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IRRADIATION EFFECTS ON MASSIVE URANIUM MONOCARBIDE 

Alan "W. Hare and F r a n k A. Rough 

The results of examinations of UC compounds having nominal compositions 

of uranium-4.6, —4.8, and —5.0 ui/o carbon are encouraging after irradiation to 

burnups of from 400 to 15,000 MWD/T of uranium. Density changes were small, 

varying from a minimum of 0.3 per cent to a maximum of about 2.5 per cent. Cracking 

occurred in all specimens; however, it can probably he largely attributed to thermal 

stresses and to oxidation, after decapsulation, of NaK entrapped in microcracks. 

Depletion of carbon appears to be occurring in the specimens having the nominal 

uranium-5 w/o carbon composition. Metallographic examination shows that the 

VC2 phase disappears at high temperature and high burnup. The fission-gas-

retention properties of the compounds appear quite good. In all cases, the amount 

of fission gas released was comparable with the calculated amount released by 

recoil. 

INTRODUCTION 

A r e s e a r c h p r o g r a m which is designed to evaluate m a s s i v e uran ium carbide as a 
poss ible fuel m a t e r i a l for sod ium- , o r g a n i c - , and gas-cooled r e a c t o r s is being con­
ducted at Battelle Memor ia l Inst i tute . Atomics In ternat ional , acting for the U. S. 
Atomic Energy Commiss ion , is d i rect ing and supporting this p r o g r a m . Uranium mono-
carbide was chosen for study because of its high the rma l conductivity, i ts high uranium 
dens i ty , i t s r e f rac to ry c h a r a c t e r , and i ts potential adaptability to fabricat ion of high-
density shapes by cast ing techniques . ' ' Uranium monocarbide is quite react ive with 
wate r ; t h e r e f o r e , if it p roves to be a successful r eac to r fuel, i t s ini t ial use will p r o b ­
ably be for the r eac to r types ment ioned above. 

The p r o g r a m here in desc r ibed is concerned with the effects on cas t uranivim 
carbide spec imens of i r r ad ia t ion in the Battelle Resea rch Reactor at Columbus, Ohio, 
and at the Mate r i a l s Testing Reac tor at the AEC test ing site in Idaho. To obtain initial 
i r r ad i a t i on information on m a s s i v e uran ium c a r b i d e , 12 specimens w^ere i r r ad ia t ed at 
the BRR in a simple NaK-cooled capsule to a burnup of about 400 MWD/T of uranium. 
Five t e s t capsu les were i r r ad i a t ed in the MTR. One capsule is cur ren t ly being i r r a d i ­
ated in the MTR. The spec imens exper ienced burnups from 400 to a maximum of about 
15,000 MWD/T of uraniixm at t e m p e r a t u r e s which ranged from a minimum core t e m ­
p e r a t u r e of about 660 F to a max imum of about 1600 F. 

PREPARATION OF THE URANIUM CARBIDE SPECIMENS 

Cylindrical uranium monocarbide cas t ings were made by di rect ly alloying the 
elennents by a r c - m e l t i n g techniques . Cast buttons of the m a t e r i a l were made by a rc 
melt ing freshly pickled enr iched uran ium with c rushed spec t rograph ic -grade carbon in 
a wate r -coo led copper crucible under a helium a tmosphere of 10 to 20 in. of m e r c u r y 

(1) References at end. 
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absolute . The mel t ing was done in a charge-f l ipping a r c furnace with a carbon- t ipped 
e lec t rode . Each button was flipped over and r eme l t ed six t i m e s . In the c a s e s where 
previously mel t ed u ran ium monocarbide was u sed , only four r e m e l t s were n e c e s s a r y 
to achieve homogeneity. A low cooling ra te on the final m e l t was used to prevent the 
buttons from f rac tur ing . 

The cas t UC spec imens were naade from these buttons by using a "d rop -ca s t i ng" 
technique. This involved placing a button of uran ium monocarb ide over the opening of 
a graphite thimble mold and heating sufficiently with an e l ec t r i c a r c to cause a l l of the 
UC to me l t and drop into the cyl indr ica l mold. With th is technique , re la t ively sound 
homogeneous cas t ings were produced. These cas t ings were then ground on a diamond 
wheel to final s i ze . F igure 1 shows the type of copper mold used , the size of the button 
cas t ing , and the resu l tan t cyl indr ica l cast ing which was produced. 

Evaluation of the finished cas t ings included carbon a n a l y s e s , density m e a s u r e ­
m e n t s , d imension m e a s u r e m e n t s , and meta l lographic and radiographic examinat ions . 
These t e s t s were conducted on only those mach ine -g round spec imens which visual ly 
appeared to be sound and were of sufficient length to be poss ib le candidates for the 
i r r ad ia t ion t e s t s . 

Twelve cas t spec imens of uraniiim monocarbide were p r e p a r e d for the ini t ial 
i r r ad ia t ion in the BRR. Each cast ing was 3/8 in. in d i ame te r and was subsequently 
ground to 1/4 in. in d i ame te r . The spec imens were about 1/2 in. long. The carbon 
content of the u ran ium carbide was 5 w / o , slightly above the s to ichiometr ic 4. 8 w / o . 
This composi t ion was used in the ini t ial work to avoid having to cons ider possible ef­
fects of alpha uranixim, p r e s e n t in subs to ichiometr ic UC, in evaluating the data to be 
obtained. 

Twelve c a s t i n g s , about 1/2 in. in d iamete r and about 3 in. long, were p r e p a r e d 
for the capsules that were to be i r r ad i a t ed in the MTR. Specimens 3/8 in. in d iameter 
and 2 in. long were machined from the cas t ings . Also , 1/2- and 1/4-in. -long spec i ­
mens of the same d iamete r were p r e p a r e d . The 1/2-in. -long spec imens were used to 
separa te the actual t e s t spec imens during the i r r a d i a t i o n , and the 1/4-in. -long p ieces 
were placed at the top of the top specimen and the bottom of the bottom specimen to 
reduce end effects during the t e s t s . Aside from visual examinat ion , these spec imens 
were not evaluated in the study. 

To study the effects of carbon content upon i r r ad ia t ion behavior of this m a t e r i a l , 
t e s t spec imens containing nominally 5 , 4. 8, and 4. 6 w / o carbon were made . Table 1 
s \ immarizes capsule and spec imen identification data. 
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FIGURE 1. ASSEMBLED MOLD WITH ARC-MELTED UC BUTTON CHARGE 
AND FINISHED CASTING 



TABLE 1. CAPSULE AND SPECIMEN IDENTIFICATION 
AND SPECIMEN COMPOSITION 

V 

Capsule 

BRR 

BMI-23-1 

BMI-23-2 

BMI-23-3 

BMI-23-4 

BMI-23-5 

BMI-23-6 

Specimen 

12 

2 

2 

2 

2 

2 

2 

Descr ipt ion 

All solid 

Top dr i l led for 
thermocouple 

Bottom solid 

Top dr i l l ed for 
thermocouple 

Bottom solid 

Top dr i l led for 
thermocouple 

Bottom solid 

Top dr i l led for 
the rmocouple 

Bottom solid 

Top dr i l led for 
thermocouple 

Bottom solid 

Top dr i l led for 
thermocouple 

Bottom solid 

Carbon 
Content(a) , 

w/o 

5. 0-5 .57 

5 .2 

5 .2 

5 .3 

5. 1 

5 .0 

5.0 

5 .2 

5 .3 

4 .6 

4 .7 

4 .8 

4 .6 

Design Burnup, 
MWD/T of u ran ium 

700 

1,000 

5,000 

10,000 

20,000(^) 

5,000 

5,000 

(a) Determined by metallography, density, and carbon analysis from top of cast ingot. 
(b) Capsule BMI-23-4 is still being irradiated in the MTR. 
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P R E I R R A D L A L T I O N E X P E R I M E N T S 

C o m p a t i b i l i t y E x p e r i m e n t s With NaK 

At t he o u t s e t of t h i s i r r a d i a t i o n p r o g r a m , NaK cou ld not be u s e d a s the h e a t -
t r a n s f e r m e d i u m in t h e t e s t c a p s u l e s u n t i l t h e r e w a s a s s u r a n c e t h a t t h e r e would b e no 
i n t e r a c t i o n w i t h t he UC o r s t a i n l e s s s t e e l . A l s o , it w a s unknown w h e t h e r c o m m o n 
s o l v e n t s l i ke a c e t o n e , c a r b o n t e t r a c h l o r i d e , b u t y l a l c o h o l , e t c . , wou ld r e a c t wi th the 
UC d u r i n g the p r e - a n d p o s t i r r a d i a t i o n c l e a n i n g o p e r a t i o n s . S ince l i t t l e i n f o r m a t i o n 
c o u l d be found in t he l i t e r a t u r e , s e v e r a l s i m p l e c o m p a t i b i l i t y e x p e r i m e n t s w e r e 
c o n d u c t e d . 

U r a n i u m c a r b i d e s p e c i m e n s •were p l a c e d in m o l y b d e n u m and in Type 304 s t a i n l e s s 
s t e e l o r m o l y b d e n u m b a s k e t s , s e a l e d in N a K - l o a d e d s t a i n l e s s s t e e l c a p s u l e s u n d e r a 
h e l i u m a t m o s p h e r e , a n d h e a t e d for e x t e n d e d p e r i o d s in an e l e c t r i c f u r n a c e . The t e s t 
c o n d i t i o n s a n d r e s u l t s a r e s u m m a r i z e d in T a b l e 2 . 

T A B L E 2. U C - N a K C O M P A T I B I L I T Y T E S T S 

T e s t B a s k e t M a t e r i a l 

Weight Change of 
E x p o s u r e , T e m p e r a t u r e , 1 0 - G S p e c i m e n , m g 

w e e k s F B a s k e t S p e c i m e n 

Type 304 s t a i n l e s s 
s t e e l 

1100 •0.4 •3 .6 

2 M o l y b d e n u m 

3 M o l y b d e n u m 

4 M o l y b d e n u m 

5 Type 304 s ta in l©#e 
s t e e l 

2 

2 

6 

12 

1100 

1300 

1300 

1100 

-0.3 

+0.3 

0.0 

(a) 

-4.5 

-5.5 

-5.6 

-13.6 

M o l y b d e n u m 12 1100 - 2 . 0 -22. 4 

(a) Stainless steel baskets became brittle and fragments were lost so that weight changes could not be assessed. Except for 
embrittlement, the baskets appeared to be unchanged. 

The s p e c i m e n b a s k e t s w e r e e s s e n t i a l l y u n c h a n g e d e x c e p t for t he e m b r i t t l e m e n t 
of the Type 304 s t a i n l e s s s t e e l b a s k e t d u r i n g the 1 2 - w e e k e x p o s u r e a t 1100 F . To e x ­
p l o r e t h i s e m b r i t t l e m e n t , m e t a l l o g r a p h i c e x a m i n a t i o n s w e r e m a d e of the UC s p e c i m e n s 
f r o m the 1 2 - w e e k e x p e r i m e n t s a n d of s a m p l e s f r o m the s t e e l b a s k e t . R e s u l t s i n d i c a t e d 
t ha t the e m b r i t t l e m e n t of the s t e e l w a s p r o b a b l y c a u s e d by a c a r b i d e p r e c i p i t a t e ( C r ^ C ) 
a t t he g r a i n b o u n d a r i e s a n d p o s s i b l y by the f o r m a t i o n of a n unknown p h a s e a t t h e s e 
b o u n d a r i e s and a long s t r a i n l i n e s w i th in the g r a i n s . It i s p o s s i b l e t ha t the unknown 
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phase may have been s igma or some other embr i t t l ing phase resul t ing from diffusion 
of one of the e lements from the tes t ing envi ronment . However , the poss ibi l i ty that the 
UC contr ibuted to the si tuation was t e m p e r e d somewhat by the fact that the m i c r o -
s t ruc tu re of the surface of the UC spec imens examined appeared to be n o r m a l . 

The UC spec imens exposed in these exper iments r emained intact but showed 
slight d iscolora t ion at points of contact with the b a s k e t s . They exhibited smal l weight 
l o s s e s (a few m i l l i g r a m s in 10-g s a m p l e s ) , as shown in Table 2. However , no m e a s ­
urable change in specimen density was o b s e r v e d , and t h e r e was no evidence of NaK 
pene t ra t ion into the specimen su r faces . 

Embri t t lenaent of unstabi l ized s ta in less s tee l is not su rp r i s ing since the tes t 
t e m p e r a t u r e of 1100 F is in the middle of a sensi t izing (carbide precipi ta t ion) r a n g e , 
900 to 1400 F . The use of a s tabi l ized s ta in less s tee l such a s Type 347 and the e l i m i ­
nation of cold working would, of c o u r s e , min imize such a tendency; however . Type 304 
was used throughout the p r o g r a m . 

Compatibil i ty Exper imen t s With Solvents 

In addition to the exper iments with NaK, the compatibi l i ty of UC with va r ious 
liquids was examined to de termine those suitable for use in p r e i r r a d i a t i o n and pos t -
i r rad ia t ion examinat ion. Compatibil i ty was de te rmined by observing UC spec imens , 
be fore , dur ing , and after exposure and by comparing p r e t e s t and pos t t es t specimen 
weights . Tes t s were rtin at roonn t e m p e r a t u r e for pe r iods of 1, 3 , and 5 hr with w a t e r , 
ace tone , methyl a lcohol , ethyl a lcohol , butyl a lcohol , benzene , xylene , k e r o s e n e , 
CCI4, and Zyglo. 

React ions were observed only with wa te r . During the 1-hr exposure gas bubbles 
were evolved from the specinaen, and during the 3-hr exposure some flaking occu r r ed . 
The change in specimen weight with l iquids other than wate r was insignificant ( less 
than 1 mg in 10-g samples ) . A l so , weight changes were insignificant after allowing 
some UC specimens to stand in a Dr i e r i t e des icca tor for 2 days and for 2 months . 
Also , no change was obse rved after heating for 2 and 17 h r in a vacuum oven at 180 F 
and 550 |i of p r e s s u r e . 

Drop Tes t s 

In drop t e s t s and t he rma l - shock t e s t s , UC spec imens were spr ing loaded in a 
s ta in less s teel expanded-meta l basket and placed in a s t a in less s tee l capsule filled with 
a liquid m e d i u m , as they would be during i r r ad ia t ion in the MTR. Acetone at room 
t empera tu r e was the liquid medium in the drop t e s t because i t s density and i ts v iscos i ty 
a re s imi l a r to those of NaK at 1100 F . The capsule was dropped with i ts axis h o r i ­
zontal onto a concre te floor from heights of 1, 2, and 3 ft. Then the capsule was 
dropped with the axis ve r t i c a l . The spec imens did not f rac ture during any of these 
mechanica l shocks . 
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Thermal -Shock Tes t s 

In the t h e r m a l - s h o c k t e s t , good specimen shock r e s i s t ance was demonst ra ted . 
Two capsu les containing spec imens i m m e r s e d in NaK were heated in an e lec t r i c fur­
nace to 1300 F and then plunged into r o o m - t e m p e r a t u r e water . This cyc le , during 
which the capsules cooled to room t e m p e r a t u r e in about 2 m i n , was repeated ten t i m e s . 
Radiographs taken after the f i r s t , fifth, and tenth cycles indicated that the specimens 
did not f r ac tu re . 

CAPSULE-DESIGN INFORMATION 

The capsule design for the MTR capsu les i s shown in Figure 2. F igures 3 and 4 
a r e views of the BRR capsule and the MTR capsu le , respec t ive ly . The BRR capsule 
cons i s ted of a simple cyl inder which contained sufficient NaK to cover the 12 spec i ­
m e n s . The top cap was provided with a spring which kept the specimens in close con­
tac t during the i r r ad ia t ion . 

The fuel stack in each MTR capsule cons is ted of five unclad 3/8- in . -d iamete r UC 
spec imens . The two tes t spec imens were about 2 in. long and were located in the 
cen t ra l zone of the capsule . A 1/4-in. -long spacer was placed at each end of the stack 
to min imize ex te rna l and nuclear end effects and a 1/2-in. -long spacer separa ted the 
actual t e s t spec imens . The top 1/4-in. spec imen and the top half of the upper 2-in. -
long spec imen were dr i l led longitudinally down the center to accomnaodate a l / l 6 - i n . -
OD thermocouple . The hole was dr i l led u l t rason ica l ly . 

An expanded s ta in less s teel basket re ta ined the specimens in a stack. Adequate 
space was provided to p e r m i t un re s t r a ined radia l growth of the specimens during 
i r r ad ia t ion . Molybdenum springs were placed at the ends of the stack to keep the spec­
imens in a f i rm posit ion yet allow axial growth. Six thermocouples were provided to 
r e c o r d t e m p e r a t u r e data at var ious posi t ions within the capsule . Dos imete r s were 
provided inside and outside of the capsule body. 

After the capsule body was filled with NaK, the capsules were sealed by Hel iarc 
welding the end caps to the capsule w^all. The thermocouples w^ere brazed into the 
h e a d e r s with a n ickel -a l loy b r a z e with a mel t ing t e m p e r a t u r e of about 1800 F . 



Center ttiermocouple, plated 

witti molybdenum 

^ ^ ^ ^ ^ ^ ^ ^ 1 ^ ^ ^ : ^ ^ ^ 
^\\-

12 i 
' ^ IS 

00 

All materials of construction to be Type 304 

stainless steel unless otherwise soecified 

FIGURE 2. BASIC DESIGN OF THE MTR CAPSULES FOR THE IRRADIATION OF URANIUM MONOCARBIDE 

# -f 
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FIGURE 3 VIEW OF THE PARTIALLY ASSEMBLED BRR CAPSULE 
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Top seal 

Doable-seal timmocoaple cap 

Thermocouple holes 

Hanging rods 

Thermocouple positlcxiei 

Molybdenum spring 

Outer capsule body 

Specimens 

Spnng-loaded clamsheU 

Type 304 stainless steel expmided-metal basket 
Molybdenum spring 
X-metal posiuoner 
Bottom centenng spider 

Molybdenum spnng 
Bottom ead plug 

N56865 

F I G U R E 4 . VIEW O F T H E P A R T I A L L Y A S S E M B L E D MTR C A P S U L E 
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IRRADIATION HISTORY AND POSTIRRADIATION EXAMINATIONS 

The i r r ad ia t ion h i s to ry and pos t i r r ad ia t ion data of the specimens a r e summar ized 
in Table 3. As can be seen in Table 3 , the d iamete r m e a s u r e m e n t s showed a change of 
only 0. 16 to 0. 28 p e r cent for the BRR spec imens . For the MTR spec imens , the d i ­
a m e t e r m e a s u r e m e n t s i nc rea sed from a min imum of 0. 3 to a maximum of 1. 2 pe r cent . 
A compar i son of these data indicates that no cor re la t ion can be observed between the 
burnup levels and the d iamete r change. Some cracking did occur in all of the MTR 
s p e c i m e n s , and it is bel ieved that this c racking could easi ly have caused these d imen­
sional changes . 

The density changes for a l l of the i r r ad i a t ed specimens were relat ively quite 
smal l . Again, no co r re l a t ion can be made between the burnup data and the density data. 
Because of the c r a c k s p r e sen t in the spec imens during these m e a s u r e m e n t s , it is felt 
that the actual dens i t ies of the whole p ieces of i r r ad i a t ed spec imens were probably 
somewhat higher than the data indica te . 

F igu re s 5, 6, and 7 show the typical appearance of the spec imens from the MTR 
i r r ad ia t ion p r i o r to and after i r r ad ia t ion . The var ious c r a c k s in each i r r ad ia ted spec i ­
men a r e quite obvious. The c r a c k s were both radia l and t r a n s v e r s e . Some spalling of 
the surface o c c u r r e d in seve ra l spec imens and an example of this is shown in Figure 6. 
Unfortunately, the exact de terminat ion of the amount of cracking which occu r red in a 
spec imen during i r r ad ia t ion is somewhat difficult to de te rmine . Fu r the r cracking of 
the spec imens o c c u r r e d immedia te ly upon remova l of the spec imens from the butyl 
alcohol bath. (Butyl alcohol was used to dissolve the NaK hea t - t r ans fe r medium in the 
capsu le s . ) This fur ther cracking is apparent ly caused by the hydrolysis and subse ­
quent expansion of the NaK t rapped in the m i c r o c r a c k s . In a compar i son of all the 
spec imens from all the MTR capsu les except BMI-23-4 , which is sti l l in -p i l e , the 
spec imens from Capsule BMI-23-3 appeared to exhibit a somewhat g r ea t e r degree of 
c rack ing . However , while specimen burnup in Capsule BMI-23-3 was about two t imes 
that of the other c a p s u l e s , the amount of specimen cracking was only about 25 per cent 
m o r e than in the o t h e r s . 

The radia l cracking i s , of c o u r s e , a t t r ibuted to the t he rma l s t r e s s e s caused by 
the t e m p e r a t u r e grad ien ts between the co re and surface . F u r t h e r cracking is induced 
by the number of t he rma l cycles the spec imens exper ienced during the i r rad ia t ion . The 
spec imens which contained alpha uran ium in the grain boundar ies — for example , 
Specimens 42 and 46 (both u r a n i u m - 4 . 6 w/o carbon) — did not appear to exper ience any 
m o r e or l e s s cracking than did the specimens of s toichiometr ic composit ion or above 
which rece ived about the same level of burnup. 

The core t e m p e r a t u r e s of the top spec imens in all of the MTR capsules were de ­
t e rmined by readings taken from a thermocouple located in the center of each top spec i ­
men . The surface t e m p e r a t u r e s for both the top and bottom specimens were determined 
by readings taken from thermocouples located near the surface of the spec imens . The 
core t e m p e r a t u r e s for the bottom spec imens were es t imated from the readings of the 
thermocouples on the sur faces of the bottom spec imens . 

As can be seen from the data in Table 3 , the average surface t empera tu re for all 
six c a p s u l e s , including the BRR c a p s u l e , ranged from 540 to a maximum of about 915 F . 
Core t e m p e r a t u r e s were from 660 to about 1600 F . Except for the BRR specimens 



TABLE 3 . IRRADIATION HISTORY AND POSTIRRADIATION DATA FOR UC SKCIMENS FROM 
CAPSULES BRR, BMI-23-1 , BMI-23-2, BMI-23-3 , BMI-23-5, AND BMl-23-6 

BMI-23-1 BMI-23-2 BMI-23-3 
BRR Top Bottom Top Bottom Top Bottom 

12A ISA 25A 3 2 26 37 28 29 

Nominal Carbon Content, w /o 5 .0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 

Carbon Content by Determination^^^ w/o 5.00 5.4 5.57 5.2 5.2 5.3 5.1 5.0 5.0 

Diameter Change, pet cent 0.16 0.28 0.16 0.4 0.3 0.9 0.9 — 0.8 

Density Change, per cent 0.29 0.45 0.44 0.7-0.9 2.5 0.6-2.0 2.5 1.8 1.8 

Average Temperature, F 

Surface 600 600 600 770 540 915 700 765 623 

Core 660 660 660 1300 880 1375 1060 1178 1086 

q 

Fission-Gas Release, cm of krypton-85 

Estimated Total Produced 5 .9x10-2 20 .9x10-2 
Estimated Released by Recoil 2 .5x10-5 8 .8x10-5 
Measured Release Negligible 2 .4x10-5 9 .7x10-5 ({,) 

Burnup, MWD/T of uranium^'^) 

Nominal 700 700 700 1,000 5.000 10.000 
Dosimetry 400 400 400 1,420 1.780 5.600 7.800 12,200 12,800 
Radiochemical('') - - -- - 15,650 
lsotopic<e) - - - 13.750 

Estimated Average Heat-Generation Rates. 
103Btu/(ft2)(hr) 

Based on Dosimetry Burnup Data — 170 -- 680 850 880 940 -- 695 
Based on Isotopic Burnup Data — - - - - - - -- -- - - 750 

(a) The estimated composition is based on metallography, density, and a carbon analysis from the top of the cast ingots. 
(b) Fission-gas sample was lost, apparently by leakage from capsule. 
(c) Based on a 2200-lb ton and a fission energy of 195 Mev. 
(d) Based on an analysis for ces ium-137 . 
(e) Based on an analyses for uranium-236 by mass spectrometry. 
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FIGURE 5. TYPICAL SPECIMENS FROM THE MTR CAPSULES PRIOR 
TO IRRADIATION 
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4X 
a. P a r t of Bottom Specimen 

Note spalling at r ight . 

HC3897 

V. 

HC3892 
b . P a r t of Top Specimen 

FIGURE 6. SPECIMENS OF IRRADIATED UC FROM CAPSULE BMI-23-3 
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FIGURE 7. TOP SPECIMEN OF IRRADIATED UC FROM CAPSULE BMI-23-6 
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which exper ienced a t e m p e r a t u r e differential of only about 60 F , the spec imens e x p e r i ­
enced a t e m p e r a t u r e differential f rom surface to co re in the range of about 400 to 550 F 
for the top spec imens and about 350 to about 500 F for the bottom spec imens . These 
t e m p e r a t u r e differentials a re probably of a magnitude which would cause the c i r c u m f e r ­
ential and n o r m a l s t r e s s e s within the spec imens n e c e s s a r y to cause c rack ing . The 
e l eva t ed - t empera tu r e p r o p e r t i e s of UC a r e not well known, however , and, t h e r e f o r e , 
an accura te e s t ima te cannot be made of the s t r e s s e s r equ i r ed to cause f rac tur ing . 

P r i o r to the actual opening of the c a p s u l e s , each capsule was punctured and s a m ­
pled for f ission g a s . The m e a s u r e d f ission gas r ecove red from al l the capsu les i s 
shown in Table 3. The gas sample from the BRR was so smal l that it was negligible. 
The sample from Capsule BMI-23-3 was inadver tent ly los t during the sampling o p e r a ­
t ion, or the gas may have leaked f rom the capsule body. 

It is well known that f ission p roduc t s will e scape from the sur faces of i r r a d i a t e d 
unclad fuel spec imens by recoi l ; t h e r e f o r e , a calculat ion was made to de te rmine an 
es t imate of the amount of f ission gas r e l ea sed by this m e c h a n i s m . Table 3 shows the 
es t ima ted total krypton-85 produced in the UC s p e c i m e n s , the es t imated amount r e ­
leased by r e c o i l , and the actual amount m e a s u r e d after i r r ad ia t ion . For Capsules 
B M I - 2 3 - 1 , BMI-23-2 , BMI-23-5 , and BMI-23-6 , this actual m e a s u r e d amount is e s s e n ­
tially the same as that e s t imated to be r e l e a s e d by r eco i l . 

As pa r t of this i r rad ia t ion-ef fec t s study an exper iment was conducted with an 
i r r ad i a t ed and an un i r r ad ia t ed UC spec imen to de te rmine the effect of a heat t r ea tmen t 
on the i r r ad i a t ed m a t e r i a l . The exper imen t was conducted to de te rmine if any changes 
would occur in the dens i ty , the d imens ions , or the m i c r o s t r u c t u r e of the spec imens and 
also to m e a s u r e and analyze any f ission gas r e l e a s e d during the heat t r e a t m e n t . The 
i r r ad i a t ed specimen which was used for this study was from Capsule BMI-23-2. 

The two spec imens were heat t r ea t ed for 8 hr at 2000 F under vacuum in a quar tz 
tube. After the heat t r e a t m e n t , it was fovind that the un i r rad ia ted specimen exper ienced 
no apprec iable change; however , the i r r ad i a t ed spec imen d is in tegra ted into p a r t i c l e s , 
as shown in F igure 8a. F igure 8b shows the m i c r o s t r u c t u r e of the fine p a r t i c l e s . The 
UC s t ruc tu re is quite evident , as is the seve re d is in tegra t ion of the specimen during the 
heat t r ea tmen t . P r i o r to the opening of the quar tz t ube , it was f i r s t punctured and the 
fission gas was col lected. The amount of fission gas was de te rmined by m e a s u r i n g the 
amount of krypton-85 p r e s e n t . A total of 2. 04 x 10~6 cm-^ of krypton-85 was r e l e a s e d 
during heat t r ea tmen t . Based on the weight of this specimen p r i o r to heat t r e a t m e n t , it 
was calcula ted that the total amount of krypton-85 that was produced in the specimen 
was 8. 0 X 10"^ cm-^. The amount of krypton-85 r e l e a s e d after i r r ad ia t ion was only 
12. 0 X 10"-* cm-^. It can be seen that the amounts of krypton-85 r e l eased after i r r a d i a ­
tion and after the heat t r ea tmen t were negligible when compared with the calcula ted 
amount produced during i r r ad ia t ion . These data were based on average calcula ted v a l ­
ues which included all of the UC contained in the capsu le . 

Burnup of the spec imens from the BRR capsu les and Capsules BMI-23-1 and 
BMI-23-2 were es t imated from dos ime te r ana lyses . In the dos imete r a n a l y s e s , a do­
s ime te r wire was taken from the cen te r 1/2-in. spacer in Capsules BMI-23-1 and 
BMI-23-2 and th ree sect ions were cut from the 12-in. dos ime te r wire which was 
wrapped around each capsule basket . The ana lyses for the top and cen te r sect ions of 
the 12-in. dos ime te r wire were averaged to calcula te the burnup for the bottom s p e c i ­
m e n s . Fo r these a n a l y s e s , the Brad Lewis fac tor '^ ) was used in es t imat ing the 
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HC2663 
a. UC Specimen After Heat Trea tment 

500X HC3117 
b. Typical Mic ros t ruc tu re of the P a r t i c l e s 

of the Hea t -Trea t ed UC Specimen 

FlOtJRE 8. E F F E C T OF 8-HR HEAT TREATMENT IN VACUUM AT 2000 F 
ON IRRADIATED UC FROM CAPSULE BMI-23-2 
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effective t h e r m a l - n e u t r o n flux in the spec imens . This method was used with a r e a s o n ­
able axnount of confidence, s ince at the t ime of the pos t i r r ad ia t ion examination of these 
capsules Battel le exper ience indicated that this method for de termining burnup data was 
as re l iab le as any other method and appeared to be re la t ive ly consis tent . 

During the pos t i r r ad ia t ion exaxnination of Capsules B M I - 2 3 - 3 , BMI-23-5 , and 
BMI-23-6 , burnups were de te rmined by th ree me thods : (1) dos imet ry da ta , (2) r a d i o ­
chemica l ana lyses by the ces ium-137 t echn iques , and (3) a m a s s isotopic ana lys i s . 
These data a r e shown in Table 3. It is e s t ima ted that the uncer ta inty in the r a d i o ­
chemical burnup data i s about 25 p e r cen t , eind in the burnup level based on the isotopic 
ana lyses it is about 12 pe r cent . With these u n c e r t a i n t i e s , the data can be cons idered 
to be in good re la t ive ag reemen t . 

In an effort to fur ther es tab l i sh re l iable burnup da ta , a specimen of NaK coolant 
from Capsules B M I - 2 3 - 1 , BMI-23-2 , B M I - 2 3 - 3 , and BMI-23-5 was analyzed for 
ces ium-137 content to de te rmine if pe rhaps the rad iochemica l ana lyses on the UC s p e c ­
imens themse lves were low because of diffusion and subsequent loss of ces ium-137 
during the i r r a d i a t i o n s . These ana lyses indicated only a negligible amount of c e s i u m -
137 in each NaK spec imen. 

The average surface heat fluxes a r e a lso tabulated in Table 3. The heat fluxes 
a re based on dos imet ry data except for the capsu les for which isotopic burnups were 
de te rmined . The average surface heat fluxes for the spec imens vary from about 
600,000 to about 940,000 Btu/(ft2)(hr). The m a x i m u m heat fluxes obtained during the 
i r r ad ia t ions were probably h igher . 

A meta l lographic examinat ion was made on seve ra l spec imens from the BRR 
capsule and also on the top and bottom spec imen from each MTR capsu le . The m e t a l ­
lographic spec imens were mounted in cold-se t t ing p l a s t i c , ground through 600-gr i t 
p a p e r , and then pol ished and etched. The spec imens were swab etched with a solution 
of equal p a r t s of n i t r i c ac id , acet ic acid and wa te r . F i gu re s 9 through 16 show the 
typical m i c r o s t r u c t u r e s of the un i r rad ia ted and the i r r a d i a t e d specimens from all of 
the tes t capsu le s . The m a t r i x phase in all of the photographs is s to ichiometr ic u r a ­
nium monoca rb ide , and, where shown, the platel ike s t ruc tu re is UC2. 

F igu re s 9 and 10 show the m i c r o s t r uc tu r e s of the spec imens from the BRR 
capsule and Capsule BMI-23-1 . As can be seen , the m a t e r i a l appeared to be unchanged 
after i r r ad ia t ion . However, F igures 11 , 12, and 13, which i l lus t ra te spec imens from 
Capsules BMI-23-2 and BMI-23-3 show that the UC2 s t ruc tu re has apparent ly d i s ­
appeared from the m a t r i x phase in the i r r a d i a t e d spec imens . In the top spec imens of 
BMI-23 -3 , the UC2 s t ruc tu re completely d i sappeared . The bottom specimens showed 
a gradual d i sappearance of the UC2 s t ruc tu re from the edge of the spec imen, where it 
was m o s t p rominen t , to the c e n t e r , where it completely d i sappeared . The remaining 
s t ruc tu re c lear ly r e sembled the 4 . 8 w/o carbon s to ich iomet r ic composi t ion. 

The mechan i sm of this apparent change in the m i c r o s t r u c t u r e of these 5 w/o c a r ­
bon spec imens i s not fully unders tood. P e r h a p s the UC2 is actually put into solution in 
the UC m a t r i x as a r e su l t of neutron bombardment . F u r t h e r invest igat ion of this p h e ­
nomenon is needed. 
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250X RM10615 
a. Center of Specimen Before I r rad ia t ion 

250X HC2068 
b . Edge of Specimen After I r radia t ion 

FIGURE 9. NOMINAL URANIUM-5 w/o CARBON SPECIMEN FROM 
BRR CAPSULE BEFORE AND AFTER IRRADIATION 

Dosinnetry data indicate that the burnup was about 
400 MWD/T of uran ium. 
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RM10452 
a. P r e i r r a d i a t i o n 

' *^ 

250X HC2066 
b . Pos t i r r ad i a t i on 

FIGURE 10. CENTER OF TOP SPECIMEN IN CAPSULE BMI-23-1 
BEFORE AND AFTER IRRADIATION 

Dosimet ry data indicate that the burnup was about 
1420 MWD/T of u ran ium for th is spec imen. The 
analyzed composi t ion was u r a n i u m - 5 . 2 w/o carbon. 



21 

^ 

250X RM10942 
Preirradiation 

^^^•ppp^ 

^^K«^ 

^^^V'T-* . 

r 

'•^l^P 

) 

t 

1 • r̂  
^/-

y 

• 
pip 

# 

' 

1̂  

r 
# • 

H 
' " f l 

•̂ l 
;̂f̂  

' fl 

250X HC2621 
b. Pos t i r r ad ia t ion 

FIGURE 11. CENTER OF BOTTOM SPECIMEN FROM CAPSULE BMI-23-2 
BEFORE AND AFTER IRRADIATION 

Dosimet ry data indicate that the burnup was about 7800 MWD/T 
of uranium for this specimen. The analyzed composit ion was 
u r a n i u m - 5 . 1 w/o carbon 
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RM10745 

IV-

a. P r e i r r a d i a t i o n 

• p ^ ^^PBWft?MU," 

250X 
b . Pos t i r r ad i a t ion 

HC4190 

FIGURE 12. MICROSTRUCTURE AT CENTER OF SPECIMEN 29, THE BOTTOM 
SPECIMEN FROM CAPSULE BMI-23-3, BEFORE AND AFTER 
IRRADIATION 

Dosimet ry data indicate that the burnup was about 12,800 MWD/T 
of u ran ium. The analyzed composi t ion was 5. 0 w/o carbon. 
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lOOX HC4187 
a . D e p l e t e d A r e a s m C e n t e r and A r e a s With 

UC2 T o w a r d E d g e of S p e c i m e n 

,£m^^ 

lOOX HC4189 
b . U C 2 - C o n t a i n i n g A r e a s N e a r Edge of S p e c i m e n 

FIGURE 13 . D I S A P P E A R A N C E O F UC2 S T R U C T U R E WITH DISTANCE FROM SURFACE 
IN B O T T O M S P E C I M E N IN C A P S U L E B M I - 2 3 - 3 

D o s i m e t r y d a t a i n d i c a t e t h a t the b u r n u p w a s abou t 1 2 , 8 0 0 M W D / T of 
u r a n i u m . The a n a l y z e d c o m p o s i t i o n w a s 5. 0 w / o c a r b o n . 
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a. Preirradiation 
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RM1193 

250X HC4196 
b . Pos t i r r ad i a t i on 

FIGURE 14. TYPICAL MICROSTRUCTURE BEFORE AND AFTER IRRADIATION 
OF SPECIMEN BOB FROM CAPSULE BMI-23-5 

Dos imet ry data indicate that the burnup was about 6400 MWD/T 
of u ran ium. The analyzed composi t ion was 4. 7 w/o carbon. 
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RM11149 
a. P r e i r r a d i a t i o n 

3»ia».- a;: 

HC4385 
Pos t i r r ad i a t i on 

I t a U & E 15. MICROSTRUCTURE OF TOP SPECIMEN FROM CAPSULE BMl-13^6 
BEFORE AND AFTER IRRADIATION 

Dos imet ry data indicate that the burnup was about 6500 MWB/*r « | 
u ran ium. The analyzed composi t ion was 4 .8 w/o carbon. 
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FIGURE 16. MICROSTRUCTURE OF SPECIMEN FROM CAPSULE BMI-23-2 
SHOWING SURFACE DAMAGE 
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Figure 14 shows the typical m i c r o s t ruc tu re of the nominal 4. 6 w/o carbon bottom 
spec imen from Capsule BMI-23-5 before and after i r rad ia t ion . Alpha uranium can be 
seen in the gra in boxindaries and also within the g r a in s . No apparent change because of 
i r r ad i a t i on was observed . Figure 15 shows the typical m i c r o s t r u c t u r e of the 4 .8 w/o 
spec imen from Capsule BMI-23-6 . The p r e - and pos t i r rad ia t ion microphotographs 
show identical s t r u c t u r e s . 

In F igure l6 the c o r r o s i v e effect typical of the NaK is evident at the surface of 
the spec imen. Apparent ly , this is a reac t ion of the UC with the Na20 in the t r i p l e -
dis t i l led NaK which was used in the capsu l e s . Thermodynamical ly , it can be shown 
that such a reac t ion is possible at room t e m p e r a t u r e and becomes m o r e likely at in­
c r ea s ing t e m p e r a t u r e s . The NaK in the t e s t capsu les contained about 50 ppm oxygen 
and it was felt that this i s enough to cause the at tack on the surface of the spec imens . 
P e r h a p s this i s the a r e a which tends to spal l off during the i r rad ia t ion . This surface 
at tack was evident on all of the spec imens examined. 

CONCLUSIONS 

The r e su l t s of the exanninations on the spec imens descr ibed above a r e encouraging 
for the use of UC as a fuel m a t e r i a l for sodiuna-, o r g a n i c - , or gas-cooled r e a c t o r s . 
The density and dimension changes exper ienced at burnups as high as about 13,750 
MWD/T of uraniiim are negl ig ible , and, if m i c r o c r a c k s and surface damage a re d i s ­
counted, the radiat ion stabili ty of UC can be cons idered excellent . 

The amount of cracking could probably be reduced if the UC could be divorced 
from actual contact with NaK or if it could be i r r ad i a t ed in u l t rahigh-pur i ty NaK. The 
cracking appea r s to be somewhat re la ted to burnup or the t he rma l cycles co r re l a t ed 
with the burnup. Some cracking is no doubt due to t he rma l s t r e s s e s caused by the 
t h e r m a l grad ien ts a c r o s s the specimen during the i r r ad i a t ions . 

Although the UC2 s t ruc tu re tends to d i sappear during i r rad ia t ion of the 5 w/o 
ca rbon s p e c i m e n s , the change in m i c r o s t r u c t u r e does not appear to have any d e l e t e r i ­
ous effects on the spec imens . The behavior of the 4. 6, 4. 8, and 5 w/o carbon spec i ­
mens was comparable at re la t ive burnup l eve l s . 

The average surface hea t -genera t ion r a t e s obtained during these i r r ad ia t ions a re 
encouraging. They ranged from about 600,000 to about 940,000 Btu/(ft^)(hr) for the 
MTR capsule spec imens . Instantaneous hea t -genera t ion r a t e s probably reached values 
in excess of 1,000,000 Btu/(ft2)(hr), 
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