
A N L - 6 6 7 8 
M e t a l s , C e r a m i c s , 

and M a t e r i a l s 
(TID-4500, 24th Ed.) 
A E C R e s e a r c h and 

D e v e l o p m e n t R e p o r t 

ARGONNE NATIONAL LABORATORY 
9700 South C a s s Avenue 
A r g o n n e , I l l ino is 60440 

PRELIMINARY IRRADIATIONS OF PuC AND UC-PuC 

b y 

J. H. Ki t te l , L. A. N e i m a r k , R. Ca r l a n d e r , 
O. L. K r u g e r , and R. C. Lied 

M e t a l l u r g y Div i s ion 

P r o g r a m 6.5.6 

T h i s r e p o r t s u p e r s e d e s s e c t i o n s of the following 
M e t a l l u r g y Div i s ion Annua l P r o g r e s s R e p o r t s : 

R e p o r t No. 

A N L - 6 3 3 0 
A N L - 6 5 1 6 
A N L - 6 6 7 7 

Y e a r 

1960 
1961 
1962 

P a g e s 

90 
138, 139 
124-126 

S e p t e m b e r 1963 

O p e r a t e d by The U n i v e r s i t y of Chicago 
u n d e r 

C o n t r a c t W-3 1 -109 -eng -38 
wi th the 

U. S. A t o m i c E n e r g y C o m m i s s i o n 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



2 

TABLE OF CONTENTS 

Page 

ABSTRACT 4 

INTRODUCTION. 4 

EXPERIMENTAL MATERIALS AND PROCEDURE 5 

P repa ra t i on of Specimens . 5 

I r radia t ion of Specimens . . . . . . . . . . . . . . . . . . . . . . . . 7 

RESULTS AND DISCUSSION 9 

Cast Specimens 9 

P r e s s e d and Sintered Specimens 11 

CONCLUSIONS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 

ACKNOWLEDGMENTS 14 

REFERENCES 15 



LIST O F F I G U R E S 

T i t l e P a g e 

T y p i c a l A r c - c a s t P u C S p e c i m e n be fo re Mach in ing to S ize . . 5 

P r i m a r y PU2C3 (Dark) in a P u C M a t r i x of an A s - c a s t 
P u - 5 0 . 4 a / o C Alloy 6 

W i d m a n s t a t t e n P r e c i p i t a t e of (U, Pu)2C3 in a (U, P u ) C 

M a t r i x of an A s - c a s t (U, 20 P u ) - 5 0 . 5 a / o C Al loy. . . . . . . . 6 

T y p i c a l S p e c i m e n s b e f o r e I r r a d i a t i o n . . . . . . . . . . . . . . . . 7 

A s s e m b l y of S p e c i a l E B R - 1 F u e l Rod Used for I r r a d i a t i o n 
of P r e s s e d and S i n t e r e d C a r b i d e S p e c i m e n s 8 

A r c - c a s t P u C S p e c i m e n No. M - 1 - 4 af ter 0.10 M e t a l A tom 
P e r c e n t B u r n u p at a C e n t r a l T e m p e r a t u r e of 650°C . . . . . . 11 

A r c - c a s t U C - 1 8 w / o P u C S p e c i m e n No. M - I - 5 af ter 
0.079 M e t a l A tom P e r c e n t B u r n u p at a C e n t r a l T e m p e r a ­
t u r e of 460°C 11 

P r e s s e d and S i n t e r e d U C - 2 0 w / o P u C S p e c i m e n No. M - 3 - 5 
af ter 0.090 M e t a l A tom P e r c e n t B u r n u p at a C e n t r a l T e m ­
p e r a t u r e of 380°C 12 

LIST O F TABLES 

T i t l e P a g e 

Ef fec t s of I r r a d i a t i o n on C a s t P u C S p e c i m e n s 10 

Ef fec t s of I r r a d i a t i o n on C a s t U C - P u C S p e c i m e n s 10 

Ef fec t s of I r r a d i a t i o n on P r e s s e d and S i n t e r e d P e l l e t s of 
U C - 2 0 w / o P u C 12 

C o m p a r a t i v e F i s s i o n Gas R e l e a s e in Rods Conta in ing A r c -
c a s t and P r e s s e d and S i n t e r e d S p e c i m e n s . 12 

I so tope R a t i o s in the F i s s i o n Gas R e l e a s e d in Rod M - 3 . . . . 13 



P R E L I M I N A R Y IRRADIATIONS OF P u C AND U C - P u C 

by 

J . H. K i t t e l , L. A. N e i m a r k , R. C a r l a n d e r , 
O. L. K r u g e r , and R. C. L i ed 

A B S T R A C T 

P r e l i m i n a r y i r r a d i a t i o n s w e r e m a d e of a r c - c a s t s p e c ­
i m e n s of P u C and U C - P u C and of p r e s s e d and s i n t e r e d p e l ­
l e t s of U C - P u C to d e t e r m i n e the su i t ab i l i t y of t h e s e m a t e r i a l s 
for f u r t h e r d e v e l o p m e n t as p o s s i b l e fuels for l iquid m e t a l -
c o o l e d f a s t r e a c t o r s . The P u C con ten t in the m i x e d - c a r b i d e 
s p e c i m e n s w a s n e a r 20 w / o . The s p e c i m e n s w e r e i r r a d i a t e d 
as fuel r o d s in the f a s t r e a c t o r E B R - 1 . M a x i m u m fuel b u r n -
up and t e m p e r a t u r e du r ing i r r a d i a t i o n w e r e r e s p e c t i v e l y 
0.10 m e t a l a t o m p e r c e n t a n d 6 5 0 ° C . The c a s t P u C s p e c i m e n s 
w e r e found to have f r a c t u r e d to a g r e a t e r ex ten t u n d e r i r r a d ­
i a t i on than did the c a s t m i x e d - c a r b i d e s p e c i m e n s . D i m e n ­
s i o n a l c h a n g e s in t h o s e s p e c i m e n s which did not f r a c t u r e 
w e r e n e g l i g i b l e . F i s s i o n gas r e l e a s e f r o m the c a s t s p e c i ­
m e n s w a s 0.24% of the t h e o r e t i c a l y ie ld . The p r e s s e d and 
s i n t e r e d p e l l e t s did not f r a c t u r e unde r i r r a d i a t i o n and showed 
neg l ig ib l e d i m e n s i o n a l c h a n g e s . F i s s i o n gas r e l e a s e f r o m 
the p e l l e t s w a s 12.0% of t h e o r e t i c a l . The high gas r e l e a s e 
f r o m the p r e s s e d and s i n t e r e d s p e c i m e n s i s a t t r i b u t e d to a 
r e l a t i v e l y h igh d e g r e e of open p o r o s i t y wh ich e x i s t e d in the 
p e l l e t s . 

INTRODUCTION 

E a r l y w o r k on the p r o p e r t i e s of UC{l -3 ) had shown tha t th i s c o m ­
pound w a s a p r o m i s i n g fuel m a t e r i a l for l iquid m e t a l - c o o l e d r e a c t o r s . It 
h a d a l so b e e n d e t e r m i n e d t h a t P u C p o s s e s s e d the s a m e c r y s t a l s t r u c t u r e 
( N a C l - t y p e ) as UC, so t h a t P u C and so l id so lu t ions of U C - P u C w e r e a l s o of 
i n t e r e s t as p o s s i b l e fuel m a t e r i a l s . P u C is of p a r t i c u l a r i n t e r e s t as a fuel 
for f a s t r e a c t o r s in w h i c h a m i n i m u m c o r e s i z e m u s t be c o m b i n e d wi th a 
h igh po'wer d e n s i t y . U C - P u C m i x t u r e s a r e p a r t i c u l a r l y of i n t e r e s t a s h i g h -
t e m p e r a t u r e c e r a m i c fuel for f a s t b r e e d e r r e a c t o r s in which the r e l a t i v e l y 
h igh t h e r m a l conduc t iv i t y and h igh m e t a l a t o m dens i ty of the c a r b i d e is a 
d i s t i n c t advan t age c o m p a r e d wi th the m i x e d oxide fuel UO2-PUO2. 

P r e p a r a t i o n s w e r e begun at Argonne Na t iona l L a b o r a t o r y in 1958 to 
d e t e r m i n e the ef fects of i r r a d i a t i o n on p r o t o t y p e fuel e l e m e n t s con ta in ing 
P u C and m i x t u r e s of UC and P u C . P r e l i m i n a r y i r r a d i a t i o n s in the E B R - 1 
r e a c t o r have b e e n c o m p l e t e d and a r e d e s c r i b e d in th i s r e p o r t . 
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EXPERIMENTAL MATERIALS AND PROCEDURE 

Preparat ion of S p e c i m e n s 

F o r c o n v e n i e n c e , the s p e c i m e n s wi l l be r e f e r r e d to a s P u C or 
U C - P u C , a l though s t o i c h i o m e t r i c m o n o c a r b i d e c o m p o s i t i o n s w e r e not p r e ­
p a r e d in al l c a s e s . 

Two f a b r i c a t i o n m e t h o d s w e r e u s e d to p r e p a r e e x p e r i m e n t a l s p e c i ­
m e n s . A r c - c a s t i n g w a s u s e d for bo th P u C and U C - P u C m i x t u r e s , and 
p r e s s e d and s i n t e r e d p e l l e t s w e r e m a d e of U C - P u C m i x t u r e s . The n o m i ­
na l P u C con ten t w a s 20 w / o in both t ypes of U C - P u C c o m p o s i t i o n s . The 
u r a n i u m in a l l U C - P u C s p e c i m e n s w a s e n r i c h e d a p p r o x i m a t e l y 93% in U '̂̂ ^ 
to enhance the r a t e of m e t a l a t o m b u r n u p . 

The c a s t s p e c i m e n s of P u C and U C - P u C w e r e p r e p a r e d by a r c 
m e l t i n g and c a s t i n g in an i n t e r c h a n g e a b l e h e a r t h a r c f u r n a c e . P i e c e s of 
c a r b o n , p lu ton ium, a n d / o r u r a n i u m w e r e d i r e c t l y a l loyed into bu t tons by 
a r c m e l t i n g in a w a t e r - c o o l e d c o p p e r c r u c i b l e unde r a p r o t e c t i v e a t m o s ­
p h e r e of h e l i u m or a r g o n . An a l loyed but ton of about 35 g was then p l a c e d 
ove r the opening of a g r a p h i t e tube mo ld . The but ton was h e a t e d by the a r c 
and, when i t was fully m o l t e n , d r o p p e d into the mold . The a r c fu rnace w a s 
i m m e d i a t e l y e v a c u a t e d to s low cool the c a s t i n g . F l a n g e d g r a p h i t e m o l d s 
w e r e u s e d for the U C - P u C s p e c i m e n s . The m o l t e n P u C a l loys r e a c t e d 
wi th the g r a p h i t e f lange; t h e r e f o r e , they w e r e m e l t e d on a coo led coppe r 
s u r f a c e and c a s t into a g r a p h i t e s l e e v e mold . F u e l p ins of the P u C c o m ­
pos i t i on w e r e e a s i e r to c a s t and had a b e t t e r s u r f a c e a p p e a r a n c e than t hose 
of U C - P u C . Th i s b e h a v i o r w a s a t t r i b u t e d to the g r e a t e r s u p e r h e a t of the 
P u C m e l t p r i o r to c a s t i n g due to i t s lower me l t i ng point of 1650°C c o m p a r e d 
with tha t of about 2300°C for U C - 2 0 w / o P u C . 

106-5104-A IX 

The tops of the c a s t i n g s w e r e 
r e m o v e d , leaving fuel p ins about 
25 m m (l in.) long by 7.6 m m ( 0 . 3 0 i n . ) 
in d i a m e t e r . U n s u c c e s s f u l a t t e m p t s 
w e r e m a d e to c a s t the s p e c i m e n s 
with an ax ia l hole for a c c o m m o d a t i o n 
of a c e n t r a l t h e r m o c o u p l e . E igh t c a s t 
P u C and e ight c a s t U C - P u C fuel p ins 
w e r e m a d e . A typ ica l c a s t i n g be fo re 
r e m o v a l of the top is shown in F i g ­
u r e 1. All of the s p e c i m e n s had den­
s i t i e s g r e a t e r than 98% of t h e o r e t i c a l . 

Figure 1. Typical Arc-cast PuC Specimen before 
Machining to Size 

The c a r b o n con ten t s of the 
c a s t s p e c i m e n s w e r e v a r i e d f r o m 
4.75 to 5.73 w / o . The p lu ton ium 

con t en t s in the c a s t m i x e d - c a r b i d e s p e c i m e n s w e r e v a r i e d f r o m 17.2 to 
27.8 w / o . T y p i c a l m i c r o s t r u c t u r e s a r e shown in F i g u r e s 2 and 3. M o r e 



d e t a i l e d d e s c r i p t i o n s of t h e p r e p a r a t i o n a n d p r o p e r t i e s of a r c - c a s t p l u t o ­
n i u m c a r b i d e s h a v e b e e n p u b l i s h e d e l s e w h e r e . l " * ' ^ z M o s t of t h e s p e c i m e n s 
w e r e p u r p o s e l y m a d e w i t h e x c e s s c a r b o n o v e r t h a t r e q u i r e d fo r s t o i c h i ­
o m e t r i c m o n o c a r b i d e i n o r d e r t o a v o i d t h e p o s s i b l e p r e s e n c e of a f r e e p l u ­
t o n i u m p h a s e w h i c h c o u l d c a u s e r a p i d p e n e t r a t i o n of t h e s t a i n l e s s s t e e l 
c l a d d i n g . A s e c o n d p h a s e d i s t r i b u t i o n of s e s q u i c a r b i d e w a s p r e s e n t i n t h e 
h y p e r s t o i c h i o m e t r i c m a t e r i a l . I n t e r p r e t a t i o n of t h e c a s t m i c r o s t r u c t u r e s 
w a s a i d e d b y i n f o r m a t i o n o b t a i n e d b y S. R o s e n a n d a s s o c i a t e s . ( 6 ) 

Figure 2 

Primary PU2C3 (Dark) in a PuC 
Matrix of an As-cast Pu-50.4 a/o 
C alloy 

29895 200X 

Figure 3 

Windmanstatten Precipitate (Inter­
secting Planes) of (U, Pu)2C3 in a 
(U, Pu)C Matrix of an As-cast 
(U, 20 Pu)-50.5 a/o C Alloy 

31683 500X 

T h e U C u s e d i n t h e p r e s s e d a n d s i n t e r e d s p e c i m e n s of U C - 2 0 w / o 
P u C w a s m a d e by r e a c t i n g p e l l e t s of e n r i c h e d UO2 a n d c a r b o n u n d e r v a c u u m 
i n a U C - l i n e d g r a p h i t e c r u c i b l e a t 1 6 0 0 ° C , T h e P u C w a s m a d e b y r e a c t i n g 



p e l l e t s of PUO2 a n d c a r b o n , w i t h C a r b o w a x a s a b i n d e r , a t 1300 C u n d e r 
v a c u u m i n a t a n t a l u m - r e s i s t o r f u r n a c e . T h e U C a n d P u C c l i n k e r s w e r e 
g r o u n d t o g e t h e r i n t h e d e s i r e d w e i g h t r a t i o a n d c o l d - p r e s s e d i n t o r i g h t 
c y l i n d e r s w i t h a n a x i a l t h e r m o c o u p l e h o l e . T h e c y l i n d e r s w e r e t h e n f i r e d 
u n d e r v a c u u m a t 1650°C f r o m 1 to 4 h r i n a t a n t a l u m - r e s i s t o r f u r n a c e . A 
t o t a l of 1 5 p r e s s e d a n d s i n t e r e d s p e c i m e n s w e r e p r e p a r e d . T h e a v e r a g e 
b u l k d e n s i t y w a s 5 5 . 1 % of t h e o r e t i c a l . T y p i c a l f i n a l d i m e n s i o n s of t h e p e l ­
l e t s w e r e 7 . 9 2 m m ( 0 . 3 1 2 i n . ) d i a m e t e r b y 15 m m (O.6O in . ) l o n g . 

T y p i c a l s p e c i m e n s of a l l t h r e e t y p e s a r e s h o w n b e f o r e i r r a d i a t i o n 

i n F i g u r e 4 . 

PuC (Arc-cast) 

UC-20 PuC (Arc-cast) UC-20 PuC (Pressed and Sintered) 

106-5470 2X 
Figure 4. Typical Specimens before Irradiation 

I r r a d i a t i o n of S p e c i m e n s 

The E B R - 1 r e a c t o r w a s u s e d for the i r r a d i a t i o n s . Al though th i s 
r e a c t o r has a r e l a t i v e l y low r a t e of fuel bu rnup , th i s was not c o n s i d e r e d 
to be a s e r i o u s d i s a d v a n t a g e , s ince h igh b u r n u p was not an ob jec t ive in the 
p r e l i m i n a r y t e s t s . The r e a c t o r was s e l e c t e d m a i n l y b e c a u s e i t s fas t flux 
would enab le u n i f o r m b u r n u p to be a c h i e v e d in P u C s p e c i m e n s of r e a s o n ­
able s i z e . 

At the t i m e the i r r a d i a t i o n s w e r e m a d e , the E B R - 1 r e a c t o r con ­
t a ined the M a r k HI c o r e . The fuel e l e m e n t s in th i s c o r e w e r e r o d s 10.3 m m 
(0.404 in.) in d i a m e t e r . ' ' i It w a s d e s i r e d to i r r a d i a t e the c a r b i d e s p e c i ­
m e n s d i r e c t l y in the c o r e of the r e a c t o r . The s p e c i m e n s w e r e t h e r e f o r e 



p l a c e d in t h r e e s p e c i a l fuel r o d s having ou te r d i m e n s i o n s and end f i t t ings 
i d e n t i c a l to the M a r k III fuel r o d s . T h e s e s p e c i a l fuel r o d s w e r e i n t e r ­
c h a n g e a b l e wi th ex i s t i ng r o d s in the M a r k III c o r e . 

A d rawing of the a s s e m b l e d s p e c i a l fuel rod , M - 3 , u s e d for i r r a d i a 
t ion of the p r e s s e d and s i n t e r e d p e l l e t s i s shown in F i g u r e 5. The c a s t 

NaK FILLING TUBE 

304 STAINLESS 
STEEL TUBE 

UPPER BLANKET SLUG 

FUEL SPECIMENS 

LOWER BLANKET SLUG 

EXTENSION ROD 

THERMOCOUPLE TUBE 

WELD 

NaK LEVEL 

CENTERING SPACERS 

WELD 

106-7281 

Figure 5. Assembly of Special EBR-I Fuel Rod Used for Irradiation of Pressed and 
Sintered Carbide Specimens. Two similar fuel rods, without thermocouples, 
were used for irradiation of the cast specimens. 



s p e c i m e n s w e r e i r r a d i a t e d in two s i m i l a r r o d s , M - 1 and M - 2 , which did 
not con ta in a c e n t r a l t h e r m o c o u p l e . R o d s M - 1 and M - 2 e a c h c o n t a i n e d 
four P u C and four U C - P u C s p e c i m e n s . They w e r e a r r a n g e d so tha t s p e c i ­
m e n s of e a c h c o m p o s i t i o n w e r e in a l t e r n a t i n g p o s i t i o n s along the length of 
the fuel r o d . All of the s p e c i m e n s in e a c h of the t h r e e r o d s w e r e bonded 
wi th NaK to the Type 304 s t a i n l e s s s t e e l c l add ing . H e l i u m was u s e d as the 
c o v e r gas o v e r the NaK. C e n t e r i n g of the s p e c i m e n s in the fuel r o d s Avas 
a c c o m p l i s h e d by p l ac ing t a n t a l u m s p a c e r s on the ends of e a c h s p e c i m e n . 

The t h r e e s p e c i a l fuel r o d s w e r e loaded into s u b a s s e m b l y E of the 
M a r k III c o r e . In t h i s l oca t i on r o d s M - 1 and M - 2 w e r e 46 nam (1.82 in.) 
f r o m the c e n t e r l ine of the r e a c t o r . The t h e r m o c o u p l e d rod M - 3 c o n t a i n ­
ing the p r e s s e d and s i n t e r e d s p e c i m e n s w a s 43 m m (1.68 in.) f r o m the c e n ­
t e r l i ne . 

D u r i n g i r r a d i a t i o n , t e m p e r a t u r e s w e r e m e a s u r e d at v a r i o u s po in t s 
a long the c e n t e r l ine of r o d M - 3 . Adjacen t t e m p e r a t u r e s w e r e a l s o m e a ­
s u r e d in the NaK c o o l a n t f lowing p a s t the fuel r o d . F r o m the t e m p e r a t u r e 
d i f f e r e n c e s t hus d e t e r m i n e d , aind f r o m p r e v i o u s l y d e t e r m i n e d p l u t o n i u m 
f i s s i o n r a t e c o n t o u r s in the E B R - 1 co re , ^ ' it w a s p o s s i b l e to c a l c u l a t e the 
t e m p e r a t u r e s of the s p e c i m e n s in the two r o d s -which did not con ta in t h e r m o ­
c o u p l e s . C o r r e c t i o n s w e r e m a d e for the d i f f e r e n c e s in dens i ty b e t w e e n the 
s i n t e r e d and c a s t s p e c i m e n s . The a s s u m e d t h e r m a l c o n d u c t i v i t i e s of a l l 
s p e c i m e n s w e r e b a s e d on p r e l i m i n a r y i n f o r m a t i o n supp l ied by B r i t i s h i n -
v e s t i g a t o r s ( 9 ) in t h e i r s t u d i e s of the p r o p e r t i e s of v a r i o u s U C - P u C c o m p o ­
s i t i o n s . A t o m b u r n u p s in a l l s p e c i m e n s w e r e c a l c u l a t e d f r o m p r e v i o u s l y 
d e t e r m i n e d p l u t o n i u m f i s s i o n r a t e s in E B R - 1 . 

After i r r a d i a t i o n the r o d s w e r e sh ipped to the hot c e l l s at the 
L e m o n t s i t e of A r g o n n e N a t i o n a l L a b o r a t o r y . They w e r e opened in an 
a l p h a - and g a s - t i g h t box in a h i g h - l e v e l g a m m a c e l l . An a t m o s p h e r e of 
n i t r o g e n w a s u s e d in the box at a l l t i m e s to avoid f i r e s and ox ida t ion of the 
s p e c i m e n s . 

S ince the m a x i m u m c l ad i n n e r s u r f a c e t e m p e r a t u r e (350°C) w a s w e l l 
be low tha t at -which c a r b o n p i ckup , s e n s i t i z a t i o n , or c o r r o s i o n m i g h t be e x ­
p e c t e d to o c c u r , t he d e t a i l e d p o s t i r r a d i a t i o n e x a m i n a t i o n w a s l i m i t e d to the 
c a r b i d e s p e c i m e n s t h e m s e l v e s . 

R E S U L T S AND DISCUSSION 

C a s t S p e c i m e n s 

I r r a d i a t i o n cond i t i ons and the r e s u l t s of the p o s t i r r a d i a t i o n e x a m i ­
na t ion for the c a s t P u C and the U C - P u C s p e c i m e n s a r e s u m m a r i z e d in 
T a b l e s I and II, r e s p e c t i v e l y . M e t a l a t o m b u r n u p s r a n g e d f r o m 0.060 to 
0.10%, and c e n t r a l t e m p e r a t u r e s w e r e in the r a n g e f r o m 370 to 650°C. 



B u r n u p s and t e m p e r a t u r e s w e r e lower in the s p e c i m e n s con ta in ing u r a n i u m 
b e c a u s e of the lower f i s s i o n c r o s s s e c t i o n of U^^^ r e l a t i v e to Pu^^^. 

Table I 

EFFECTS OF IRRADIATION ON CAST PuC SPECIMENS 

Specimen 

No 

M-1-8 

M-2-8 

M-1-2 

M-2-2 

M-1-6 

M-2-6 

M-1-4 

M-2-4 

C w/o 

5 45 

5 78 

4.94 

4 95 

4 93 

4 83 

5 17 

530 

Metal Atom 

Burnup , % 

0 076 

0 076 

0 090 

0 090 

0 098 

0 098 

0 10 

0 10 

Irradiat ion Temp oc 

Surface 

270 

270 

370 

370 

340 

340 

370 

370 

Center 

370 

370 

550 

550 

590 

590 

650 

650 

Diameter mm 

Pre 

7 643 

7 670 

7 714 

7 668 

7 696 

7 714 

7 691 

7 691 

Post 

7 648 

(al 

7 719 

lal 

(al 

(al 

(a) 

(a) 

Change 

0 005 

0 005 

Density g(cm3 

Pre 

13 07 

13 06 

13 32 

13 03 

13 31 

13 32 

13 22 

13 16 

Post 

1316 

12 99 

13 43 

13 24 

(al 

13 22 

13 03 

13 09 

Change % 

0 69 

-0 54 

0 83 

161 

0 76 

144 

-0 53 

Remarks 

Removed whole 

Removed in three pieces 

Removed in three pieces 

Removed m three pieces 

Removed in large number of pieces 

Removed whole but broke up in handling 

Removed in seven pieces 

Removed in two pieces 

(a)Condition of specimen did not permit measurement 

Table H 

EFFECTS OF IRRADIATION ON CAST UC-PuC SPECIMENS 

Specimen 

No 

M-1-1 

M-2-1 

M-1-7 

M-2-7 

M-2-3a 

M-1-3 

M-2-3b 

M-1-5 

M-2-5 

Pu w/o 

18 2 

17 2 

27 6 

27 8 

25 0 

18 1 

25 0 

18 3 

18 2 

C w/o 

4 83 

4 89 

5 68 

5 64 

5 16 

5 50 

5 16 

4 78 

4 75 

Metal Atom 

Burnup , 

% 

0060 

0 060 

0 069 

0 069 

0 076 

0 077 

0 078 

0 079 

0 079 

Irradiat ion Temp, "C 

Surface 

350 

350 

310 

310 

360 

360 

360 

350 

350 

Center 

390 

390 

490 

490 

460 

460 

460 

460 

460 

Diameter mm 

Pre 

7 699 

7 684 

7 620 

7 551 

7 470 

7 549 

7 635 

7 729 

7 699 

Post 

7 717 

7 696 

7 379 

7 653 

7 577 

7 549 

(al 

7 719 

7 722 

Change 

0 018 

0 012 

-0 241 

0 102 

0 107 

0 000 

-0 010 

0 023 

Density, g/cm3 

Pre 

13 29 

13 37 

13 03 

13 16 

13 30 

13 18 

13 26 

13 35 

13 23 

Post 

13 09 

13 30 

12 92 

13 08 

13 16 

13 12 

13 26 

1314 

13 20 

Change, 1 

-150 

-0 52 

-0 84 

0 61 

105 

-0 46 

0 00 

-157 

-0 23 

Remarks 

Removed whole 

Removed in two pieces 

Removed in two pieces 

Removed whole 

Removed whole 

Removed in two pieces 

Removed whole but broke up in handl ing 

Removed whole 

Removed whole 

'^'Condition of specimen did not permit measurement 

The P u C s p e c i m e n s w e r e o b s e r v e d to have f r a c t u r e d to a g r e a t e r 
ex ten t than the m i x e d - c a r b i d e s p e c i m e n s . Typ i ca l s p e c i m e n s af ter i r r a ­
d ia t ion a r e shown in F i g u r e s 6 and 7. The g r e a t e r amount of f r a c t u r i n g of 
the P u C s p e c i m e n s m a y be r e l a t e d to t h e i r r e l a t i v e l y high con ten t of the 
b r i t t l e p lu ton ium s e s q u i c a r b i d e p h a s e o r to g e n e r a l l y poor shock r e s i s t a n c e 
of P u C . T h i s b e h a v i o r m i g h t a l so be the r e s u l t of the lower t h e r m a l c o n ­
duc t iv i ty of the P u C p h a s e , which would c a u s e a s t e e p e r t e m p e r a t u r e g r a ­
d ien t a c r o s s t h e s e s p e c i m e n s . Such a condi t ion would induce g r e a t e r 
s t r e s s e s in the P u C s p e c i m e n s , which in t u r n could c a u s e t h e m to f r a c t u r e . 
P l u t o n i u m - c a r b o n a l loys con ta in ing the z e t a p h a s e have been o b s e r v e d by 
w o r k e r s at th i s L a b o r a t o r y ( 4 ) and at L o s Alamos( lO) to t r a n s f o r m on h e a t ­
ing and coo l ing . B e c a u s e of the dens i t y changes involved, th i s would a l so 
c a u s e t h e r m a l s t r e s s e s . In the p r e s e n t s p e c i m e n s , h o w e v e r , the c a r b o n 
con ten t was suff ic ient ly h igh to be ou t s ide the r a n g e in which z e t a f o r m a ­
t ion cou ld o c c u r . 



f ^^ 

31323 IX 
Figure 6. Arc-cast PuC Specimen No. M-1-4 

after 0.10 Metal Atom PercentBurnup 
at a Cenual Temperature of 650°C. 
The tantalurn end spacers are also 
shown. 

31324 IX 
Figure 7. Arc-cast UC-18 w/o PuC Specimen 

No. M-1-5 after 0.079 Metal Atom 
Percent Burnup at a Central Tem­
perature of 460°C. A tantalum end 
spacer is also shown. 

D i m e n s i o n a l c h a n g e s w e r e n e g l i g i b l e i n t h e t w o P u C s p e c i m e n s 
w h i c h c o u l d b e m e a s u r e d a f t e r i r r a d i a t i o n . D e n s i t y c h a n g e s w e r e b o t h 
p o s i t i v e a n d n e g a t i v e , a n d c o u l d n o t b e c o r r e l a t e d w i t h c o m p o s i t i o n o r i r ­
r a d i a t i o n c o n d i t i o n s . 

In t h e c a s e of t h e m i x e d - c a r b i d e s p e c i m e n s , a p p a r e n t d i a m e t e r 
c h a n g e s a s l a r g e a s 0 . 2 4 m m ( 0 . 0 0 9 5 i n . ) w e r e m e a s u r e d . In v i e w of t h e 
p o o r s u r f a c e s of t h e s e s p e c i m e n s t h e i n d i c a t e d d i m e n s i o n a l c h a n g e s a r e 
n o t b e l i e v e d to be s i g n i f i c a n t . D e n s i t y d e c r e a s e s w e r e o b s e r v e d in a l l 
s p e c i m e n s b u t o n e , w h i c h s h o w e d no a p p a r e n t c h a n g e . A g a i n , t h e d e n s i t y 
c h a n g e s c o u l d n o t b e c o r r e l a t e d w i t h c o m p o s i t i o n v a r i a b l e s o r i r r a d i a t i o n 
c o n d i t i o n s . T h e s u r f a c e s of t h e U C - P u C s p e c i m e n s w e r e g e n e r a l l y l e s s 
b r i g h t t h a n t h o s e of t h e P u C s p e c i m e n s . 

A t t e m p t s to m e a s u r e f i s s i o n g a s r e l e a s e i n t h e f i r s t r o d c o n t a i n i n g 
c a s t s p e c i m e n s w e r e u n s u c c e s s f u l b e c a u s e of e q u i p m e n t f a i l u r e . M e a s u r e ­
m e n t of t h e q u a n t i t y a n d c o m p o s i t i o n of t h e g a s i n t h e s e c o n d r o d s h o w e d 
t h a t f i s s i o n g a s r e l e a s e w a s 0' .24% of t h e t h e o r e t i c a l y i e l d . G a s r e l e a s e by 
s u r f a c e r e c o i l b a s e d on t h e o r i g i n a l s u r f a c e a r e a of t h e s p e c i m e n s a l o n e 
w o u l d a c c o u n t f o r a t l e a s t 4 0 % of t h e g a s t h a t w a s m e a s u r e d . W i t h t h e a d ­
d i t i o n of n e w s u r f a c e s f r o m f u e l c r a c k i n g u n d e r i r r a d i a t i o n , a l l t h e r e ­
l e a s e d g a s c o u l d b e a c c o u n t e d f o r b y a r e c o i l - r e l e a s e m e c h a n i s m . S i m i l a r 
r e s u l t s h a v e b e e n r e p o r t e d b y i n v e s t i g a t o r s a t Ha rwe l l . * . ^ ^/ 

P r e s s e d a n d S i n t e r e d S p e c i m e n s 

T a b l e 111 s u m m a r i z e s t h e i r r a d i a t i o n c o n d i t i o n s f o r t h e p r e s s e d 
a n d s i n t e r e d p e l l e t s , a n d t h e r e s u l t s of t h e p o s t i r r a d i a t i o n e x a m i n a t i o n . 
M a x i m u m m e t a l a t o m b u r n u p a n d i r r a d i a t i o n t e m p e r a t u r e w e r e 0 . 0 9 1 % a n d 
3 8 0 ° C , r e s p e c t i v e l y . T h e f i s s i o n r a t e of t h e s i n t e r e d p e l l e t s w a s s o m e w h a t 
h i g h e r t h a n t h a t of t h e c a s t s p e c i m e n s b e c a u s e t he p e l l e t s w e r e c l o s e r t o 
t h e r e a c t o r c e n t e r l i n e . T e m p e r a t u r e s w e r e l o w e r , h o w e v e r , b e c a u s e of 
t h e r e l a t i v e l y l o w b u l k d e n s i t y of t h e p e l l e t s . 



Table U I 

EFFECTS OF IRRADIATION ON PRESSED AND SINTERED PELLETS OF UC-20 w/O PuC 

Specimen 

No 

M-3 15 

M-3-14 

M 3 1 

M-3-13 

IVI-3 2 

M-3-12 

M 3-11 

M-3-3 

M-3-10 

M-3 4 

M-3 9 

M-3-5 

M 3 8 

M 3 6 

M-3-7 

Preirradiation 
Density %of 

Theoreticajla) 

53 3 

54 2 

57 0 

55 5 

57 4 

52 6 

55 7 

563 

55 5 

563 

52 9 

55 0 

54 6 

56 4 

53 8 

Metal Atom 

Burnup % 

0 061 

0 065 

0 066 

0 072 

0 077 

0 077 

0 082 

0 084 

0 085 

0 088 

0 088 

0 090 

0 090 

0 091 

0 091 

Irradiation 

Surface 

250 

260 

330 

260 

330 

270 

280 

320 

290 

320 

290 

310 

300 

310 

300 

Temp OC 

Center 

260 

270 

350 

290 

370 

310 

330 

370 

340 

380 

350 

380 

360 

370 

370 

Length mm 

Pre 

9 20 

9 37 

20 80 

12 48 

22 33 

12 65 

13 10 

15 92 

1159 

15 85 

13 06 

15 07 

11 10 

9 95 

1191 

Post 

9 20 

9 37 

21 12 

12 48 

22 72 

12 05 

13 14 

15 98 

1160 

15 98 

13 03 

15 07 

1113 

9 97 

1195 

Change 

000 

0 00 

0 32 

0 00 

0 39 

0 60 

004 

006 

0 01 

0 13 

0 03 

0 00 

0 03 

0 02 

004 

Diameter 

Pre 

7 920 

7 920 

7 620 

7 920 

7 670 

7 920 

7 920 

7 640 

7 920 

7 640 

8 029 

7 920 

7 980 

7 920 

8 029 

Post 

7 818 

7 874 

7 721 

7 971 

7 684 

8 001 

7 976 

7 691 

7 958 

7 628 

8 098 

7 920 

8 000 

7 932 

7 950 

mm 

Change 

-0 102 

-0 046 

0 101 

0 051 

0 014 

0 081 

0 056 

0 051 

0 038 

-0 012 

0 069 

0 000 

0 020 

0 012 

-0 079 

'aljheoretical density taken as 13 6 g/cm3 Percent of theoretical based on geometric density after f i r ing 

N o n e of t h e s i n t e r e d p e l l e t s f r a c t u r e d o r d e v e l o p e d o b v i o u s c r a c k s 
d u r i n g i r r a d i a t i o n . A l t h o u g h t w o of t h e s p e c i m e n s w e r e b r o k e n d u r i n g s u b ­
s e q u e n t h a n d l i n g m t h e h o t c e l l , t h e y w e r e m u c h m o r e d u r a b l e t h a n t h e c a s t 
s p e c i m e n s . L e n g t h i n c r e a s e s u p to 0 . 3 9 m m ( 0 . 0 1 5 in . ) a n d d i a m e t e r i n ­
c r e a s e s u p to 0 . 1 0 m m ( 0 . 0 0 4 i n . ) w e r e r a n d o m . I m m e r s i o n d e n s i t y m e a s ­
u r e m e n t s w e r e n o t m a d e w i t h t h e s i n t e r e d p e l l e t s b e f o r e o r a f t e r i r r a d i a t i o 
b e c a u s e of t h e i r e x t e n s i v e o p e n p o r o s i t y . A t y p i c a l s p e c i m e n a f t e r i r r a d i ­
a t i o n i s s h o w n i n F i g u r e 8. 

I
Figure 8 

Pressed and Sintered UC-20 w/o PuC Specimen 
No. M-3-5 after 0.090 Metal Atom Percent Burn-
up at a Central Temperature of 380°C 

EI-555 2X 
A s m i g h t b e e x p e c t e d , f i s s i o n g a s r e l e a s e f r o m t h e p r e s s e d a n d 

s i n t e r e d s p e c i m e n s w a s h i g h e r t h a n f r o m t h e c a s t s p e c i m e n s b e c a u s e 
of t h e l a r g e a m o u n t of o p e n p o r o s i t y w h i c h e x i s t e d i n t h e s i n t e r e d 
p e l l e t s . T a b l e IV s h o w s a c o m p a r i s o n of t h e f i s s i o n g a s r e l e a s e f r o m 

Table IV 
COMPARATIVE FISSION GAS RELEASE IN RODS CONTAINING ARC-CAST 

AND PRESSED AND SINTERED SPECIMENS 

Rod 
No. 

M-1 
M-2 
M-3 

Type of 
Specimen 

Cast 
Cast 

Sintered 

Theoretical 
Xe Yield 

cm^ 

1.97 
1.02 

Released 
Xe, 
cm^ 

(Attemf 
0.004 
0.115 

% Xe 
Released 

3t to collect 
0.20 

11.3 

Theoretical 
Kr Yield, 

cm^ 

fission gas w 
0.125 
0.110 

Released 
Kr, 
cm^ 

as unsucce 
~0 001 

0 021 

% Kr 
Released 

ssful) 
-0.8 
19.1 

% Total 
Fission 

Gas 
Released 

0 24 
12.0 
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r o d s M - 2 and M - 3 . In the c a s e of the s i n t e r e d p e l l e t s i t w a s found tha t 
11.3% of the xenon and 19 .1% of the k r y p t o n w a s r e l e a s e d , giving an o v e r ­
a l l va lue for f i s s i o n g a s r e l e a s e of 12.0%. It w a s p o s s i b l e tha t e i t h e r 
k r y p t o n diffused m o r e r a p i d l y than xenon , or tha t the t h e o r e t i c a l y i e ld of 
k r y p t o n u s e d in the c a l c u l a t i o n i s low. V a l u e s of the t h e o r e t i c a l y i e l d s of 
the i s o t o p e s of k r y p t o n and xenon w e r e t aken f r o m R e f e r e n c e 12. 

Suff ic ient f i s s i o n gas w a s a v a i l a b l e f r o m r o d M - 3 to ob ta in a m a s s 
s p e c t r o g r a p h i c a n a l y s i s of the s t ab l e xenon and k r y p t o n i s o t o p e s a n d o f K r . 
The r e s u l t s a r e l i s t e d in Tab le V. Good a g r e e m e n t was found b e t w e e n 
a c t u a l and p r e d i c t e d xenon i so tope r a t i o s . A lack of c l o s e a g r e e m e n t is 
a p p a r e n t in the k r y p t o n da ta , i nd i ca t i ng tha t the v a l u e s u s e d for t h e o r e t i c a l 
y i e l d s of the k r y p t o n i s o t o p e s m a y be in need of a d j u s t m e n t . 

T a b l e V 

I S O T O P E RATIOS IN T H E FISSION GAS 
R E L E A S E D IN ROD M - 3 

I so tope 

Kr«3 
Kr«4 
Kr85 
Kr«6 

T o t a l s 

Xe'^' 
Xe'^^ 
Xe''^ 
Xe>36 

T o t a l s 

% P r e s e n t 
in T o t a l Gas 

S a m p l e 

0.48 
0.75 
0.18 
1.30 

2.71 

2.33 
3.22 
4.98 
4.32 

14.85 

% of 
E l e m e n t 

17.7 
27.7 

6.6 
48.0 

100.0 

15.7 
21.7 
33.5 
29.1 

100.0 

T h e o r e t i c a l 
Amount , % 

12.7 
21.7 

8.1 
57.5 

100.0 

15.5 
21.7 
33.1 
29.7 

100.0 

CONCLUSIONS 

The r e s u l t s of t h e s e p r e l i m i n a r y i r r a d i a t i o n s do not i nd ica t e any 
u n e x p e c t e d b e h a v i o r •which m i g h t l i m i t the u s e f u l n e s s of e i t h e r P u C or 
m i x e d U C - P u C as a f a s t r e a c t o r fuel . H a r w e l l i n v e s t i g a t o r s have r e c e n t l y 
r e p o r t e d s i m i l a r l y e n c o u r a g i n g r e s u l t s wi th UC-10 w / o P u C l ^ ^ ) The 
r a t h e r e x t e n s i v e f r a c t u r i n g of the c a s t P u C i s not r e g a r d e d as be ing p a r ­
t i c u l a r l y h a r m f u l , s i nce o r d i n a r i l y i t would be con ta ined in a duc t i le c l a d ­
ding as a r e o t h e r b r i t t l e c e r a m i c fue l s , such as oxide . Addi t iona l 
i r r a d i a t i o n s of P u C and U C - P u C fuels u n d e r m o r e r i g o r o u s cond i t i ons a r e 
in p r o g r e s s a t t h i s L a b o r a t o r y . 
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