings poured into unheated thin-walled molds a lso have good su r faces . The molten UC 



32 

TABLE 6. ANALYSIS OF CARBON MATERIALS, URANIUM, AND UC PRODUCED BY ARC MELTING AND CASTING 

Carbon, w/o 

Oxygen, ppm 

Nitrogen, ppm 

Hydrogen, ppm 

Iron, ppm 

Silicon, ppm 

Aluminum, ppm 

Boron, ppm 

Copper, ppm 

Magnesium, ppm 

Molybdenum, ppm 

Nickel, ppm 

Calcium, ppm 

Ash, ppm 

Inert-Atmosphere-
Melted UC(a) 

5,0 

116 

50 

6.4 

50 

20 

— 

2 

20 

— 

5 

15 

— 

— 

Vacuum-Melted 
UC(b) 

5,0 

30 

50 

0.6 

15 

25 

20 

0.5 

0.5 

2 

5 

2 

20 

— 

Reactor-Grade 
Uranium 

0.010 

30 

50 

2 

80 

70 

40 

0 .1 

10 

10 

40 

30 

20 

— 

AGSX 
Carbon 

— 

•**• 

— 

— 

~ 

_̂ 

10 

— 

— 

— 

" 

~ 

6000 

AGOT 
Carbon 

~ 

~ 

--

SO 

60 

<50 

3 

— 

10 

— 

— 

200 

400 

Spectrographic -
Grade Carbon 

— 

^J-

— 

-

ND 

Trace 

ND 

ND 

ND 

2 

ND 

ND 

Trace 

4 

ND = not detected. 
(a) Spectrographic-grade carbon used in this casting. 
(b) AGSX-grade graphite used in this casting. 
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5X N72297 
a. Top of Casting 

N72298 
b. Bottom of Casting 

FIGURE 15. TYPICAL GRAIN STRUCTURES OF UC CASTINGS PRODUCED IN THIN-WALLED MOLDS 

Note columnar grains near surface and difference in grain size between top and bottom. 
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1/3X N67318 

FIGURE 16. CLUSTER CASTING OF UC 
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solidifies ve ry fast in any c a s e , resu l t ing in a s t ruc tu re having co lumnar g ra ins at the 
cast ing sur face . P ipe and cen te r - l i ne shr inkage poros i ty a r e p r e s e n t in the c a s t i n g s , 
but this defect is not severe and can probably be reduced for specific shapes . 

The problem of m o s t concern is composit ion cont ro l . The main factor contributing 
to the lack of control i s bel ieved to be e ros ion of the graphi te e lec t rode tip by spla t ter ing 
of mol ten UC. This sp la t ter ing i s caused by turbulence of the liquid during the mel t ing 
p r o c e s s . The turbulence va r i e s from mel t to m e l t , and r e s u l t s in a var iab le carbon 
pickup. P l ans for future studies cal l for the evaluation of va r ious g rades of graphite 
( less cost ly than the spec t rographica l ly pure g rade) . These var ious types of graphi te 
will be evaluated both as a charge m a t e r i a l and as e lec t rode t ips in an a t tempt to reduce 
turbulence and improve composit ion control . Studies of the effect of power leve ls and 
furnace a t m o s p h e r e s on composit ion control a r e a lso planned. 

MECHANICAL, PHYSICAL, AND CHEMICAL PROPERTIES 
OF URANIUM MONOCARBIDE 

This por t ion of the p r o g r a m is concerned with the invest igat ion and definition of the 
c h a r a c t e r of uranium carb ides as potential engineer ing m a t e r i a l s . All phys ica l , m e ­
chanica l , and chemica l p r o p e r t i e s of u ran ium carb ides which a r e of engineer ing signifi­
cance to r eac to r construct ion and which a re not specifically covered in other por t ions of 
the study a r e cons idered to be within the scope of this por t ion of the p r o g r a m . Some of 
the a r e a s of i n t e r e s t which have been studied and which a r e d i scussed in the following 
pages include: co r ros ion r e s i s t ance in r eac to r f lu ids , compatibi l i ty with r eac to r con­
s t ruct ional m a t e r i a l s , s t rength , h a r d n e s s , dens i ty , r e s i s t i v i t y , and the rmal s tabi l i ty , 
the effects of alloy and impur i ty conditions upon p r o p e r t i e s , and the amenabi l i ty of the 
ca rb ides to being coated with m o r e c o r r o s i o n - r e s i s t a n t m a t e r i a l s . 

During the f i r s t 6 months of this r e s e a r c h (Phase I ) , the effects of impur i t i e s upon 
uran ium monocarbide were studied. It was found that UO2 reac ted with molten uran ium 
monocarbide to produce a cast ing containing uran ium me ta l . P r e s u m a b l y , carbon was 
removed from the mel t as carbon monoxide. Small additions of UN to mol ten uranium 
monocarbide produced no changes in m i c r o s t r u c t u r e , and it was cons idered probable 
that the ni trogen remained in the product as the solid solution, U(C,N). Additions of 100 
to 800 ppm of i r on , s i l icon, and tungsten to uran ium monocarbide produced no changes 
in e l ec t r i ca l r e s i s t iv i ty or co r ros ion r e s i s t a n c e . T r a n s v e r s e rupture t e s t s produced 
data suggesting that these impur i t i e s have a m o r e de t r imenta l effect (or l e s s beneficial 
effect) on ca rb ides nominally containing 5 w/o carbon than ca rb ides nominal ly containing 
4. 8 w/o carbon. The average t r a n s v e r s e rupture s t rength of ca rb ides nominally con­
taining 4. 8 w/o carbon was 15,000 ps i while the aVerage t r a n s v e r s e rupture s t rength of 
ca rb ides nominally containing 5. 0 w/o carbon was 10,000 ps i . None of these spec imens 
was analyzed for e i ther carbon or impur i ty content. A specimen of uranium monocarbide 
mel ted under hydrogen showed a co r ros ion ra te of only 250 mg/ (cm^) (h r ) in wate r at 
60 C as compared with about 600 mg/ (cm2)(hr ) for s imi la r spec imens mel ted under 
hel ium. The actual hydrogen and carbon contents of these spec imens a r e unknown and 
the effect of hydrogen has not been studied fur ther . 

The var ia t ions of densi ty and res i s t iv i ty of a s - c a s t samples of u ran ium-ca rbon 
alloys as a function of carbon content were repor ted in the P h a s e I r epo r t (BMI-1370, 
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August 1959),^^"*' and these data a r e sti l l belieV^ed to be essen t i a l ly c o r r e c t . These 
data show a l inear dec r ea se in the density of u r a n i u m - c a r b o n al loys as a function of 
a tomic pe r cent carbon up to 9 w / o (66 a/o) carbon (UC2). The densi ty of UC2 is about 
11. 7 g per cm-^. The res i s t iv i ty of u ran ium-ca rbon alloys is essen t ia l ly constant b e ­
tween 0 and 4. 8 w/o carbon at about 35 m i c r o h m - c m . Between 4. 8 and 9 w/o ca rbon , 
the res i s t iv i ty i n c r e a s e s in a parabol ic fashion to about 120 m i c r o h m - c m at UC2. This 
i n c r e a s e in res i s t iv i ty suggests that UC2 i s slightly l e s s meta l l i c in na ture than uranium 
and UC. The effect of heat t r ea tmen t upon the m i c r o s t r u c t u r e , dens i ty , and res i s t iv i ty 
of u ran ium-ca rbon alloys is desc r ibed in the following sec t ions . 

Binary Uran ium-Carbon Alloys 

Cor ros ion tes t s of u ran ium-ca rbon alloys containing 4 .5 to 9. 25 w/o carbon were 
conducted in wate r at 60 C, ethylene glycol at 150 C, and Santowax R (mixed terphenyls) 
at 350 C. The re su l t s of these t es t s a r e shown in Table 7. Note that the r a t e s for c o r ­
rosion in water a r e pe r hour while the o thers a r e pe r day. The r e su l t s shown in Table 7 
a r e for duplicate tes t s at each composi t ion, one on an a s - c a s t specimen and one on a 
specimen annealed at 1550 C for 1 h r . The r e su l t s showed no t rend a t t r ibutable to the 
heat t r e a m e n t , and for this reason the two tes t s at each composit ion have been averaged . 
The combined re su l t s show a dis t inct t rend toward lower co r ros ion r a t e s near 7 w/o 
carbon and toward higher co r ros ion ra t e s near UC (4. 8 w/o carbon) and UC2 (9.2 w/o 
carbon) . This effect is probably re la ted to the higher ha rdnes s of al loys containing 
about 7 w/o carbon. 

TABLE 7. CORROSION BEHAVIOR OF URANIUM-CARBON 
ALLOYS IN WATER AND ORGANIC LIQUIDS 

Alloy 
Carbon 

Content, 
w / o 

4 . 5 
5. 0 
5 . 9 
6 . 8 
7 . 2 
8. 0 
8 . 8 
9.25 

Santowax R 
at 350 C (1 Week), 

mg/(cm2)(day) 

Disintegrated(^) 
106 
110 

6 
7 
7 

15 
15 

Weight Loss in Cor ros ion 
Ethylene Glycol 

at 150 C (1 Week), 
mg/(cm2)(day) 

66 
- -
8 .9 
0 . 6 

12 
11 
50 

Disintegrated^^) 

Water 
at 60 C (1 H r ) , 

mg/ (cm2)(hr ) 

240 
Disintegratedis-) 

930 
164 
108 
137 

1330 
460 

(a) Specimens initially weighed about 2 g per cm of surface area and tests were 1 week, 1 week, and 1 hr long; so, assuming 
disintegration just at the end of the test, "disintegration" would correspond to rates of about 300 mg/(cm^)(day), 300 mg/ 
(cm^Xday), and 2000 mg/(cm^Xhr). 

When uranimn carb ides a r e exposed to mo i s t a i r for any apprec iable length of t ime , 
they tend to flake and spall into p i les of apparent ly unoxidized chips . It appears that 
oxidation proceeds by a s t r e s s - c o r r o s i o n mechan i sm on ce r t a in c rys ta l lographic or 
cleavage p l a n e s , and that the chips r e p r e s e n t the volumes that have been bypassed by 
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cleavage f ace t s . This theory would p red ic t that the s t r e s s - c o r r o s i o n p r o c e s s would be 
r e t a rded by inc reas ing the s t rength or ducti l i ty of the m a t e r i a l subject to this p r o c e s s . 

It i s c l ea r from Table 7 that wate r a t tacks u ran ium carb ides of all composi t ions 
ex t r eme ly rapidly even at t e m p e r a t u r e s as low as 60 C. Unalloyed uran ium carb ides 
mus t be pro tec ted from m o i s t u r e in all fo rms if the ca rb ides a r e to be s tored for any 
length of t ime . Uranium monocarbide normal ly has a t r a n s v e r s e rup ture s t rength of 
about 10,000 ± 4 , 0 0 0 ps i . A sample s tored in d ry a i r for 1 month had a s t rength of 
7100 ps i . A sample s tored for only 1 h r under wate r at room t e m p e r a t u r e had a s t rength 
of 2400 p s i . 

The t r a n s v e r s e rupture s t rength (calculated max imum ou te r - f ibe r s t r e s s in bend­
ing) and h a r d n e s s of a s - c a s t u ran ium carb ides a r e shown in F igure 17, It is noteworthy 
that the ha rdnes s data show much l e s s sca t t e r and provide a be t te r curve than the data 
for t r a n s v e r s e rup tu re . This might be expected as a r e su l t of the sensi t ivi ty of the m a x ­
imum outer - f iber s t r e s s to minor s t r e s s r a i s e r s in a br i t t le m a t e r i a l such as the c a r ­
b ides . Both c u r v e s , however , show a dis t inct max imum nea r 7 w/o carbon. 

A single value for the c o m p r e s s i v e s t rength of u ran ium carb ide cas t ings has been 
r epor t ed . (1) This value plus the r e s u l t s of seven additional t e s t s on UC cas t ings and six 
new t e s t s on u r a n i u m - 7 w / o carbon cas t ings a r e l is ted in Table 8. These data a lso in ­
dicate an i nc rea se in s t rength from 4. 8 to 7. 0 w/o carbon. 

TABLE 8. MODULI AND COMPRESSIVE RUPTURE STRENGTHS 
OF URANIUM-CARBON ALLOYS 

Alloy 
Carbon 

Content , 
w^/o 

Compress ive 
Rupture 

St rength , 
ps i 

E las t i c 
S t ra in at 
Rup tu re , 
pe r cent 

Modulus 10°, 
ps i 

4 .8 

Average 

7. 0 

54,500(a) 
45,000 
80,000 
46,400 
40,600 
35,300 
39,600 
6 7 , 5 0 0 

5 1 , 1 0 0 

85,400 
67,600 
63,400 
60,400 
52,600 
64,700 

0. 17^^) 

0, 13 
0. 12 
0. 24 

0. 16 
0.25 

31.5(a) 

26.4 
32.5 
27. 6 

29.5 

32. 1 

25,9 

Average 65,700 29, 0 

(a) Value from Reference (1). 
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40.000 

Q. 
O 
o 
c 

0 10 20 40 50 55 
Carbon Content, a/o 

J I I L_ 

65 

4 5 6 

Carbon Content, w/o 

J 
9 10 

AEO-264eO 

FIGURE 17. TRANSVERSE RUPTURE STRENGTH AND HARDNESS OF AS-CAST 
URANIUM-CARBON ALLOYS 
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Many additional data have been obtained with r e s pec t to the dens i t ies and r e s i s t i v ­
i t ies of a s - c a s t u ran ium c a r b i d e s . No major changes a r e n e c e s s a r y in the graphs r e ­
por ted in the P h a s e I r epo r t (BMI-1370, August 1959). Severa l values for the res i s t iv i ty 
of u ran ium monocarbide have been obtained as low as 32 m i c r o h m - c m , so a value of 
about 35 m i c r o h m - c m is now cons idered to be m o r e t ruly r ep resen ta t ive of UC than the 
value of 40 m i c r o h m - c m previous ly repor ted . 

Changes in r e s i s t i v i t y , h a r d n e s s , and densi ty of u r a n i u m - c a r b o n alloys have been 
observed as a r e su l t of the formation of the in te rmedia te compound, uran ium s e s q u i c a r -
bide (U2C3), during heat t r e a tmen t s at var ious t imes and t e m p e r a t u r e s f rom 1400 to 
1800 C. Because these changes a r e mos t pronounced in u r a n i u m - 7 . 0 w^/o carbon al loys 
and because the r e su l t s a r e often ambiguous at other compos i t ions , only the data ob­
tained on u r a n i u m - 7 . 0 w/o carbon alloys a re shown in Table 9. These data show la rge 
i n c r e a s e s in res i s t iv i ty and h a r d n e s s and a smal l i n c r e a s e in densi ty accompanying the 
format ion of U2C3. The data suggest that U2C3 is formed and is stable at all t e m p e r a ­
tu res from 1100 C to approximate ly 1800 C, Typical values for the res is t iv i ty , h a r d n e s s , 
and densi ty of U2C3 a r e 210 m i c r o h m - c m , 1100 KHN, and 12. 8 g pe r cm . 

TABLE 9. PROPERTIES OF URANIUM-7. 0 w / o CARBON ALLOYS BEFORE AND 
AFTER HEAT TREATMENTS TO FORM URANIUM SESQUICARBIDE 

T i m e , 
h r 

Heat T 

A s 
1000 

100 
2 

15 
1 
2 
2 
2 

cas t 

rea tment 
T e m p e r a t u r e , 

C 

(typical) 
1100 
1200 
1400 
1400 
1500 
1600 
1800(?) 
1800(?) 

Re 
m i c 

s i s t iv i ty . 
r o h m - c m 

55 
- -
- -

220 
200 

84(?) 
210 
210 

53 

H a r d n e s s , 
KHN 

720 
1260 
1080 
1260 
1080 
1080 
1170 

— 
741 

Densi ty , 
g pe r cm^ 

12.5 
- -
- -

12.8 
12,7 
12.7 
12.8 
12.6 
12.5 

The consti tut ional d iagram for u ran ium-ca rbon alloys that has been developed in 
connection with these studies is shown in F igure 18. Typical a s - c a s t s t ruc tu re s a r e 
shown in F igure 19. F igure 19a is a typical hypoeutectic s t ruc tu re showing p r i m a r y UC 
and some in t e rg ranu la r eutec t ic . F igure 19b is the eutect ic s t ruc tu re nea r 6. 2 w/o c a r ­
bon. F igure 19c is a hypereutect ic s t ruc tu re showing p r i m a r y UC2 gra ins decomposed 
into UC and UC2 pla te le t s by so l id-s ta te react ion at about 1800 C. F igure 19d is typical 
of the s t ruc tu re of UC2 in the a s - c a s t condition. The equiaxed grain s t ruc tu re is a t t r i ­
buted to the h igh - t empera tu re al lotrope of UC2; the blocky, twinned s t ruc tu re is a t t r i ­
buted to the format ion of te t ragonal UC2 at about 1800 C. 

F igure 20 shows the s t ruc tu re of an u r a n i u m - 7 , 8 w/o carbon alloy after heating for 
1 h r at 1550 C. The s t ruc ture shows a f ine-grained dark-e tch ing phase identified as 
U2C3 formed between pla te le ts of res idual UC2. The grain s t ruc tu re of the or iginal high-
t empera tu r e UC2 solid solution can sti l l be d i scerned in this photomicrograph . This 
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lOOX RM13086 
a. Uranium-5. 6 w/o Carbon 

This structure is hypoeutectic, showing primary UC and 
some intergranular eutect ic structure. 

250X 

b. Uranium-6.2 w/o Carbon 

This is the eutectic structure. 

RMi4o5i 

.^-SaK* -.>b •.-!'*, 

250X 
c . Uranium-6.6 w/o Carbon 

This structure is hypereutectic, showing primary UCQ 
decomposed into UG and UC2 platelets. 

^ A . 

\ . 

25 OX 

d. Uranium 8.5 w/o Carbon 
RM13821 

This structure is primary cubic UCg which has decomposed 
into parallel plates of tetragonal UC2 and fine particles of 
UC, 

FIGURE 19, TYPICAL AS-CAST STRUCTURES OF URANIUM-CARBON ALLOYS 
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s t ruc tu re shows no graphite and es tab l i shes that U2C3 and UC2 a r e in equi l ibr ium at 
1550 C. As indicated p rev ious ly , U2C3 is formed readi ly as a function of t ime and t e m ­
p e r a t u r e at al l t e m p e r a t u r e s from 1100 to 1800 C, 

F igure 21 shows the s t ruc tu re of a u r a n i u m - 8 . 8 w/o carbon alloy after heating for 
1000 hr at 1100 C. The black phase is obviously graphi te ; the mot t l ed , g ray phase was 
identified by X - r a y diffraction as U2Co^ and the twinned, light phase i s c l ea r ly res idual 
UC2- Considering the ent i re c r o s s section of the sample of which F igure 21 is a smal l 
por t ion , it was es t imated that only about 20 p e r cent of the sample had decomposed to 
U2C3 and graphi te . This decomposit ion was a lso observed to a much m o r e l imited ex­
tent in samples heated for 100 h r at 1100 and 1200 C. It was not observed in samples 
heated for up to 15 h r at 1400 C. It is a s s u m e d , t he re fo re , on the bas i s of F i gu re s 20 
and 21 that UC2 is stable above about 1300 C, but decomposes to U2C3 and graphite b e ­
low this t e m p e r a t u r e . No p rope r ty changes other than the change in m i c r o s t r u c t u r e 
have as yet been assoc ia ted with this decomposi t ion. 

The compatibi l i ty of uran ium monocarbide with a va r i e ty of m e t a l s of r eac to r con­
struct ion has been outlined by means of crude t e s t s . The compatibi l i ty of uranium 
monocarbide with liquid NaK alloy has also been studied. The r e su l t s of these tes t s a re 
desc r ibed in Table 10. These r e su l t s a r e n e c e s s a r i l y qualitative because compatibi l i ty 
depends upon the t ime involved and the to lerance for contamination in each pa r t i cu l a r 
c a s e . The nature of the react ion was invest igated for some of these m e t a l s . Analyses 
of the contaminated l aye r s d isc losed as much as 1 w / o u ran ium in the mild s t ee l , 0. 4 w/o 
uranium and 0.5 w / o carbon in the Inconel , 0. 9 w / o carbon in the s ta in less s t e e l , and 
10 w/o uranium and 1 w/o carbon in the z i rconium. The contaminated l a y e r s were 
h a r d e r than the base meta l in all c a se s with the exception of the Inconel. The con tami ­
nated Inconel had a l a r g e r gra in size and significantly lower h a r d n e s s than the base 
me ta l . The nature of the at tack on UC by NaK is shown in F igure 22. It is a s sumed that 
this effect is caused by res idual oxygen in the NaK and is not caused by the NaK itself, 
since this effect appears to be s imi l a r to the at tack of mo i s t a i r on UC noted e a r l i e r . 

Several a t tempts have been made to find a sa t i s fac tory method of dip coating u r a ­
nium carbides to p ro tec t them from a tmospher ic at tack. Uranium monocarbide rods 
have been dipped into baths of the following m e t a l s and a l loys : a luminum-12 w / o sil icon 
al loy, copper , copper-20 w/o silicon a l loy, copper -z inc al loy, s i lve r -z inc al loy, and 
zinc. Wetting of the rods was achieved only with the a luminum-s i l i con alloy and the 
copper-s i l icon alloy. The carbide was dipped in a luminum-12 w/o sil icon alloy held 
molten at 980 C, It was removed after 6 min and examined meta l lographica l ly . This 
examination showed that excess ive react ion had occur red between the uranium carbide 
and the a luminum-s i l icon alloy in this shor t pe r iod . The a luminum-s i l i con al loy, t h e r e ­
fo re , appears to have p r o m i s e as a poss ib le coating for uran ium carb ides provided that 
this in teract ion can be re ta rded by dip coating at lower t e m p e r a t u r e s or for shor te r 
t i m e s . The carbide was dipped in a copper -20 w/o sil icon alloy held molten at 1340 C. 
It was removed after 2 min and examined meta l lographica l ly . This examination d i s ­
closed a fair ly uniform coating of the alloy on the carbide as shown in F igure 23. This 
photomicrograph d i sc loses that a thin layer of uranium oxide formed on the carbide 
during the exper iment and that this layer was penet ra ted by the mol ten alloy. F igure 23 
shows the copper-20 w/o si l icon alloy at the top and uranium monocarbide at the bot tom. 
Direc t ly in the center is a UO2 layer which sepa ra t e s the copper - s i l i con alloy from the 
carb ide . To each side of this UO2 layer is a white zone of in terac t ion where the copper -
silicon alloy has penet ra ted the oxide and reac ted in a superf icial manner with the c a r ­
bide. The UO2 which was p resumably on the surface of the carbide before wetting took 
place m a y be seen suspended in the copper -s i l i con alloy d i rec t ly above the in terac t ion 
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250X 

FIGURE 20. URANIUM-7.8 w/o CARBON ALLOY AFTER HEATING 1 HR AT 1550 C 

The structure shows fine-grained dark-etching U2G3 between platelets 
of residual UC2. The original high-temperature UC2 solid solution 
structure is still visible. 

250X RM17110 

FIGURE 2 1 . URANIUM-8,8 w/o CARBON ALLOY AFTER HEATING 1000 HR AT UOO C 

The black phase is graphite, the gray phase is U2C3, and the light, 

twinned phase is residual UC2. 
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TABLE 10. COMPATIBILITY OF URANIUM MONOCARBIDE WITH 
MATERIALS OF REACTOR CONSTRUCTION 

Mate r i a l 
in Contact 

with UC 

Aluminum 
Copper 
Magnesium 

Mild s teel 

Molybdenum 

Inconel 

Stainless s teel 

Zirconium 

Tes t 
T i m e , 

h r 

24 
24 
24 

24 
24 

100 
100 

24 
24 

24 
24 

100 
100 

24 
24 

100 

24 
24 

100 
100 

Conditions 
T e m p e r a t u r e , 

C 

600 
1000 

600 

1200 
1000 

900 
800 

1200 
1000 

1200 
1000 

900 
800 

1200 
1000 

800 

1200 
900 
900 
800 

Re suit 

Aluminum contaminated to a depth of 0. 005 in. 
No react ion 
No reac t ion 

Steel contaminated to a depth of 0. 020 in. 
Steel contaminated (no m e a s u r e m e n t ) 
No react ion zone observed 
No react ion zone observed 

0. 001-in. l aye r of M02C formed 
No reac t ion 

Inconel contaminated to a depth of 0. 030 in. 
Inconel contaminated (no m e a s u r e m e n t ) 
Inconel contaminated to a depth of 0. 010 in. 
Inconel contaminated to a depth of 0. 003 in. 

Stainless contaminated to a depth of 0. 010 in. 
Stainless contaminated (no m e a s u r e m e n t ) 
Stainless contaminated to a depth of 0. 005 in. 

Zirconium contaminated to a depth of 0. 030 in. 
Zirconium contaminated (no m e a s u r e m e n t ) 
Zirconium contaminated to a depth of 0. 005 in. 
Zi rconium contaminated to a depth of 0. 002 in. 

NaK 720 840 UC oxidized to a depth of 0. 010 in. 
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lOOX RM16647 

FIGURE 22. AS-POUSHED CROSS SECTION OF A SAMPLE OF URANIUM MONO­
CARBIDE EXPOSED TO NaK FOR 1 MONTH AT 840 C 

Surface of the UG shows lacework of cracks produced by oxidation. 

250X RM16451 

FIGURE 23. COATING OF COPPER-20 w/o SILICON ALLOY ON URANIUM MONO­
CARBIDE PRODUCED BY DIPPING FOR 2 MIN AT 1340 C 

Top third of photograph shows the copper-silicon alloy, bottom third 
shows UC. Between is a thm film of UO2 and thick white zones of 
interaction. 
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zones . Future dip-coating exper iments wi l l , t he r e fo re , be based on the assumption that 
any coating alloy mus t contain an e lement such as aluminum or s i l icon which will r eac t 
with uranium oxide. 

T e r n a r y Alloys of Uranium and Carbon 

P r i m a r i l y as an a t tempt to improve the s t o r a g e , handl ing, and co r ro s ion r e s i s t ance 
of uranium carb ides var ious alloying e lements have been added to them. The alloying 
e lements have all been added as m e t a l s to me l t s containing var ious amounts of carbon. 
It was assumed that where sufficient carbon was p r e s e n t to fox-m c a r b i d e s , the ca rb ides 
would form from the me ta l upon solidification. Exces s me ta l was intentionally added in 
many ins t ances . An a t tempt was made to make al loys based on u ran ium plus 4. 8, 7. 0, 
and 9. 0 w/o carbon plus 0 . 5 , 1, 5 , 10, and 20 w/o of a luminum, c h r o m i u m , i ron , m a n ­
ganese , molybdenum, n icke l , n iobium, tan ta lum, t i tanium, tungsten, vanadium, and 
zirconium and their c a rb ides . Alloys containing apprec iable amounts of aliaminum and 
manganese could not be made because of the high vapor p r e s s u r e s of these e lements at 
the melt ing points of the uran ium ca rb ides . The alloys containing c h r o m i u m , i ron , 
n icke l , and z i rconium and their carb ides usual ly did not produce cas t ings of sufficient 
soundness to p r e p a r e specimens for p rope r ty s tudies . 

P r o p e r t y data obtained on some of the m o r e p romis ing al loys of uran ium m o n o c a r ­
bide a re shown in F igures 24, 25 , and 26. Alloying produced a s imi l a r improvement in 
the p rope r t i e s of u ran ium-7 w/o carbon alloys and u ran ium-9 w/o carbon a l loys . Typ i ­
cal p rope r t i e s of uranium monocarb ide -base alloys containing niobium and niobium c a r ­
bide a re shown in Table 11. These data show a c lea r t rend of inc reas ing s t rength and 
ha rdness for the alloys with increas ing alloy content. A trend toward increas ing c o r r o ­
sion res i s t ance with increas ing alloy content is masked somewhat by the sca t t e r of the 
data . The t rend becomes c l e a r , however , if the data in Table 7 a r e compared with the 
data in F igure 24 and in Table 11. The co r ros ion ra te of unalloyed UC in Santowax R at 
350 C apparent ly may vary from about 0 .4 mg/(cm2)(day) to over 100 mg/ (cm2)(day) , 
depending upon unknown condit ions. The cor ros ion ra te of UC containing 10 w/o of a 
r e f rac to ry meta l or me ta l carbide apparent ly may vary from about 0. 1 mg/(cm^)(day) to 
pe rhaps 1 mg/ (cm^)(day) , according to the data shown in F igure 24. As has been m e n ­
tioned e a r l i e r , it is probably m o r e than coincidental that the inc reased co r ros ion r e ­
s is tance of the alloyed carb ides is associa ted with inc reased s t rength and h a r d n e s s . 

Examinat ion of these alloys by meta l lographic techniques did not d isc lose any 
s t ruc tu ra l reason for the improvement in co r ros ion r e s i s t ance with alloy content. Pho to ­
m i c r o g r a p h s of the s t r uc tu r e s of the m o r e p romis ing alloys a r e shown in F igure 27. 
The mass ive dark phase in Figure 27a is p r i m a r y uran ium monocarb ide ; the r ema inde r 
is a eutectic consist ing of dimolybdenum carbide and uranium monocarb ide . The sol id-
solution s t ruc ture of uranium monocarbide and niobium monocarbide shown in F igure 27b 
is so severe ly cored that it appears to be two dist inct phases ; the white a r e a s a re p r e ­
sumed to be r ich in niobium. The alloy shown in F igure 27c i s apparent ly close to a 
eutectic between uranium monocarbide and t i tanium carb ide ; the white p a r t i c l e s a re p r e ­
sumed to be p r i m a r y ti tanium carb ide . The s t ruc tu re shown in Figure 27d is analogous 
to that shown in F igure 27a; the m a s s i v e , dark phase is p r i m a r y uran ium monocarb ide ; 
the white a r e a s a re believed to be an unresolved eutectic between uranium monocarbide 
and vanadium carb ide . 
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Minimum corrosion rote curve 

X Molybdenum and molybdenum carbide alloys 
O Niobium and niobium carbide alloys 
• Titanium and titanium carbide alloys 
D Vanadium and vanadium carbide alloys 

15 20 
Alloy Addition, w/o AEO-26483 

FIGURE 2 4 . CORROSION O F A L L O Y S O F URANIUM MONOCARBIDE IN 
SANTOWAX R A T 350 C 
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250X RM14596 
a. Uranium Monocarbide-lO w/o Dimolybdenum 

Carbide 

The dark phase is primary UC, the remainder is a 
dimolybdenum carbide-uranium monocarbide 
eutectic structure. 

250X RM14603 
b . Uranium Monocaibide-lO w/o Niobium Carbide 

The white areas are probably rich in niobium. 

250X RM14594 
c. Uranium Monocarbide-10 w/o Titanium Carbide d. Uranium Monocarbide-10 w/o Vanadium Carbide 

The white particle': m this nearly eutectic structure are 
probably titanium carbide. 

The dark phase is UC, the white is probably an unresolved 

eutect ic between UC and VC. 

FIGURE 27. STRUCTURES OF URANIUM CARBIDES CONTAINING ADDITIONS THAT APPEAR PROMISING FOR IMPROVING 
CORROSION RESISTANCE 
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TABLE 1 1 . PROPERTIES OF URANIUM MONOCARBIDE CONTAINING ADDITIONS OF NIOBIUM AND NIOBIUM CARBIDE 

Nominal Alloy 
Content 

(Balance UC), w/o 

0,5 Nb 

1 Nb 

5 Nb 

10 Nb 

20 Nb 

I N b C 

2 .5 NbC 

5 NbC 

7.5 NbC 

10 NbC 

15 NbC 

Alloy 
Density, 

g per cm^ 

— 

13.4 

13.4 

12,8 

12.7 

13.3 

13.0 

12.6 

12.0 

12.4 

12.4 

Alloy 
Resistivity, 

microhm-cm 

— 

52 

74 

— 

94 

52 

76 

98 

55 

94 

106 

Transverse 

Rupture 
Strength, 
1000 psi 

" 

" 

27 .2 

30.0 

— 

9.6 

— 

10.9 

25 .1 

21 .1 

25 .1 

Compressive 

Rupture 
Strength, 

1000 psi 

— 

18.9 

204.9 

— 

— 

27,0 

— 

24.9 

— 

68 .3 

._ 

Weight Loss In 
1 Week in 

Santowax R at 

350 C , 

mg/Ccm^Xday) 

— 

1,1 

0,5 

— 

" 

0,7 

— 

1.1 

0.2 

0.5 

0 

Knoop 
Hardness, 

9 
kg per mm 

640 

— 

— 

1150 

— 

680 

— 

1170 

— 

1320 

._ 
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Metal lographic and X - r a y diffraction exaiminations of these and the other al loys of 
uranium carb ides allow the following tentative conclusions to be drawn with r e g a r d to the 
constitution of the t e r n a r y carbide s y s t e m s : 

(1) Chromium, i ron , and nickel appear in cas t ings of u ran ium monocarbide 
and uranium dicarbide as m e t a l s . " The t e rmina l solubi l i t ies of these 
phases in one another a r e negl igible . 

(2) The pseudobinary sys t ems of uranium monocarbide and uran ium dicarbide 
with the ca rbon- r i ch ca rb ides of molybdenum, t i tan ium, tungsten, and 
vanadium involve eutect ic s. The uran ium monocarb ide-d imolybdenum 
carbide eutectic is near 30 mole p e r cent dimolybdenum carb ide ; the 
uranium die arbide-dimolybdenum carbide eutect ic is near 1 nnole pe r 
cent dimolybdenum carb ide . Te rmina l solubil i t ies of these ca rb ides 
in one another a re negl igible . The uranium monocarb ide- t i t an ium c a r ­
bide eutectic is nea r 30 mole per cent t i tanium ca rb ide . The solubility 
of t i tanium carbide in uranium carbide i s l e s s than 2 mole p e r cent. 
The uranium dicarb ide- t i tan ium carbide eutect ic is at u ran ium d i c a r ­
bide. The solubil i t ies of uranium dicarbide and t i tanium carbide in one 
another a r e negligible. The uran ium dicarb ide- tungs ten carbide eu tec ­
tic i s nea r 30 mole p e r cent tungsten ca rb ide . The solubi l i t ies of tung­
sten carbide and uranium dicarbide in one another a r e negl igible . The 
uranium monoca-rbide-vanadium monocarbide eutect ic i s nea r 60 mole 
pe r cent vanadium carbide and at or below 1800 C. The solubility of 
vanadium carbide in u ran ium monocarbide i s between 4 and 9 mole p e r 
cent vanaditim ca rb ide . The uranium dicarbide-vanadium monocarbide 
eutect ic is nea r 50 mole p e r cent vanadium ca rb ide . The solubility of 
vanadium carbide in uran ium dicarbide is negl igible . Titanium and 
tungsten me ta l s apparent ly displace u ran ium from uran ium m o n o c a r ­
bide. However , count ra ry to the constitution d i ag rams p resen ted in 
BMI-1441 (May 3 1 , 1960)'12)^ uranium me ta l d isp laces vanadium and, 
probably , molybdenum from vanadium monoca rb ide , divanadium c a r ­
bide , and dimolybdenum carb ide . 

(3) The pseudobinary sys t ems of uranium monocarbide with niobium 
monocarb ide , tantalum monocarb ide , and z i rconium carbide a re solid 
solutions. The pseudobinary sys tems of uranium dicarbide with niobium 
monocarb ide , tantalum monocarb ide , and z i rconium carbide a r e 
apparent ly eutect ic- type sys tems with the eutect ics nea r u ran ium 
d icarb ide . The solubil i t ies of these ca rb ides in uranium dicarbide 
a re much l e s s than 10 mole pe r cent . Niobium, tan ta lum, and z i r ­
conium m e t a l s displace uranium from uranium monocarb ide . 

Fu ture Work 

Future work will include additional s tudies of the p r o p e r t i e s of b inary u r a n i u m -
carbon alloys with pa r t i cu la r emphas is upon the mechanica l and physical p r o p e r t i e s of 
the alloys at elevated t e m p e r a t u r e s . Depending upon the suitabil i ty of the test ing tech­
n iques , one or nnore mechanica l p r o p e r t i e s such as h a r d n e s s , compress ive s t reng th , 
t r a n s v e r s e bend s t rength , impact s t r eng th , or modulus will be de te rmined a s a function 
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of t e m p e r a t u r e to at l eas t 900 C on binary al loys of u ran ium containing about 5 , 7, Eind 
9 w/o carbon. Phys ica l p r o p e r t i e s such as specific hea t , t he rma l -expans ion coefficient, 
t he rma l conductivi ty, and res i s t iv i ty will be de te rmined as a function of t empera tu re on 
these same a l loys . 

An a t tempt will be made to define some of the cause s of the e x t r e m e var iab i l i ty in 
the s t rength and co r ros ion r e s i s t ance of u ran ium c a r b i d e s . These s tudies m a y entail 
invest igat ions of res idua l s t r e s s e s in ca s t i ngs , t h e r m a l - s h o c k r e s i s t a n c e , notch s e n s i ­
t ivi ty, machining techniques , the effect of exposure to m o i s t a t m o s p h e r e s , the effect of 
i m p u r i t i e s , and the grain s t ruc tu re of cas t ings . 

Studies of the ra te of format ion of U2C3 in u r a n i u m - 7 w/o carbon alloys and of the 
ra te of decomposi t ion of U C T in u ran ium-9 w / o carbon al loys will be continued. P r o p e r t y 
de te rmina t ions will be made in conjunction with these s tudies in an a t tempt to define any 
p rob lems that m a y a r i s e as a r e su l t of these so l id-s ta te t r ans fo rmat ions during r eac to r 
opera t ion. 

Alloying and coating s tudies will be continued in a supporting effort d i rec ted to ­
ward overcoming the s torage and co r ros ion p r o b l e m s assoc ia ted with unalloyed uranium 
c a r b i d e s . It is expected that efforts in the a r e a of alloying will be d i rec ted p r i m a r i l y 
toward the e lements having the lower neu t ron -cap tu re c r o s s s ec t i ons , namely niobium 
and z i rconi i im, but additions of molybdenum and vanadium m a y be used to introduce a 
r e f rac to ry meta l l i c consti tuent into the m i c r o s t r u c t u r e or to produce a low^-melting i n t e r -
carbide eutect ic to improve cas tabi l i ty . 

A minor effort will a lso be made to evaluate the feasibi l i ty of improving the c o m ­
patibi l i ty of uranium monocarbide with niobium and z i rconium by introducing excess 
carbon in one form or another into the contact a r e a . 

DIFFUSION STUDIES OF URANIUM MONOCARBIDE 

The r a t e s of diffusion in uranium monocarbide a r e of i n t e r e s t in obtaining an under ­
standing of mechanica l and physica l p r o p e r t i e s of this m a t e r i a l at high t e m p e r a t u r e s and 
in unders tanding the s t ruc tu ra l na ture of this m a t e r i a l . Some of the p r o c e s s e s which can 
be understood bet ter when diffusion-rate data a r e avai lable a re environmenta l r e a c t i o n s , 
diffusion of f ission p r o d u c t s , prec ip i ta t ion phenomena, re laxat ion of s t r e s s e s , and s i n t e r ­
ing. It i s intended to obtain the ra te of inter diffusion of uran ium and carbon in uran ium 
c a r b i d e s , the ra te of self-diffusion of uranium in uranium monoca rb ide , and the ra te of 
self-diffusion of carbon in uranium monocarb ide . 

The interdiffusion ra te of uranium and carbon in uranium carb ides was de te rmined 
by holding liquid uranium sa tura ted with carbon at a constant t e m p e r a t u r e in a graphite 
c ruc ib le . The diffusion zone, consis t ing of l a y e r s of UC and UC2^ was m e a s u r e d m e t a l -
lographical ly after holding at t e m p e r a t u r e s ranging from 1600 to 2000 C. In o r d e r to 
obtain diffusion coefficients from the da ta , it was a s sumed that diffusion r a t e s in the u r a ­
nium monocarbide and uranium dicarbide l aye r s a r e essen t ia l ly the s a m e . A miore d e ­
tailed d iscuss ion of the interdiffusion study can be found in BMI-1370 (August 1959). ^ 4 ) 
The final r e su l t s of this study a r e plotted in F igure 28. See also TID-7589 
(April I960). (13) The data for interdiffusion at t e m p e r a t u r e s of 1200, 1300, and 1400 C 
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FIGURE 28. DIFFUSION RATES IN URANIUM CARBIDE 
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were obtained from the reac t ion-zone m e a s u r e m e n t s of E . L. Swar t s .^ ' Diffusion 
coefficients w e r e calculated from these m e a s u r e m e n t s by the method desc r ibed by 
W. J o s t . ( ' These interdiffusion data can be r ep re sen t ed by the equation: 

-79,000 
D = 148 e , 

RT 

where 

2 
D = interdiffusion coefficient, cm p e r sec 

148 = diffusion cons tant , cm p e r sec 

79,000 = act ivat ion ene rgy , cal p e r mole 

R = un ive rsa l gas cons tant , 2 cal / (mole)(C) 

T = t e m p e r a t u r e , K. 

C u r r e n t l y , the self-diffusion ra t e of urajiitim in uran ium monocarbide i s being 
studied using a t r a c e r technique. The diffusion couple cons i s t s of a foil of enr iched u r a ­
nium me ta l sandwiched between two p ieces of depleted uranium monocarbide rod. The 
uranium foil i s 0. 001 in. thick and contains 93 . 3 pe r cent u ran ium-235 ; the cas t carbide 
rods a r e approximate ly 0. 38 in. in d i amete r and 0. 25 in. long, and the uranium used in 
making the carbide contains 0. 04 per cent u ran ium-235 . The carbon content of the c a r ­
bide is 4 .9 w/o carbon , which i s slightly in excess of the s to ich iomet r ic amount found in 
uranium monocarb ide . This excess is requi red to el iminate free uranium p a r t i c l e s from 
the m i c r o s t r u c t u r e of the rods and to provide sufficient carbon for convert ing the u r a ­
nium foil to monocarbide during the bonding operat ion. 

The diffusion couples a r e wrapped in 0. 001-in. tantalum foil and placed in an out-
gassed graphite bottle for bonding and annealing. The compres s ive force n e c e s s a r y for 
bonding is obtained by util izing the difference in the the rmal -expans ion coefficients of 
graphite and uranium monocarbide . Bonding is accompl ished by heat ing the a s sembly 
for 4 h r at 1400 C. The bonded couples a r e cooled to room t e m p e r a t u r e , inspected , and 
surface ground to remove any enr iched uranium that m a y have flowed out of the bond line 
and down the side of the specimen. The speci inens a r e then re tu rned to the same bottle 
for annealing. 

After anneal ing, the couples a r e inspected meta l lographica l ly and auto radio g raph­
ical ly . Samples for analysis a r e obtained by abrading the couple on the bottom of a flat 
aluminum dish containing a l i t t le 600-gr i t sil icon carbide powder and a few m i l l i l i t e r s of 
0. 1 n o r m a l n i t r i c acid to d issolve the u ran ium monocarb ide . The spec imen i s m e a s u r e d 
and weighed per iodica l ly so as to obtain samples in solution from l a y e r s 0. 0005 in. thick 
These samples a r e analyzed for u ran ium-235 content by counting the 0. 184-Mev gamma 
ray emit ted by u ran ium-235 . The diffusion coefficient (D) i s calcula ted using the 
equation^ ' ' : 

l n ( c 2 / 2 ) - l n ( c i / 2 ) 1 
j j . — ^ 

X^ - X^ 4t 

where t is the t ime for diffusion in seconds , c i s the en r i chmen t , and X is the dis tance in 
cen t ime te r s between the center of the enr iched foil and the cen te r of the sample . The 
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resu l t s of these self-diffusion m e a s u r e m e n t s a r e also shown in F igure 28 and can be r e ­
p resen ted by the equation: 

-82 ,000 
D = 0.23 e-

R T 

where D is the diffusivity, R is the un ive rsa l gas cons tant , T is the temiperature in K, 
0.23 is the diffusion constant in cm^ pe r s e c , and 82,000 is the activation energy in cal 
pe r mo le . 

It has been es tabl ished that the c r y s t a l s t ruc tu re of uranium monocarbide is f ace -
centered cubic. In this s t r u c t u r e , each atom of uran ium is surrounded by six a toms of 
ca rbon , and each atom of carbon is surrounded by six a toms of u r a n i u m , making the 
pr inc ipal in te ra tomic bonds all of the u r an ium-ca rbon var ie ty . Thus , the mechan i sm 
and activation energy for diffusion of a toms in this sys tem could conceivably be the same 
for uranium and carbon a t o m s . This could explain why the curves in F igure 28 a re 
nea r ly p a r a l l e l , since the activation energy for diffusion is d i rec t ly re la ted to the slope 
of these cu rves . In the f ace -cen te red-cub ic s t ruc tu re of uran ium monoca rb ide , the (111) 
planes a re a l te rna te ly carbon and uranium a toms . Considerat ion of this fact and the la rge 
differences in the s izes and weights of uranium and carbon a toms could explain the dif­
fe rences in the self-diffusion coefficient for uranium in the monocarbide and the i n t e r ­
diffusion coefficient for u ran ium and carbon in uranium c a r b i d e s . 

Fu ture work will include the p repa ra t ion and analys is of additional couples to m o r e 
accura te ly es tabl ish the coefficient for the self-diffusion of uran ium in uranium m o n o c a r ­
bide. An at tempt will also be made to find a suitable technique for m e a s u r i n g the ra te 
of self-diffusion of carbon in uranium monocarb ide . 

MECHANISM OF IRRADIATION DAMAGE 

A p rog ram has been under taken to study the impor tant m e c h a n i s m s of damage 
occur r ing during h igh - t empera tu re i r rad ia t ion of uranium monocarb ide . This p r o g r a m 
has been designed specifically to study any radiat ion- induced changes in the s t ruc tu ra l 
and physical p rope r t i e s of uranium monocarb ide . The p r o g r a m includes the d e t e r m i n a ­
tion of lat t ice s t ra in and s t ruc tu ra l effects in uranium monocarbide by X - r a y diffraction 
and e l ec t r i c a l - r e s i s t i v i t y m e a s u r e m e n t s . M i c r o s t r u c t u r a l effects of i r r ad ia t ion a r e to 
be examined by optical and e lec t ron mic roscopy . Density and dimensional changes a re 
to be studied as a function of burnup. 

To bet ter unders tand the effects of radiat ion on the u ran ium-ca rbon s y s t e m , the 
stabili ty of essent ia l ly s ingle-phase s t ruc tu re s of uranium sesquicarbide (U2C3) and 
uranium dicarbide (UC2) a r e to be investigated in these s tudies . Another object of this 
i r radia t ion-ef fec ts p rog ram is to at tempt to explain the d i sappearance of the UC2 second 
phase originally p r e sen t in UC specimens i r r ad ia t ed in an e a r l i e r p r o g r a m at high t e m ­
p e r a t u r e s and burnups. ' '*^- ' ' 

Conditions of I r rad ia t ion Exper imen t s 

I r rad ia t ions of u ran ium-ca rbon fuel m a t e r i a l s involve six capsules in the BRR. 
The f i r s t two of these capsules each contained six spec imens of na tura l u r a n i u m - 5 . 0 w/o 
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carbon alloy. These spec imens were annealed for 1 h r at 3270 F to re l ieve cas t ing 
s t r e s s e s and were i r r ad ia t ed to t a rge t burnups of 0. 01 and 0. 03 a /o of the uran ium at 
t e m p e r a t u r e s not in excess of 500 F . The remaining four capsu les will contain combina­
tions of three different uraniunn-carbon alloys made from 10 p e r cent enr iched u ran ium. 
These alloys a r e u r a n i u m - 5 . 0 w / o ca rbon , u r a n i u m - 6 . 7 w/o ca rbon , and u r a n i u m -
8.5 w / o carbon. These l a t t e r spec imens a r e to be i r r ad i a t ed to t a rge t burnups ranging 
from 0. 1 to 0. 7 a /o of the uranium at t e m p e r a t u r e s of 400 to 1600 F . The u r a n i u m -
6. 7 w/o carbon and u r a n i u m - 8 . 5 w/o carbon spec imens in these capsules will all be heat 
t rea ted p r i o r to i r r ad i a t i on , •whereas the u r a n i u m - 5 . 0 w / o carbon spec imens w^ill be i r ­
radiated in both the a s - c a s t and h e a t - t r e a t e d condit ions. The hea t t r e a t m e n t s for these 
spec imens were de te rmined on the bas i s of s tudies pe r fo rmed on s imi l a r alloys made of 
na tu ra l u ran ium. The heat t r ea tmen t for the u r a n i u m - 5 . 0 w/o carbon spec imens will be 
5 h r at 2642 F , p r i m a r i l y for the purpose of rel ieving cast ing s t r e s s e s . The spec imens 
of u r a n i u m - 6 . 7 w / o carbon will be heat t rea ted at 2552 F for 15 h r to t r ans fo rm the 
spec imens to an equi l ibr ium s t ruc tu re showing U2C3 with some res idua l UC p r e s e n t . 
The u r a n i u m - 8 . 5 w/o carbon spec imens a lso will be heat t rea ted at 2552 F for 15 hr 
once again p r i m a r i l y to re l ieve cast ing s t r e s s e s . 

All i r r ad ia t ion specimens a r e 1/2 in. long by 1/4 in. in d i ame te r and a r e imnnersed 
in NaK during i r rad ia t ion to insure good h e a t - t r a n s f e r conditions within the capsu l e s . 
The capsules a r e made of s ta in less s teel and a re designed to p e r m i t sampling of any 
gases r e l eased from the spec imens during i r r ad ia t ion . The capsu les designed for the 
h igh - t empe ra tu r e exper imen t s a r e equipped w^ith thermocouples for m e a s u r e m e n t of t e m ­
p e r a t u r e s . The component p a r t s of the h igh - t empera tu re capsu les as well as the NaK 
used in them have been subjected to purif icat ion t r ea tmen t s to reduce oxygen contents . 

Resul t s of Completed Exper imen t s 

The i r rad ia t ion of the f i r s t two capsules containing spec imens of na tura l u r a n i u m -
5. 0 w / o carbon has been completed and the pos t i r r ad ia t ion examinat ions have been p e r ­
formed. These spec imens were i r r ad ia t ed to calculated burnups of 0. 01 and 0. 03 a /o of 
the uranium and exper ienced t e m p e r a t u r e s of l e s s than 500 F . In gene ra l , the appea r ­
ance of these spec imens indicated that they suffered no damage as a r e su l t of the i r r a d i a ­
t ion. The changes in the d imensions of the spec imens were found to be smal l and well 
within the l imi ts of exper imenta l e r r o r . A slight t rend toward dec rea sed densi ty was 
not iceable . The only major change noted in any p rope r ty was a cons iderable i nc rea se in 
the e l ec t r i ca l r e s i s t iv i ty , as shown in Table 12, 

TABLE 12. E F F E C T OF NEUTRON RADIATION ON URANIUM-5. 0 w/o 
CARBON ALLOY AT TEMPERATURES BELOW 5 00 F 

Nominal Densi ty E l ec t r i c a l Res is t iv i ty , Lat t ice 
Uranium Burnup , D e c r e a s e , m i c r o h m - c m St ra in , 

a /o pe r cent Before After pe r cent 

0. 01 0. 3 to 0.9 34 92 0. 14 

0. 03 0.2 to 0.5 34 94 0. 17 
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X - r a y diffraction data were obtained on minus 325-mesh powder p r e p a r e d by 
crushing one specimen from each capsu le . P r e p a r a t i o n of the powder was c a r r i e d out 
remote ly under an argon a t m o s p h e r e . About 25 mg of sieved powder was mounted in a 
plas t ic holder with a 1 /4-mil - th ick Mylar window and t r a n s f e r r e d to a l ead-sh ie lded 
specimen support on an X - r a y dif f ractometer having a monochromated de tec to r . 

The in te rp lanar spac ings , half b read th , and in tegra l b read th of the UC X - r a y dif­
fraction ref lect ions were m e a s u r e d . Analysis of the X - r a y diffraction line breadths in ­
dicated that in te rna l lat t ice s t r a ins were the main cause of line broadening for the spec ­
imen i r r ad ia t ed to the 0. 01 a /o burnup and that both c rys ta l l i t e f ragmentat ion and 
la t t ice s t ra in contributed to the line broadening for the specimen i r r ad i a t ed to the 
0. 03 a /o burnup. The r o o t - m e a n - s q u a r e lat t ice s t ra in was es t imated to be 0. 14 pe r 
cent for the 0. 01 a /o burnup specimen and 0. 17 pe r cent for the 0. 03 a /o specimen. 

Metal lographic examinations of one specimen from each of the f i r s t two capsules 
failed to revea l any m i c r o s t r u c t u r a l changes . The same s t ruc tu re of UC with needles of 
res idual UC^j cha rac t e r i s t i c of hyper s to ichiometr ic UC, was observed both before and 
after i r rad ia t ion . 

Discuss ion of Initial Resul t s 

The r e su l t s of the init ial i r r ad ia t ion exper iments p e r m i t only tentative c o m p a r i ­
sons of p rope r t i e s and lat t ice constants as a function of burnup. Since both capsules 
were i r r ad ia ted at s imi la r t e m p e r a t u r e s to only re la t ive ly low burnups , no grea t d imen­
sional changes were expected. The only p rope r ty that exhibited a cons iderable change 
during i r rad ia t ion was the e l ec t r i ca l res i s t iv i ty . The chajige was a lmos t a 200 pe r cent 
i n c r e a s e . Since the res i s t iv i ty values do not show a hyperbolic i nc rea se with inc reas ing 
i r r ad ia t ion , it is thought that e i ther a saturat ion of displaced in te r s t i t i a l a toms and 
vacancies in the lat t ice was attained ea r ly in the i r r ad i a t i on , or that this effect upon 
res i s t iv i ty was due to some var iable other than i r r ad ia t ion . However , the c rys t a l - l a t t i c e 
expansions for the high- and low-burnup spec imens , calculated from X - r a y diffraction 
da ta , also indicate saturat ion of the UC c rys t a l s t r u c t u r e . F r o m the la t t ice-expans ion 
data , the indicated concentrat ion of in te r s t i t i a l a toms is es t imated to be 0. 14 a /o in the 
specimen subjected to 0. 01 a/o burnup or about 30 t imes the number of f i ss ions . For 
the specimen subjected to 0. 03 a /o burnup, it is believed that the c rys ta l l i t e size was 
reduced, resul t ing in some relief of c rys t a l s t ra in during the i r r ad ia t ion . 

Status of I r rad ia t ion Exper imen t s in P r o g r e s s 

Examination of the na tura l u r a n i u m - 5 . 0 w/o carbon alloys i r r ad ia t ed to 0. 01 and 
0. 03 a /o burnup is near ing complet ion. The only remaining r e s e a r c h to be pe r fo rmed 
on these specimens is an e l ec t ron -mic roscopy study of the s t r u c t u r e . This study is now 
in p r o g r e s s . 

Work di rected toward i r rad ia t ion and examination of three types of 10 p e r cent 
enr iched u ran ium-carbon alloys is a lso in p r o g r e s s . Specimens of u r a n i u m - 5 . 0 w/o 
ca rbon , u ran ium-6 . 7 w/o ca rbon , and u ran i t im-8 .5 w/o carbon alloys have been p r e ­
p a r e d , and their physical p rope r t i e s have been m e a s u r e d . The n e c e s s a r y heat t r e a t ­
m e n t s previously d iscussed have been per formed on these spec imens . The encapsulat ion 
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of these spec imens into the four rem.aining capsu les i s p r e sen t l y in p r o g r e s s , and the i r 
i r r ad ia t ion is scheduled to begin in the BRR late in I960. Special purif icat ion t r ea tmen t s 
of both the capsule p a r t s and the NaK to be used in them have been pe r fo rmed to reduce 
their oxygen contents . The i r r ad ia t ion t ime requ i red to obtain the max imum burnup , 
0. 7 a /o of the uran ium is expected to be approximate ly 27 weeks . The tinae requ i red for 
the 0. 1 a /o burnup will be about 12 weeks . The pos t i r r ad ia t ion examinat ions will be 
s imi l a r to those pe r fo rmed on the spec imens of na tura l u ran ium. However , included in 
these examinat ions will be sampling and ana lyses of any f ission gases r e l ea sed during 
i r r ad ia t ion . A l so , spec imens from each capsule will be analyzed to de te rmine the exact 
burnups . The two capsules containing spec imens to be i r r ad i a t ed to low burnups will 
probably be d i scharged fronn the BRR during D e c e m b e r , I960, and the pos t i r r ad ia t ion 
examinat ions will be pe r fo rmed in the Bat te l le Hot-Cel l Faci l i ty during J a n u a r y , 1961. 
The i r r ad ia t ion per iods requi red for the spec imens of the two high-burnup capsules 
should be completed by Apr i l , 1961. The pos t i r r ad ia t ion examinat ions of these spec i ­
mens will probably be pe r fo rmed in the Battel le Hot-Cel l Fac i l i ty during May, 1961. 

DISCUSSION AND EVALUATION 

These r e s e a r c h efforts have demons t ra ted the technical feasibi l i ty of p r epa r ing 
uran ium carbide powders by react ing uran ium me ta l with methane ; the technical f ea s i ­
bility of cold p r e s s i n g and s inter ing carbide powders containing excess u ran ium to m o r e 
than 90 pe r cent of theoret ical density; the poss ib i l i ty of hot p r e s s i n g carbide powders 
to about 100 p e r cent of theore t ica l density; and the technical feasibi l i ty of mel t ing and 
cast ing of 100 per cent dense u ran ium carbide ingots of any size up to 5 kg and of any 
r igh t -cy l indr ica l shape. Since all of these techniques use uran ium me ta l as a s tar t ing 
m a t e r i a l , the uranium carbide produced will cer ta in ly be m o r e expensive than crude u r a ­
nium m e t a l . It does not follow, however , that slugs or rods of cas t u ran ium carbide will 
be m o r e expensive pe r unit than wrought slugs or rods of uran ium m e t a l . Additional 
efforts a r e in p r o g r e s s to improve composi t ional control in the mel t ing and cast ing 
p r o c e s s . 

Dete rmina t ions of the phys ica l , mechan ica l , and chemica l p r o p e r t i e s of uranium 
carb ides have confirmed inost of the expectat ions of the potent ial of u ran ium carb ide as 
a r eac to r fuel. The s t rength , h a r d n e s s , and the rma l stabili ty of u ran ium carb ides have 
been demons t ra ted to be m o r e than adequate for the purposes of a r eac to r fuel. U r a ­
nium carb ides a re adverse ly affected by exposure to m o i s t u r e , but this p rob lem can be 
c i rcumvented by avoidance of mois t a tmosphe res or by suitable alloying. Several 
p romis ing alloys have been developed, and techniques for coating uranium carb ides with 
thin, protect ive f i lms appear to have sufficient p r o m i s e to w a r r a n t fur ther development . 
The ranges of t e m p e r a t u r e in which uranium carb ides a re compatible with typical r e ­
ac tor m a t e r i a l s have been crudely defined, and, in some c a s e s , it appea r s that compat ­
ibili ty p rob l ems may l imit the usefulness of uranium c a r b i d e s . Techniques for i n c r e a s ­
ing the t e m p e r a t u r e s at which uranium carb ides a r e compatible with me ta l s have not been 
adequately tes ted . Although mos t of the h igh - t empera tu re p r o p e r t i e s of uranium carb ides 
remain to be de te rmined , diffusion data obtained at t e m p e r a t u r e s up to 2100 C suggest 
that uranium carb ides will show appreciable r e s i s t ance to deformation under s t r e s s e s at 
l eas t to 2100 C, and that c reep will be negligible at t e m p e r a t u r e s below 1100 C. 

P r e l i m i n a r y studies of the mechan i sm of radiat ion damage in uran ium monocarbide 
have proved the validity of the tes t methods and have indicated that damage to the 
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monocarbide c rys t a l la t t ice occurs at ve ry low burnups . The impor tance of this damage 
at low burnups and i ts re lat ion to eventual fai lure of uran ium carbide as a coherent 
s t ruc tu ra l body in a nuclear r eac to r have not yet been de te rmined . 

The r e su l t s obtained to date continue to support the expectat ion that u ran ium m o n o ­
carbide will prove to be one of the m o s t (if not the mos t ) economical fuels for nuclear 
r e a c t o r s using nonaqueous and nonoxidizing coolants . 

PLANS FOR FUTURE WORK 

The third per iod (Phase III) of the Fue l -Cycle Development P r o g r a m study for the 
development of uranium carbide as r eac to r fuel will entai l additional r e s e a r c h in only 
four of the five a r e a s of i n t e re s t . Actual ly, the major effort will be expended in only two 
of these four a r e a s . The work planned in each of these a r e a s during P h a s e III is a s 
follows: 

I. Development of Al ternate Fabr ica t ion Techniques: No work is planned. 

n . Melting and Cast ing: The skul l -mel t ing and -cas t ing technique will be 
studied fur ther in an effort to improve control over the composit ion of 
the product . Effects of mel t ing and cast ing va r i ab les such as feed and 
me l t composi t ions , superhea t , pouring t i m e , and mold size and shape 
upon cast ing quality will a lso be invest igated. Large spec imens sui t ­
able for phys ica l -p roper ty t es t s will be p r e p a r e d . 

III, Mechanical and Phys ica l P r o p e r t i e s : Studies of the mechanica l and 
physical p rope r t i e s of binary u ran ium-ca rbon alloys will emphas ize the 
determinat ion of p rope r t i e s as a function of t e m p e r a t u r e . Alloys of 
uranium containing approximate ly 5 , 7, and 9 w/o carbon will be 
examined for s t rength , the rmal conductivity, the rmal -expans ion coef­
f icient , r e s i s t iv i ty , and, poss ib ly , specific heat as a function of t e m ­
p e r a t u r e from room tempera tu re to about 900 C. Supporting efforts on 
b inary u ran ium-ca rbon alloys will include studies of the effect of en­
vironmental conditions upon the p r o p e r t i e s of u ran ium c a r b i d e s , s tudies 
of the effect of heat t r ea tmen t upon the stabil i ty and p r o p e r t i e s of u r a ­
nium c a r b i d e s , and a t tempts to find a suitable technique for applying 
thin, meta l l ic coatings to uranium carb ide . 

Studies re la ted to improving the p r o p e r t i e s of uranium carb ides by 
alloying with a third e lement will continue with pa r t i cu la r emphas i s 
upon achieving cor ros ion res i s t ance and r e s i s t ance to change during 
o rd inary p rocess ing p r o c e d u r e s . 

IV. Diffusion Studies of Uranium Monocarbide: The ra t e s of interdiffusion 
of uranium and carbon in uranitim carbide have been defined f rom 
about 1200 to 2000 C. Studies of the r a t e s of self-diffusion of urajiium 
in uranium monocarbide in the t empera tu re range from 1600 to 2100 C 
a r e near ing completion. These studies will be comple ted , and an a t tempt 
will be made to devise a method by which the self-diffusion ra t e s of 
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carbon in uran ium monocarbide can be m e a s u r e d . If a method can be 
found to make these m e a s u r e m e n t s , they will be m a d e . 

V. Mechanism of I r rad ia t ion Damage in Uranium Monocarbide: Two c a p ­
sules containing na tura l uranium monocarbide have been i r r ad i a t ed 
to burnups of 0. 01 amd 0. 03 a /o of the uran ium contained in them. 
Examinat ions of the i r r ad i a t ed spec imens a re essen t ia l ly comple te . 
Four additional capsules have been p r e p a r e d containing spec imens of 
enr iched uran ium alloyed with 5 . 0 , 6. 7 , and 8. 5 w / o carbon and sub­
jec ted to var ious heat t r e a t m e n t s . These will be i r r ad i a t ed at var ious 
t e m p e r a t u r e s up to 1600 F (approximately 900 C) and to var ious b u r n ­
ups ranging up to 0. 7 a /o of the u ran ium. The i r r ad i a t ed spec imens 
will be examined for any changes in d imens ions , dens i ty , r e s i s t i v i t y , 
m i c r o s t r u c t u r e , and la t t ice s t r a in . The inc rementa l burnups a re in ­
tended to provide spec imens which m a y d isc lose the mechan i sm of 
damage to the carbide c ry s t a l s t r u c t u r e . The var ia t ions in compos i ­
tion a re intended to show^ any g ros s differences in t h e r m a l or radiat ion 
stabil i ty as a function of composi t ion. The heat t r e a tmen t s a re in­
tended to produce stable and s t r e s s - f r e e s t r u c t u r e s in ce r t a in spec i ­
mens p r i o r to i r rad ia t ion . The effects of r eac to r i r r ad ia t ion can then 
be compared with r e spec t to both types of spec imens . The samples 
i r r ad ia t ed at different t e m p e r a t u r e s may or m a y not show different 
r a t e s of la t t ice s t ra in and s t ruc tu ra l damage because of different 
r a t e s of diffusion of la t t ice defects as a function of t e m p e r a t u r e . 
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