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COMPATIBILITY OF URANIUM-PLUTONIUM 
CARBIDE FUELS AND 

POTENTIAL LMFBR CLADDING MATERIALS 

by 

T. W. L a t i m e r 

ABSTRACT 

The contact compatibil i ty (in the absence of sodium) 
between (U,Pu)C with equivalent carbon contents of 4.83, 5.25, 
and 6.75 wt % and var ious i ron- , n ickel - , and vanadium-base 
alloys was studied at 700-1100°C for 168-4000 h r . Austenit ic 
i ron-base alloys, containing 25 wt % or l ess nickel and tested 
at 800°C for up to 4000 hr , showed li t t le or no evidence of 
carbon t ransfe r from s toichiometr ic or hypers to ich iomet r ic 
(U0.8Pu0.2)C that contained up to 20 vol % (U,Pu)2C3. Three 
austenit ic alloys containing m o r e than 30 wt % nickel reac ted 
with s to ichiometr ic and hypers to ich iomet r ic (U0 8Pu0 < 2)C to 
form in termeta l l ic compounds at the fuel-cladding interface 
andprec ip i ta tes in the cladding at 700 and 800°C. Vanadium-
base alloys containing 15-20 wt % t i tanium were carbur ized 
by (U0.8Pu0.2)C and reduced (U,Pu)2C3 to (U,Pu)C at 800°C. 
However, alloys containing 5 wt % or l e s s t i tanium or other 
re la t ively s trong carbide fo rmers were only slightly affected 
by hypers to ich iometr ic (U,Pu)C at 800°C for up to 4000 h r . 

I. INTRODUCTION 

The chemical compatibili ty of the fuel and cladding is ex t remely 
important to the lifetime of n u c l e a r - r e a c t o r fuel e lements . The formation 
of new phases at the fuel-cladding interface or other changes in the alloy 
chemis t ry of the cladding ma te r i a l can significantly affect the load-bear ing 
capacity of the cladding. A knowledge of the changes that occur near the 
fuel-cladding interface can be used as a guide in the development of poten-
tial cladding m a t e r i a l s as well as in the selection of available m a t e r i a l s 
before i r rad ia t ion test ing. 

Uranium-plutonium monocarbide is a p romis ing fuel m a t e r i a l be -
cause it p o s s e s s e s favorable c ha r a c t e r i s t i c s of meta l density, t he rmal 
conductivity, and melt ing point. However, close control of the carbon con-
tent is n e c e s s a r y to produce ma te r i a l that contains only the monocarbide 
phase and el iminates higher carbide phases that degrade the favorable 



p r o p e r t i e s . Ma in t a in ing a s i n g l e - p h a s e s t r u c t u r e i s f u r t h e r c o m p l i c a t e d 

by (1) c o n t a m i n a t i o n of f inely d iv ided (U,Pu)C p o w d e r by oxygen and n i t r o g e n 

d u r i n g f a b r i c a t i o n p r o c e d u r e s , and (2) the r e l a t i v e e a s e by which oxygen and 

n i t r o g e n can s u b s t i t u t e for c a r b o n in the m o n o c a r b i d e l a t t i c e . B e c a u s e of 

oxygen and n i t r o g e n c o n t a m i n a t i o n d u r i n g f a b r i c a t i o n , h y p e r s t o i c h i o m e t r i c 

(U,Pu)C i s f r equen t ly the end p r o d u c t . The h i g h e r c a r b i d e p h a s e u s u a l l y 

found in h y p e r s t o i c h i o m e t r i c ( U 0 . 8 P u 0 2 ) C i s (U,Pu) 2 C 3 . H o w e v e r , h y p e r -

s t o i c h i o m e t r i c UC, if not sub jec t ed to long h e a t t r e a t m e n t s , p r e d o m i n a n t l y 

c o n t a i n s UC2 as the h i g h e r c a r b i d e p h a s e , even though th i s p h a s e i s m e t a -

s t ab l e be low 1500°C for u r a n i u m - c a r b o n m i x t u r e s con ta in ing b e t w e e n 50 

and 60 a t . % c a r b o n . B e c a u s e of t h i s d i f f e r e n c e in second p h a s e , e s t i m a t e s 

of the c o m p a t i b i l i t y of u r a n i u m - p l u t o n i u m c a r b i d e c o m p o s i t i o n s b a s e d on 

u r a n i u m c a r b i d e da ta a r e g e n e r a l l y u n r e l i a b l e . 

In the p r e s e n t i n v e s t i g a t i o n , the c o n t a c t c o m p a t i b i l i t y ( i . e . , wi thout 

a s o d i u m bond) of both s t o i c h i o m e t r i c and s l igh t ly h y p e r s t o i c h i o m e t r i c 

(U,Pu)C w a s t e s t e d out of p i l e wi th p o t e n t i a l c ladd ing m a t e r i a l s . In a d d i -

t ion , a c o m p o s i t i o n of p r e d o m i n a n t l y (U,Pu) 2 C 3 w a s u s e d to a l i m i t e d ex ten t 

to i n t e r p r e t the r e s u l t s of the t e s t s of h y p e r s t o i c h i o m e t r i c (U ,Pu )C . The 

po t en t i a l c ladd ing m a t e r i a l s ( i r o n - , n i c k e l - , and v a n a d i u m - b a s e a l l o y s ) 

w e r e s e l e c t e d p r i m a r i l y for c o m m e r c i a l a v a i l a b i l i t y and high c r e e p - r u p t u r e 

s t r e n g t h s . 

II . M A T E R I A L S 

A. C ladd ing M a t e r i a l s 

The i r o n - b a s e a l loys t e s t e d w e r e T y p e s 304 and 316 s t a i n l e s s s t e e l , 

T i m k e n 1 6 - 1 5 - 6 and 1 6 - 2 5 - 6 , and H a y n e s 56. The n i c k e l - b a s e a l loys w e r e 

Inco loy 800, H a s t e l l o y - X , and Incone l 625 . The nomina l c o m p o s i t i o n s of 

t h e s e a l l o y s , wh ich w e r e p u r c h a s e d f r o m c o m m e r c i a l v e n d o r s , a r e given in 

T a b l e I. V a n a d i u m a l l oys V-20 wt % Ti , V-15 wt % T i - 7 . 5 wt % C r , V-

15 wt % C r - 5 wt % T i , and V-10 wt % Cr w e r e p r e p a r e d at ANL by the 

TABLE I. Composition and Creep-rupture Data of Potential Cladding Alloys 

Alloy 

304 SS 

316 SS 
16-15-6 

16-25-6 

Haynes 56 

Incoloy 800 
Haste l loy-X 

Inconel 625 

C r e e p - r u p t u r e S t r e s s , 3 

for F a i l u r e in 10* hr 

at 700°C, ps i 

9,000 

' 11,000 

15,000 

14,000 

22,000 

11,000 

15,000 

30,000 

F e 

68 

64 

55 

50 

4 5 

46 

18 

3 

N i 

9 

13 

15 

25 

* 13 
32 

48 

61 

C 

C r 

19 

17 

16 

16 

21 

21 

22 

22 

omposi t ion, wt % 

M o 

2 .5 

6 

6 

4 . 5 

-
9 

9 

M n 

2 

2 

7.5 

1.3 

1.5 

0.75 
1 

0.15 

Co 

-
-
-

11.5 

-
1.5 

-

Other 

2 

1.5 

0 .9 

0.9 

3.5 

0 .4 

1.1 

4 .8 

aExtrapolated and estimated where adequate data do not exist. 
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F a b r i c a t i o n T e c h n o l o g y G r o u p . VANSTAR-7 , - 8 , and -9 a l l o y s w e r e p r e -

p a r e d by the W e s t i n g h o u s e E l e c t r i c C o r p o r a t i o n Advanced R e a c t o r s D i v i s i o n . 

The c h e m i c a l a n a l y s e s of a l l v a n a d i u m - b a s e a l l oys t e s t e d a r e l i s t e d in 

T a b l e II . 

TABLE II. Chemical Analyses of Vanadium Alloys 

Alloy 

V-20 wt % Ti 

V-15 wt % T i -

7.5 wt % C r 

V-15 wt % C r -

5 wt % Ti 

V-10 wt % C r 

VANSTAR-7 

VANSTAR-8 

VANSTAR-9 

Ti, 
wt % 

19.0 

14.8 

5 .5 

-

-

-

C r , 

wt % 

-

7 . 5 

14.4 

10 2 

8 . 8 

8 . 7 

F e , 

wt % 

-

-

3 1 

-

6 3 

Ta , 

wt % 

-

-

-

9 7 

Nb, 

wt % 

-

-

-

-

5.2 

Z r , 

wt % 

-

-

1.2 

1.1 

1.3 

O, 

p p m 

7 2 0 

702 

9 0 0 

7 0 5 

6 2 0 

5 4 0 

5 9 0 

N, 

p p m 

1 4 7 

4 0 0 

2 5 0 

2 8 0 

79 

6 8 

79 

H, 

p p m 

35 

14 

13 

11 

N A 

N A 

N A 

C, 

p p m 

198 

2 5 0 

2 8 0 

3 1 0 

5 6 0 

5 0 0 

5 0 0 

V 

B a l a n c e 

B a l a n c e 

B a l a n c e 

B a l a n c e 

B a l a n c e 

B a l a n c e 

B a l a n c e 

B. C a r b i d e S p e c i m e n s 

T h r e e c a r b i d e fuel c o m p o s i t i o n s , e a c h hav ing an o v e r a l l u r a n i u m -

t o - p l u t o n i u m r a t i o of 4 : 1 , w e r e t e s t e d : 4 . 8 3 w t % equ iva l en t c a r b o n ( s i n g l e -

p h a s e (U,Pu)C) , 5.25 wt % equ iva l en t c a r b o n ( a p p r o x i m a t e l y 20% (U,Pu) 2 C 3 ) , 

and 6.75 wt % equ iva l en t c a r b o n ( a p p r o x i m a t e l y 90% (U,Pu) 2 C 3 ) . Al though � 

both c o m p o s i t i o n s con ta in ing the s e s q u i c a r b i d e p h a s e had the s a m e u r a n i u m -

t o - p l u t o n i u m r a t i o , the p l u t o n i u m con t en t of t h i s p h a s e in the two c o m p o s i -

t i ons w a s not equa l . The p l u t o n i u m conten t of the s e s q u i c a r b i d e p h a s e in 

the 5.25 wt % c a r b o n c o m p o s i t i o n w a s found by e l e c t r o n - m i c r o p r o b e a n a l -

y s i s to be 1.9 t i m e s tha t of the m o n o c a r b i d e m a t r i x . 

A r c - m e l t e d bu t tons of the d e s i r e d c o m p o s i t i o n w e r e c r u s h e d to 

-44- | j , p o w d e r in g loveboxes that con ta ined an i n e r t a t m o s p h e r e if n i t r o g e n 

wi th i m p u r i t i e s of oxygen and w a t e r vapo r of about 50 and 100 p p m , r e -

s p e c t i v e l y . The p o w d e r w a s coa t ed wi th 0.5 wt % C a r b o w a x b i n d e r and 

p r e s s e d into p e l l e t s at a p r e s s u r e of 60,000 p s i . The a s - p r e s s e d p e l l e t s 

w e r e 0.273 in . in d i a m e t e r by a p p r o x i m a t e l y 0.2 in. in l eng th . The p e l l e t s 

w e r e s i n t e r e d in a t a n t a l u m - e l e m e n t r e s i s t a n c e f u r n a c e u n d e r a f lowing 

a r g o n a t m o s p h e r e (~1 l i t e r / m i n ) and w e r e he ld at the s i n t e r i n g t e m p e r a t u r e s 

for 3 h r . The s i n t e r i n g t e m p e r a t u r e s and d e n s i t i e s of the t h r e e c o m p o s i -

t i ons a r e l i s t e d in T a b l e III. 

TABLE III. Compositions and Sintered Densities of (U,Pu) Carbide Pel lets 
Used for Compatibility Tests 

E q u i v a l e n t 

C a r b o n , wt % 

4.83 

5.25 

6.75 

C, 

wt % 

4.74 

5.10 

6.73 

o2, 
p p m 

9 0 0 

8 0 0 

80 

N2, 
p p m 

3 0 0 

1000 

100 

T . 

Si n t e r i n g 

i e r a t u r e , 

1900 

1850 

1800 

° C 

Dens i ty , 

g / m l 

11.67 

11.28 

11.90 

T h e o r e t i c a l 

Dens i t y , % 

8 6 

8 4 

92 
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i n . TEST MATRIX 

P r i m a r i l y , two t empe ra tu r e s and two hea t - t r ea tmen t per iods were 
used in the compatibility t e s t s . The principal tes t t empera tu re s were 700 
and 800°C, but some tes t s were conducted at 900, 950, and 1100°C. P r i -
mar i ly , the tes t s were conducted for 1000 and 4000 hr . The tes t ma t r ix 
for all cladding and fuel combinations tested is given in Table IV. 

TABLE IV. Carbide Compatibil i ty Tes t Ma t r ix 

Carbide Fuel Composit ion 

Cladding Alloy 

4.83 wt % C 

°C Hr 

5.25 wt % C 6.75 wt % C 

°C H r °C H r 

304 SS 

316 SS 

16-25-6 

16-15-6 

Haynes 56 

Incoloy 800 

Hastel loy-X 

Inconel 625 

V-20 wt % Ti 

V-15 wt % Ti-7 .5 wt % Cr 

VT15 wt % C r - 5 wt % Ti 

V-10 wt % Cr 

VANSTAR-7 

VANSTAR-8 

VANSTAR-9 

800 

800 

1100 

1100 

800 

800 

800 

800 

800 

800 

900 

700 

800 

700 

800 

700 

800 

700 

800 

950 

950 

800 

800 

800 

1000 

4000 

400 

1000 

1000 

4000 

1000 

1000 

1000 

4000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

168 

1000 

1000 

1000 

1000 

800 

800 

800 

800 

800 

800 

800 

800 

800 

900 

700 

800 

700 

800 

700 

800 

800 

800 

800 

800 

800 

800 

800 

800 

800 

1000 

4000 

1000 

4000 

1000 

4000 

1000 

1000 

4000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

4000 

1000 

4000 

1000 

1000 

4000 

1000 

4000 

800 

800 

800 

800 

800 

700 

800 

700 

800 

800 

800 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

1000 
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IV . E X P E R I M E N T A L P R O C E D U R E 

COMPRESSION 

SCREW 

E a c h c om p a t i b i l i t y a s s e m b l y c o n s i s t e d of a p e l l e t of t h e c a r b i d e fue l 
b e t w e e n two d i s k s of c l a d d i n g m a t e r i a l h e l d i n c o n t a c t b y m e a n s of a m o l y b 

d e n u m f r a m e . I n a d d i t i o n , a t h i r d m e t a l d i s k of 
T y p e 304 s t a i n l e s s s t e e l w a s a d d e d t o t h e a s s e m b l y 

t o m a k e t h e t o t a l l e n g t h of p e l l e t s i n t h e a s s e m b l y 

0 . 6 5  0 . 7 0 i n . ( s e e F i g . 1) . T h e h i g h s t r e n g t h a n d 

s m a l l e r l i n e a r t h e r m a l  e x p a n s i o n c o e f f i c i e n t of t h e 
m o l y b d e n u m h o l d e r w e r e found t o b e e f f e c t i v e i n 

m a i n t a i n i n g good c o n t a c t b e t w e e n fue l a n d c l a d d i n g 

m a t e r i a l s d u r i n g t h e t e s t . STAINLESS STEEL 
DISK 

^  f ^—MuuTButNUM A p p r o x i m a t e l y 0 .5 m m w a s g r o u n d off e a c h 

I e n d of t h e c a r b i d e p e l l e t s t o m i n i m i z e t h e c h a n c e of 
s u r f a c e  i m p u r i t y p h a s e s . T h e f u e l  c l a d d i n g c o n t a c t 
s u r f a c e s w e r e t h e n p o l i s h e d f l a t w i t h 4 / 0 e m e r y 

p a p e r on a g l a s s p l a t e u s i n g a s p e c i a l s p e c i m e n 

h o l d e r s h own i n F i g . 2 . I m m e d i a t e l y a f t e r p o l i s h 
i n g , t h e s p e c i m e n s w e r e a s s e m b l e d a n d p r e s s u r e 
w a s a p p l i e d b y m e a n s of a s c r e w i n o n e e n d of t h e 

T h e a s s e m b l y w a s t h e n p l a c e d in a c a p s u l e , e v a c u a t e d , 
b a c k f i l l e d w i t h o n e  t h i r d a t m o s p h e r e of h e l i u m , and s e a l e d . Q u a r t z c a p 
s u l e s w e r e u s e d f o r m o s t of t h e t e s t s , a l t h o u g h s t a i n l e s s s t e e l c a p s u l e s 
w e r e u s e d fo r t h e 4 0 0 0  h r t e s t s . 

Fig. 1 

Compatibility Test Assembly. 
Neg. No. MSD54778. 

m o l y b d e n u m h o l d e r . 

CARBIDE SPECIMEN 

Fig. 2 

Specimen Holder for Polishing Carbide 
Fuel Specimens. Neg. No. MSD54779. 

WEDGE 

3 t i4SS HOLDER 

A f t e r b e i n g r e m o v e d f r o m t h e i r c a p s u l e s , t h e c o u p l e s w e r e m o u n t e d 

i n a p o l y e s t e r r e s i n . T h i s m e t h o d w a s c h o s e n b e c a u s e o f t h e d a n g e r of 
b r e a k i n g t h e f u e l  c l a d d i n g bond by mo u n t i n g i n B a k e l i t e . L o n g i t u d i n a l s e c 
t i o n s w e r e t h e n p r e p a r e d by g r i n d i n g t h r o u g h s e r i e s 1 2 0  t o 6 0 0  g r i t g r i n d 
i n g p a p e r . P o l i s h i n g w a s d o n e w i t h 6LL d i a m o n d p a s t e on AB T e x m e t * p a p e r , 
a n d 1p, d i a m o n d p a s t e on AB M i c r o c l o t h . * H y p r e z * l u b r i c a n t w a s u s e d 

t h r o u g h o u t t h e g r i n d i n g a nd p o l i s h i n g p r o c e d u r e . 

T h e i r o n  a n d n i c k e l  b a s e a l l o y s w e r e e t c h e d e l e c t r o l y t i c a l l y u s i n g 

e i t h e r (1) 10 wt % o x a l i c a c i d i n w a t e r , o r (2) 32 vo l % H 3 P 0 4 ( c o n c e n t r a t e d , 
c o m m e r c i a l ) , 59 vo l % d i e t h o x y e t h a n o l , a nd 9 vo l % w a t e r . B e c a u s e of t h e 
d i f f e r e n c e s b e t w e e n t h e m o u n t e d s p e c i m e n s w i t h r e s p e c t t o t h e c o n t a c t 

♦Buehler, Ltd., Evanston, Illinois. 
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b e t w e e n the p e l l e t s and the m o l y b d e n u m h o l d e r , the vo l t age and t i m e r e -

q u i r e d for e t ch ing v a r i e d s u b s t a n t i a l l y . In g e n e r a l , m o s t s p e c i m e n s e t c h e d 

e l e c t r o l y t i c a l l y at 6 -25 V in 20 s e c to 3 m i n . The v a n a d i u m - b a s e a l l oys 

w e r e c h e m i c a l l y e t ched wi th a so lu t ion of 5 wt % A g N 0 3 p l u s 2 vol % HF in 

w a t e r . 

V. R E S U L T S AND DISCUSSION 

A. T y p e s 304 and 316 S t a i n l e s s S tee l 

T e s t s for 4000 h r at 800°C i n d i c a t e d t h a t c a r b o n w a s t r a n s f e r r e d 

f r o m s t o i c h i o m e t r i c o r h y p e r s t o i c h i o m e t r i c (U,Pu)C to Type 304 s t a i n l e s s 

s t e e l , but tha t t he a m o u n t w a s r e l a t i v e l y s m a l l . M e t a l l o g r a p h i c e v i d e n c e 

of c a r b o n t r a n s f e r w a s p r o v i d e d by the o b s e r v a t i o n of h e a v i e r c a r b i d e p r e -

c ip i t a t i on a long s l ip l i n e s and the a b s e n c e of s i g m a p h a s e in the r e g i o n 

ad j acen t to the fuel p e l l e t , a s shown in F i g . 3 . * The s l i p - l i n e s a p p a r e n t l y 

f o r m e d when the c l add ing w a s s l igh t ly d e f o r m e d a t the beg inn ing of the h e a t 

t r e a t m e n t b e c a u s e of the d i f f e r e n c e in t h e r m a l - e x p a n s i o n coe f f i c i en t s b e -

t w e e n the t e s t s p e c i m e n s and the m o l y b d e n u m f r a m e in wh ich t h e y w e r e 

h e l d . No s i g m a f o r m a t i o n w a s o b s e r v e d in Type 304 s t a i n l e s s s t e e l a f t e r 

1000 h r a t 800°C, but a f t e r 4000 h r , s i g m a w a s p r e c i p i t a t e d u n i f o r m l y 

t h r o u g h o u t the s p e c i m e n , e x c e p t w i th in 280 p, of the i n t e r f a c e wi th bo th 

s t o i c h i o m e t r i c and h y p e r s t o i c h i o m e t r i c (U ,Pu )C . The c o m p o s i t i o n of the 

T y p e 304 s t a i n l e s s s t e e l u s e d in t h e s e t e s t s (18.6 wt % C r , 8.8 wt % Ni , 

0.69 wt % Si, 0.05 wt % C) l i e s in the g a m m a p l u s s i g m a p h a s e field v e r y 

n e a r the g a m m a / ( g a m m a + s i g m a ) p h a s e b o u n d a r y . 1 The h i g h e r c a r b o n 

con ten t of the a u s t e n i t i c m a t r i x , even though d e c r e a s e d by M23C$ p r e c i p i -

t a t e s , a p p e a r s to be suf f ic ien t ly h igh to p r e v e n t the f o r m a t i o n of s i g m a 

p h a s e n e a r the i n t e r f a c e . 

The only o t h e r effect o b s e r v e d in both T y p e s 304 and 316 s t a i n l e s s 

s t e e l a f t e r the 800° t e s t s w a s a s m a l l zone of 15-30 LL a t t he f u e l - c l a d d i n g 

i n t e r f a c e tha t did not show the c h a r a c t e r i s t i c s t r u c t u r e o r s l i p l i n e s found 

in the bulk of the s p e c i m e n . The band w a s m o s t c l e a r l y def ined a f t e r t he 

1 0 0 0 - h r t e s t , a s i s shown in F i g . 4 . E l e c t r o n - m i c r o p r o b e a n a l y s e s r e v e a l e d 

the i r o n con ten t of the m a t r i x of the band w a s about 3 wt % h i g h e r and the 

c h r o m i u m conten t about 3 wt % l o w e r t han tha t of the unaf fec ted s t e e l . The 

n i c k e l con ten t w a s u n c h a n g e d . A n u m b e r of s m a l l p r e c i p i t a t e s c o n s i s t i n g 

of a p p r o x i m a t e l y equa l p e r c e n t a g e s of i r o n and c h r o m i u m w e r e found in the 

band and w e r e b e l i e v e d to be c a r b i d e s . 

A t e s t of Type 304 s t a i n l e s s s t e e l and s t o i c h i o m e t r i c (U ,Pu)C, at 

1100°C for 400 h r , showed p e n e t r a t i o n of the s t e e l , g e n e r a l l y a long g r a i n 

b o u n d a r i e s , to a m a x i m u m d e p t h of 135 LI. E l e c t r o n - m i c r o p r o b e a n a l y s i s 

r e v e a l e d that the affected g r a i n b o u n d a r i e s shown in F i g . 5, c o n t a i n e d p a r t i c l e s 

*In Figs. 3-29, the cladding is shown at the top of the photomicrograph. 



(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 3. Type 304 Stainless Steel vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 800°C Tests for 4000 hr. Zones with no 

sigma-phase formation are indicated by arrows. Mag. 200X. Neg. Nos. MSD-46270 and MSD-46273. 

w 



1 

4. Type 304 Stainless Steel vs Hyperstoichiometric (U,Pu)C after 800°C Fig. 5. Type 304 Stainless Steel vs (U,Pu)C after 1100°C Test for 400 hr. 

Tests for 1000 hr. A indicates the zone with carbide precipitates in A indicates the area in which particles of high uranium and plu-

the cladding but no slip lines. Mag. 500X. Neg. No. MSD-43576. tonium content were found. Mag. 500X. Neg. No. MSD-41130. 
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of r e l a t i v e l y h igh u r a n i u m and p l u t o n i u m con ten t . In a 1 0 0 0 - h r t e s t at t h i s 

t e m p e r a t u r e , s e v e r e m e l t i n g of the s p e c i m e n o c c u r r e d . The c o n c e n t r a t i o n 

of u r a n i u m and p l u t o n i u m in the s t e e l for the 4 0 0 - h r t e s t could r e a s o n a b l y 

have p r o d u c e d a e u t e c t i c in t h i s qu i te c o m p l e x s y s t e m , wh ich could have 

c a u s e d the m e l t i n g found in the 1 0 0 0 - h r t e s t . E u t e c t i c s in the b i n a r y s y s -

t e m s F e / U , F e / P u , . N i / u , and N i / P u a r e found at 1080 r 1180, 1110.. and 

1220C 'C ; r e s p e c t i v e l y . 2 

M e t a l l o g r a p h y r e v e a l e d the s a m e g e n e r a l r e s u l t s w i th T y p e 316 

s t a i n l e s s s t e e l a s w a s found wi th T y p e 304. Af te r the 1 0 0 0 - h r t e s t s w i t h 

s t o i c h i o m e t r i c and h y p e r s t o i c h i o m e t r i c (U,Pu)C, Type 316 s t a i n l e s s s t e e l 

showed i n c r e a s e d c a r b i d e p r e c i p i t a t i o n wi th in 200 \i of the i n t e r f a c e and u n i -

f o r m l y p r e c i p i t a t e d s i gna and p o s s i b l y chi p h a s e s beyond th i s zone , a s shown 

in F i g . 6. Af te r 4000 h r . the i n t e r m e t a l l i c p h a s e s ( s i g m a and chi) w e r e found 

wi th in 110 |i of the i n t e r f a c e . The o b s e r v a t i o n of the i n t e r m e t a l l i c p h a s e s 

n e a r e r the i n t e r f a c e a f t e r 4000 h r m a y be exp la ined by the f o r m a t i o n of a 

s i g m a p h a s e f r o m M23C&, o r the l o n g e r t i m e r e q u i r e d for a s i g m a p h a s e to 

p r e c i p i t a t e in a h i g h - c a r b o n a u s t e n i t e m a t r i x . 

The m e c h a n i s m for the s l igh t c a r b u r i z a t i o n of s t a i n l e s s s t e e l s tha t 

w a s o b s e r v e d a f te r c o m p a t i b i l i t y t e s t s w i th (U,Pu)C c o m p o s i t i o n s of v a r i o u s 

c a r b o n con t en t s i s no t r e a d i l y a p p a r e n t . The t r a n s f e r of c a r b o n by g a s 

p h a s e s (CO a n d / o r CH4) f o r m e d by the r e a c t i o n of (U,Pu)C wi th i m p u r i t i e s 

( 0 2 and H zO) i n t r o d u c e d d u r i n g f a b r i c a t i o n of the c a r b i d e p e l l e t s w a s of fered 

a s an exp l ana t i on , but l a t e r f indings did no t s u b s t a n t i a t e t h i s h y p o t h e s i s . * 

Some c a r b u r i z a t i o n h a s been a t t r i b u t e d to s u r f a c e cold w o r k b r o u g h t about 

by m a c h i n i n g the s t a i n l e s s s t e e l s p e c i m e n s . Su r f ace ox ida t ion of the c a r b i d e 

p e l l e t s p e c i m e n s be fo re a s s e m b l y of the c o m p a t i b i l i t y c o u p l e s h a s a l s o been 

r e p o r t e d a s a p o s s i b l e c a u s e of the s u b s e q u e n t c a r b u r i z a t i o n . 

In h y p e r s t o i c h i o m e t r i c (U ,Pu )C , the p r e s e n c e of (U ,Pu) 2 C 3 o f fe r s a 

s e e m i n g l y obvious s o u r c e of c a r b o n , but n e i t h e r t h i s i n v e s t i g a t i o n n o r o t h e r s 

h a v e p r o d u c e d any c o n c l u s i v e e v i d e n c e tha t a c h e m i c a l r e d u c t i o n of (U ,Pu) 2 C 3 

p a r t i c l e s n e a r the f u e l - c l a d d i n g i n t e r f a c e h a s o c c u r r e d . To d e t e r m i n e d i -

r e c t l y the i n t e r a c t i o n of (U ,Pu) 2 C 3 wi th T y p e s 304 and 316 s t a i n l e s s s t e e l , 

c o m p a t i b i l i t y t e s t s wi th the (U,Pu) 2 C 3 c o m p o s i t i o n w e r e r u n for 1000 h r a t 

800°C. In bo th c a s e s , the (U ,Pu) 2 C 3 in c o n t a c t wi th s t a i n l e s s s t e e l w a s af-

f ec t ed to a d e p t h of 5-7 | i , a s shown in F i g . 7. E l e c t r o l y t i c e t c h i n g of the 

fuel i n d i c a t e d tha t t h i s r e a c t i o n w a s not a l a y e r of (U,Pu)C f o r m e d by the 

r e d u c t i o n of (U,Pu) 2 C 3 . The c o m p o s i t i o n of t h i s l a y e r w a s no t iden t i f i ed , but 

. i t s s m a l l s i z e i n d i c a t e s t ha t the i n t e r a c t i o n of s t a i n l e s s s t e e l w i th (U ,Pu) 2 C 3 

p a r t i c l e s in a m o n o c a r b i d e m a t r i x would be of l i t t l e t e c h n o l o g i c a l c o n s e q u e n c e . 

B . 1 6 - 2 5 - 6 and 1 6 - 1 5 - 6 A l loy s 

The 1 6 - 2 5 - 6 and 1 6 - 1 5 - 6 a l l oys b e h a v e d s i m i l a r l y w i th both s t o i c h i -

o m e t r i c and h y p e r s t o i c h i o m e t r i c (U ,Pu )C . The r e s u l t s of the m e t a l l o g r a p h i c 

o b s e r v a t i o n s a r e given in T a b l e V. F i g u r e 8 i s a t yp i ca l p h o t o m i c r o g r a p h 



ON 

(a) 1000 hr (b) 4000 hr 

Fig. 6. Type 316 Stainless Steel vs Hyperstoichiometric (U,Pu)C after 800°C Test 

for 1000 and 4000 hr. Mag. 200X. Neg. Nos. MSD-49783 and MSD-48968. 
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(a) Type 304 Stainless Steel (b) Type 316 Stainless Steel 

Fig. 7. Types 304 and 316 Stainless Steel vs (U,Pu)2C3 after 800°C Tests for 1000 hr 

Showing Small Unidentified Reaction Product A at the Interface. Phase B 

is (U,Pu)C impurity. Mag. 375X. Neg. Nos. MSD-47494 and MSD-47496. 

TABLE V. Depth of Precipitates Observed Metallographically in Iron-base Alloys 

after Contact with (U,Pu) Carbides 

Alloy 

16-15-6 

16-25-6 

Haynes 56 

Temperature, 

°C 

800 

800 

800 

800 

Time, 

hr 

1000 

1000 

4000 

1000 

4000 

Stoichiometric (U,Pu)C, 

4.83 wt % equivalent C 

Average, u 

28 

26 

Nil 

Maximum, u 

34 

30 

-

Hyperstoichiometric 

5.25 wt % equiva 

Average, u 

35 

32 

28 

Nil 

Nil 

(U.PulC, 

lent C 

Maximum, u 

38 

36 

32 

-

Hypostoichiometric ( U . P u ^ , 

6.90 wt % equivalent C 

Average, u Maximum, u 

-

30 35 

-

Fig. 8 

Timken Alloy 16-25-6 vs (U,Pu)C after 800°C 

Test for 1000 hr. A indicates the zone of fine 

precipitates in the cladding at the interface. 

Mag. 375X. Neg. No. MSD-43573. 
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t h a t shows the effect on t h e s e a l l o y s a f t e r h e a t t r e a t m e n t at 800°C in c o n t a c t 

w i th s t o i c h i o m e t r i c (U,Pu)C for 1000 h r . Al though the af fected zone in the 

a l loy w a s s o m e w h a t l a r g e r for the h y p e r s t o i c h i o m e t r i c c o m p o s i t i o n (con-

t a in ing ~20% (U,Pu) 2 C 3 ) t han for the s t o i c h i o m e t r i c c o m p o s i t i o n , no add i t i ona l 

i n c r e a s e w a s ev iden t for the c o m p o s i t i o n con ta in ing ~90% (U,Pu) 2 C 3 . A t e s t 

of 1 6 - 2 5 - 6 a l loy and h y p e r s t o i c h i o m e t r i c (U ,Pu) 2 C 3 a t 800°C for 4000 h r 

showed no i n c r e a s e in the dep th of the af fected zone o v e r tha t found at 

1000 h r . Al though the t e s t i n g w a s l i m i t e d , the r e s u l t s i n d i c a t e tha t the dep th 

of p r e c i p i t a t i o n in t h e s e a l l oys w a s not d i r e c t l y r e l a t e d to e i t h e r t i m e or 

c a r b o n conten t of the (U,Pu) c a r b i d e c o m p o s i t i o n s . 

The affected zones of t h e s e a l l o y s , when e t ched , a p p e a r e d to con ta in 

a l a r g e n u m b e r of v e r y s m a l l p r e c i p i t a t e s . An e l e c t r o n - m i c r o p r o b e s tudy 

of a s p e c i m e n con ta in ing 1 6 - 2 5 - 6 a l loy h e a t - t r e a t e d for 1000 h r at 800°C 

i n d i c a t e d tha t , a m o n g the m a j o r e l e m e n t s in the a l loy , the d i s t r i b u t i o n of 

m o l y b d e n u m had been m o s t s ign i f i can t ly a f fec ted . The m a t r i x of the u n -

affected m a t e r i a l w a s found to con ta in about 3.5 wt % m o l y b d e n u m , w h e r e a s 

the g r a i n b o u n d a r i e s and spo t s wi th in g r a i n s , a l though s m a l l in s i z e , r e g -

i s t e r e d p e a k s i nd i ca t i ng 14-19 wt % m o l y b d e n u m . The fine p a r t i c l e s in the 

affected zone , b e l i e v e d to be m o l y b d e n u m - r i c h , w e r e too s m a l l for even 

s e m i q u a n t i t a t i v e r e s u l t s . A t r a v e r s e a c r o s s the affected zone u s i n g a b e a m 

s i z e of 1-2 LI, showed r e l a t i v e l y s m a l l v a r i a t i o n s in m o l y b d e n u m con ten t of 

5 - 7 wt %. 

C. H a y n e s 56 

Al though H a y n e s 56 i s no l o n g e r p r o d u c e d c o m m e r c i a l l y , it is a good 

e x a m p l e of an i r o n - b a s e a l loy tha t i s s i gn i f i can t ly s t r o n g e r t h a n T y p e s 304 

or 316 s t a i n l e s s s t e e l and i s unaf fec ted by p r o l o n g e d c o n t a c t wi th h y p e r -

s t o i c h i o m e t r i c (U ,Pu )C . No c o m p a t i b i l i t y ef fects w e r e found a f t e r t e s t i n g 

th i s a l l oy at 800°C wi th the s t o i c h i o m e t r i c and h y p e r s t o i c h i o m e t r i c (U,Pu)C 

for 1000 and 4000 h r . L i k e w i s e , no effect w a s o b s e r v e d in t e s t s of t h i s m a -

t e r i a l wi th the (U,Pu) 2 C 3 c o m p o s i t i o n a f t e r 1000 h r at 800°C o r wi th the 

s t o i c h i o m e t r i c and h y p e r s t o i c h i o m e t r i c (U,Pu)C af te r 1000 h r at 900°C. 

A t y p i c a l m i c r o s t r u c t u r e of t h i s m a t e r i a l a f t e r an 800°C c o m p a t i b i l i t y t e s t 

i s shown in F i g . 9. 

D. Incone l 625 

Incone l 625 con ta ined the h i g h e s t n i c k e l con ten t (61 wt %) of the a l l o y s 

t e s t e d and was found to be the l e a s t c o m p a t i b l e wi th c a r b i d e fue l s . T h r e e 

d i s t i n c t z o n e s w e r e f o r m e d a f t e r 1 0 0 0 - h r t e s t s w i th the s t o i c h i o m e t r i c and 

h y p e r s t o i c h i o m e t r i c (U,Pu)C c o m p o s i t i o n s . A s shown in F i g s . 10 and 11 , 

two zones w e r e in the c l add ing and one w a s in the fuel . The s i z e s of t h e s e 

z o n e s a f t e r h e a t t r e a t m e n t s a t 700 and 800°C a r e c o m p a r e d in T a b l e VI. 

The r e a c t i o n z o n e s found in the 800°C c o m p a t i b i l i t y t e s t s p e c i m e n con ta in ing 

h y p e r s t o i c h i o m e t r i c (U,Pu)C w e r e a n a l y z e d by m e a n s of an e l e c t r o n m i c r o -

p r o b e . The r e a c t i o n zone in the fuel h a s b e e n iden t i f i ed a s (U,Pu)Ni 5 . T h i s 
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Fig. 9 

Haynes 56 vs Hyperstoichiometric 

(U,Pu)C after 800°CTest for 4000 hr. 

No effects on the cladding were 

observed. Mag. 500X. Neg. 

No. MSD-44025. 

mmmmmgmmmmmmgm H ^ H B H a B B H * 

(a) 150X (b) 375X 

Fig. 10. Inconel 625 vs (U,Pu)C after 800°C Test for 1000 hr. A is the precipitate zone in the cladding, 

B is the mottled chromium- and molybdenum-rich zone in the cladding, and C is the (U,Pu)Ni5 

zone in the fuel. Neg. Nos. MSD-45378 and MSD-45379. 
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Fig. 11. Inconel 625 vs Hyperstoichiometric (U,Pu)C after 800°C Test for 1000 hr. A is the precipitate zone in the cladding, B is the mottled chromium
and molybdenumrich zone in the cladding, and C is the (U,Pu)Ni5 zone in the fuel. Neg. Nos. MSD45386 and MSD45387. 
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TABLE VI. Extent of Zones Observed Metallographically in Three Commercial 

Nickel-base Alloys alter Contact with (U.Pu) Carbides for 1000 hr 

Alloy 

Incoloy 800 

Incoloy 800 

Hastelloy-X 

Hastelloy-X 

Inconel 625 

Inconel 625 

Temperature, 

°C 

700 

800 

700 

800 

700 

800 

Carbide 

Composition, 

wt % equivalent 

carbon 

4.83 

483 

6.75 

4.83 

5.25 

6.75 

4.83 

5.25 

6.75 

4.83 

5.25 

6.75 

4.83 

5.25 

6.75 

Thickness 

Zone ir 

Average 

3 

5 

7 

Nil 

2 

5 

-
8 

18 

18 
Nil 

25 

36 

7 

ot U-Pu-Ni 

Fuel, u 

Maximum 

5 

8 

15 

-
4 

4 

8 

8 

10 

30 

30 

-
37 
44 

10 

Thickness of Cr-rich 
Zone in 

Average 

4 

4 

4 

Nil 

2 

3 

-
6 

20 

20 

Nil 

23 

26 

Nil 

Cladding, u 

Maximum 

6 

6 

6 

-
2 

2 

5 

7 

12 

25 

25 

-
30 

36 

-

Precipitate Depth 
from 

Average 

Nil 

125 

125 

Nil 

Nil 

Nil 

Nil 

Nil 

125 

45 

45 

20 

130 

145 

65 

Interface, u 

Maximum 

-
160 

160 

-

-
-
-

175 

55 

55 

30 

160 

180 

80 

compound could be e x p e c t e d in h i g h - n i c k e l a l l o y s , s i nce UNi5 h a s been shown 

to be the p r i n c i p a l p r o d u c t f o r m e d in a diffusion couple of u r a n i u m c a r b i d e 

v e r s u s n i cke l h e a t - t r e a t e d at 800°C for 950 h r . A con t inuous n e t w o r k of 

(U,Pu)Ni 5 s u r r o u n d i n g (U,Pu)C g r a i n s w a s f o r m e d in the h y p e r s t o i c h i o m e t r i c 

(U,Pu)C, in c o n t r a s t to the so l id (U,Pu)Ni 5 band f o r m e d in the s i n g l e - p h a s e 

(U ,Pu)C . E v i d e n c e tha t the (U,Pu)C g r a i n s wi th in the (U,Pu)Ni 5 n e t w o r k 

w e r e f o r m e d by r e d u c t i o n of the (U,Pu) 2 C 3 g r a i n s in the in i t i a l m a t e r i a l wil l 

be given l a t e r in t h i s s e c t i o n . 

The d a r k , m o t t l e d , s m a l l zone on the c ladd ing s ide of the i n t e r f a c e 

a p p e a r e d to be c o m p o s e d of two b a n d s of r a t h e r c o m p l e x c o m p o s i t i o n con-

ta in ing high p e r c e n t a g e s of c h r o m i u m . The a p p r o x i m a t e c o m p o s i t i o n s of 

t h e s e bands a r e given in T a b l e VII. P e r c e n t a g e s of c a r b o n (5.25 wt % in the 

fuel) and n i o b i u m and t a n t a l u m (4 wt % in the c ladd ing) w e r e not d e t e r m i n e d . 

Al though no u r a n i u m w a s found on the c ladd ing s ide of the i n t e r f a c e , up to 

5 wt % p l u t o n i u m w a s found in the m o t t l e d zone . 

TABLE VII. Composition of Reaction Zones: Hyperstoichiometric (U.Pu)C vs Inconel 625 

(800°C for 1000 hrl 

Element 

u 

Pu 

Ni 

Cr 

Mo 

Fe 

(U.PulC. 

wt % 

76 

19 

-

-

(U.PuINi; Zone in 

Fuel (36-u width 1. 

36 u 

34 

12 

54 

-
-

Reaction Zones, 

Mottled Reaction 

Zone in Cladding 
(26-u width! 

8M 

1 

10 

52 

13 

1 

18 u 

5 

21 

43 

16 

0.5 

Wt 7. 

12 u 

-
61 

20 

7 

8 

Precipitate Zone 

(120-u width! 

Precip. 

24 

61 

14 

1 

108 u 

-

-
70 - 61 

15 - 22 

7 - 9 

4 - 3 

Unaffected 

wt % 

-

-
61 

22 

9 

3 

Beyond the m o t t l e d r e a c t i o n zone in the c ladd ing , a zone of c h r o m i u m -

r i c h p r e c i p i t a t e s w a s o b s e r v e d . In the a r e a con ta in ing t h e s e p r e c i p i t a t e s , 

t h r e e o b s e r v a t i o n s w e r e m a d e : (1 ) A 12-LL band i m m e d i a t e l y ad j acen t to the 

m o t t l e d zone w a s r i c h e r in i r o n than any o t h e r p o r t i o n of the c ladd ing ; 
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(2) n i c k e l and i r o n c o n t e n t s c o n t i n u o u s l y d e c r e a s e d t h r o u g h o u t t h i s a r e a 

f r o m the i r o n - e n r i c h e d band to the unaf fec ted c ladd ing m a t r i x , w h e r e a s the 

c h r o m i u m and m o l y b d e n u m c o n t e n t s c o n t i n u o u s l y i n c r e a s e d ; and (3) the 

p r e c i p i t a t e s , wh ich w e r e n u m e r o u s and s m a l l c l o s e to the o r i g i n a l i n t e r -

face , b e c a m e l e s s f r e q u e n t but l a r g e r as the d i s t a n c e f r o m the i n t e r f a c e 

i n c r e a s e d . 

Al though the r e a c t i o n of Incone l 62 5 wi th the h y p e r s t o i c h i o m e t r i c 

c a r b i d e c o m p o s i t i o n con ta in ing 20% (U,Pu) 2 C 3 w a s s l i gh t ly g r e a t e r t han tha t 

wi th the s i n g l e - p h a s e (U ,Pu)C, the to t a l r e a c t i o n dep th wi th the (U ,Pu) 2 C 3 

c o m p o s i t i o n w a s s ign i f i can t ly s m a l l e r . Only the p r e c i p i t a t e s w e r e o b s e r v e d 

on the c ladd ing s ide of the i n t e r f a c e , the d a r k , m o t t l e d zone w a s a b s e n t , and 

l e s s (U,Pu)Ni 5 w a s f o r m e d in the fuel . H o w e v e r , two o t h e r z o n e s w e r e o b -

s e r v e d on the fuel s ide of the i n t e r f a c e , a s shown in F i g . 12. Beyond the 

(U.Pu)Ni 5 zone , a 4-LJ, g r a y l a y e r o c c u r r e d , and beyond t h i s , a 9-|i zone of 

m o n o c a r b i d e r e s u l t i n g f r o m r e d u c t i o n of the s e s q u i c a r b i d e p h a s e . The g r a y 

l a y e r , found by m i c r o p r o b e a n a l y s i s to have a h igh oxygen con ten t , i s p r o b -

ably ( U , P u ) 0 2 . The c l add ing i s b e l i e v e d to be the s o u r c e of t h e oxygen , 

s i n c e no o t h e r s u r f a c e of the fuel p e l l e t exh ib i t ed any oxide f o r m a t i o n . 

E v i d e n c e of oxygen diffusion into the fuel can a l s o be s e e n in F i g . 10, w h e r e 

the g r a y p h a s e i s l o c a t e d b e t w e e n the (U,Pu)Ni 5 and the (U,Pu)C p h a s e s . 

E . H a s t e l l o y - X 

H a s t e l l o y - X w a s af fected in a m a n n e r s i m i l a r to t h a t o b s e r v e d w i th 

Incone l 625 . B e c a u s e of the l o w e r n i c k e l con ten t (47 wt %) , h o w e v e r , t he 

r e a c t i o n zones w e r e s ign i f i can t ly s m a l l e r t h a n t h o s e found wi th Incone l 62 5. 

The s i z e s of the r e a c t i o n zones a r e l i s t e d in T a b l e VI. 

At 700°C, no r e a c t i o n w a s o b s e r v e d b e t w e e n H a s t e l l o y - X and (U,Pu)C 

(4.83 wt % C) for up to 4000 h r . I n t e r m i t t e n t r e a c t i o n wi th (U ,Pu) 2 C 3 a long 

the i n t e r f a c e w a s o b s e r v e d in the c a s e of h y p e r s t o i c h i o m e t r i c (U,Pu)C 

(5.25 wt % C) a t t h i s t e m p e r a t u r e but , a s shown in F i g . 13 , no i n c r e a s e in 

the s i z e of t h e s e s m a l l r e a c t i o n a r e a s w a s found a f t e r 4000 h r . A t e s t wi th 

the (U,Pu) 2 C 3 c o m p o s i t i o n (6.75 wt % C) at 700°C for 1000 h r r e v e a l e d a 

4-|j, r e a c t i o n zone ( equ iva len t to the m a x i m u m found wi th the h y p e r s t o i c h i o -

m e t r i c (U,Pu)C) and a l s o an ad j acen t 8-LJ, zone in the fuel t h a t had b e e n r e -

duced to (U,Pu)C, a s shown in F i g . 14. 

Af te r 1000 h r at 800°C, both (U,Pu)C and h y p e r s t o i c h i o m e t r i c (U,Pu)C 

r e a c t e d wi th H a s t e l l o y - X to f o r m (U,Pu)Ni 5 and a c h r o m i u m - r i c h zone in the 

c l add ing ( see F i g . 15). F i g u r e 15b i l l u s t r a t e s the g r e a t e r ex t en t of the r e -

ac t i on at t h o s e po in t s in con t ac t w i th the (U ,Pu) 2 C 3 p h a s e . Af te r 4000 h r at 

800°C, i n t e r - and i n t r a g r a n u l a r p r e c i p i t a t i o n in H a s t e l l o y - X w a s found to an 

a v e r a g e depth of 90 \i ( m a x i m u m dep th of 140 LX), a s shown in F i g . 16. How-

e v e r , no i n c r e a s e s in the a v e r a g e dep th of the (U,Pu)Ni 5 l a y e r o r the 

c h r o m i u m - r i c h l a y e r w e r e found a f t e r the l o n g e r h e a t t r e a t m e n t . L i k e -

w i s e , t he l a r g e r r e a c t i o n zones found in a r e a s w h e r e the c l add ing w a s in 

con t ac t wi th the (U ,Pu) 2 C 3 p h a s e had no t s ign i f i can t ly i n c r e a s e d . 
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(a) 200X (b) 500X 

Fig. 12. Inconel 625 vs (U,Pu)2C3 a"ter 800°C Test for 1000 hr. A is the precipitate zone in the cladding, 
B is the (U,Pu)Ni5 zone in t i e fuel, C is the gray (oxide) zone, D is the (U,Pu)C zone formed by 

reduction of (U,Pu)2C3, and E is the (U,Pu)C impurity. Neg. Nos. MSD46715 and MSD46713. 



(a) 1000 hr (b) 4000 hr 

Fig. 13. Hastelloy-X vs Hyperstoichiometric (U,Pu)C after 700°C Tests for 1000 and 4000 hr. 

A indicates the reaction product formed by reaction of the cladding with (U,PVL)2CQ 

particles. Mag. 500X. Neg. Nos. MSD-44693 and MSD-46669. 
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Fig. 14 

Hastelloy-X vs (U,Pu)2C3 after 

700°CTest for 1000hr. A is the 

(U,Pu)C zone formed by reduc-

tion of (U,Pu)2C3, and B is the 

(U,Pu)C impurity. Mag. 500X. 

Neg. No. MSD-46673. 

(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 15. Hastelloy-X vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 800°C Tests 

for 1000 hr. A indicates increased reaction at points of contact with (U,Pu)2C3 

particles. Mag. 375X. Neg. Nos. MSD-41269 and MSD-43636. 



(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 16. Hastelloy-X vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 800°C Tests for 4000 hr. 

A indicates increased reaction at points of contact with (U,Pu)2C3 particles, and B the pre-

cipitates in cladding. Mag. 500X. Neg. Nos. MSD-49155 and MSD-49156. 



The react ion with the (U,Pu)2C3 composition at 800°C revealed, in 
addition to the (U :Pu)Ni5 zone, a gray layer of about 5 \i, which was believed 
to be (U,Pu)02 , and a 25-|i layer of (U,Pu)C that was the resu l t of the r e -
duction of (U,Pu)2C3. These r e su l t s , shown in F ig . 17, a re s imi la r to those 
obtained with Inconel 625. 

F . Incoloy 800 

Although the nickel content of Incoloy 800 is significantly l e s s than 
that of Hastel loy-X, the formation of an in te rmeta l l ic phase in the fuel 
occur red to the same depth with ei ther alloy after contact with (U,Pu)C for 
1000 hr at 800°C. With Incoloy 800, however, the in te rmeta l l ic phase , shown 
in F ig . 16; contained approximately equal atomic percentages of nickel and 
iron and about 25 at. % (U + Pu) . The chromium- and molybdenum-r ich 
zones found in the compatibili ty t e s t s with Inconel 625 and Hastel loy-X were 
not found in Incoloy 800, which contains no molybdenum. However, exten-
sive, fine, c h r o m i u m - r i c h in te r - and in t ragra in carbide prec ip i ta tes were 
found in Incoloy 800 after contact with (U,Pu)C or (U,Pu)2C3 at 800°C, as 
shown in F i g s . 18b and 19b. The s izes of the react ion zones for the t e s t s 
on Incoloy 800 a r e l is ted in Table VI. 

In the tes t with the (U,Pu)2C3 composition, reduction of (U,Pu)2C3 to 
(U,Pu)C occur red to an average depth of 24 |j, from the fuel-cladding in te r -
face. Format ion of the gray phase was observed in the fuel to an average 
depth of 14 |j,, as shown in F ig . 19a. 

G. Vanadium Alloys 

Of the severa l vanadium-base alloys developed as cladding for 
nuclear fuels, seven were tes ted with (U,Pu) carbide fuels. Four were de-
veloped at ANL and designated by nominal composition: V-20 wt % Ti, 
V-15 wt % Ti-7 .5 wt % Cr, V-15 wt % C r - 5 wt % Ti, and V-10 wt % Cr . 
Three others were developed at Westinghouse E lec t r i c Corporat ion and 
designated as VANSTAR-7, VANSTAR-8, and VANSTAR-9. Chemical anal-
yses of these alloys a r e given in Table II. 

In the 700-800°C range, V-20 wt % Ti and V-15 wt % Ti-7 .5 wt % Cr 
were carbur ized by (U,Pu)C. Photomicrographs of this effect a r e shown in 
F igs . 20 and 21 . Chemical analyses of the carbur ized zone in the V-15 wt % 
Ti-7 .5 wt % Cr specimen heat t rea ted at 800°C for 1000 hr showed a carbon 
content of 0.9 wt %. At 800°C these alloys were able to reduce (U,Pu)2C3 to 
(U,Pu)C. F igure 22 shows a 38-|x zone of the (U,Pu)2C3 composition that was 
reduced to (U,Pu)C after contact with V-15 wt % Ti-7.5 wt % Cr for 1000 hr 
at 800°C. The depth of carbur iza t ion (64 |j,) of this alloy was essent ia l ly 
equal to that of the (U,Pu)C tes t s (see Fig . 21). 

At 950°C, the formation of a carbide phase in V-20 wt % Ti was evi-
dent after 7 days (168 hr ) . and the reduction of (U,Pu)C to U + Pu metal was 
observed at (U,Pu)C grain boundaries , as shown in F ig . 23. 
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17. HastelloyX vs (U,Pu)2C3 after 800°CTest for 1000 hr. A is the (U,Pu)Ni5 zone, B is the gray 

(oxide) zone, C is the (U,Pu)C zone formed by reduction of (U,Pu)2C3, and D is the precipi
tate zone in the cladding. Mag. 375X. Neg. Nos. MSD46280, MSD46674, and MSD46279. 
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(a) 500X 

, 1 - * 

(b) 200X 

Fig. 18. Incoloy 800 vs (U,Pu)C after 800°C Test for 1000 hr. A is the 

U-Pu-Ni-Fe phase in the fuel, and B is the precipitation zone 

in the cladding. Neg. Nos. MSD-47617 and MSD-47618. 



(a) 500X 

(b) 200X 

. 19. Incoloy 800 vs (U,Pu)2C3 after 800°C Test for 1000 hr. A is the U-Pu-Ni-Fe phase 

in the fuel, B is the gray (oxide) phase, C is the (U,Pu)C zone formed by reduction 

of (U.Pu^Cg, D is the (U,Pu)C impurity, and E is the precipitate zone in cladding. 

Neg. Nos. MSD-47500 and MSD^7502. 



(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 20. V-20 wt°/o Ti vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 700°C Tests for 1000 hr. 

A is the carburized zone in the cladding. Mag. 500X. Neg. Nos. MSD-45932 and MSD-45933. 
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(a) Stoichiometric (U,Pu)C (b) Hyperstoichiometric (U,Pu)C 

Fig. 21 . V-15 wt 7° Ti-7.5 wt °]o Cr vs Stoichiometric and Hyperstoichiometric (U,Pu)C after 800°C Tests for 1000 hr. 

A is the carburized zone in the cladding. Mag. 500X. Neg. Nos. MSD-47313 and MSD-47314. 
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(a) Cladding Etched (b) Fuel Etched 

Fig. 22. V-15 wt<7o Ti-7.5 wt °]o Cr vs (U,Pu)2C3 after 800°C Test for 1000 hr. A is the carburized zone 

in the cladding, B is the (U,Pu)C zone formed by reduction of (U.Pu^Cs, and C is the (U,Pu)C 

impurity in the fuel. Mag. 375X. Neg. Nos. MSD-48689 and MSD-48687. 

Fig. 23 

V-20 wt °!o Ti vs (U,Pu)C after 950°C Test for 168 hr. 

A is the carbide precipitate zone in the cladding, and 

B is the (U + Pu) metal in the grain boundaries of the 

fuel. Mag. 375X. Neg. No. MSD-40551. 
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M u c h i m p r o v e d c o m p a t i b i l i t y w i th c a r b i d e fuels r e s u l t e d f r o m a r e -

duc t ion of the t i t a n i u m con ten t of t h e s e v a n a d i u m a l l o y s . No m e t a l l o g r a p h i c 

ef fec ts w e r e o b s e r v e d in V-15 wt % C r - 5 wt % Ti a f t e r c o n t a c t wi th the 

h y p e r s t o i c h i o m e t r i c (U,Pu)C for 1000 h r at 800°C. Af te r 4000 h r at 800°C, 

h o w e v e r , an affected zone of 70 |i w a s r e v e a l e d by e t ch ing ( s ee F i g . 24) . The 

m i c r o h a r d n e s s of t h i s zone w a s 250 D P H , c o m p a r e d wi th 198 D P H for the 

r e m a i n d e r of the c ladd ing d i sk . E s t i m a t i o n of the c a r b o n conten t of t h i s 

zone by c h e m i c a l a n a l y s i s w a s 0.5 wt %. 

No bulk c a r b u r i z a t i o n of V-10 wt % C r w a s o b s e r v e d a f t e r c o n t a c t 

wi th h y p e r s t o i c h i o m e t r i c (U,Pu)C for 4000 h r at 800°C. A l s o , no i n c r e a s e 

in h a r d n e s s o c c u r r e d n e a r the i n t e r f a c e . H o w e v e r , e t ch ing r e v e a l e d a 

w iden ing of g r a i n b o u n d a r i e s of the V-10 wt % Cr a f te r c o n t a c t wi th h y p e r -

s t o i c h i o m e t r i c (U,Pu)C for 1000 and 4000 h r ( see F i g . 25) . B e c a u s e of the 

s m a l l s i z e of the g r a i n - b o u n d a r y p h a s e (1-2 |_i wide) , q u a n t i t a t i v e a n a l y s i s 

could not be ob ta ined by the e l e c t r o n m i c r o p r o b e . H o w e v e r , m i c r o p r o b e 

r e s u l t s for c a r b o n in the g r a i n - b o u n d a r y p h a s e showed no change in i n t e n s i t y 

o v e r t ha t of the m a t r i x , i n d i c a t i n g tha t the p h a s e w a s not a c a r b i d e and p r o b -

ab ly con ta ined l e s s t han 1 wt % c a r b o n . The V-10 wt % Cr a l l oy w a s s i m i -

l a r l y af fec ted a f t e r c o n t a c t wi th (U ,Pu) 2 C 3 for 1000 h r at 800°C. In add i t ion 

to t h e g r a i n - b o u n d a r y effect, h o w e v e r , t h e r e w a s ev idence of oxygen diffusion 

f r o m the v a n a d i u m a l loy to the c a r b i d e fuel . E l e c t r o n - m i c r o p r o b e a n a l y s i s 

r e v e a l e d tha t a g r a y p h a s e in the g r a i n b o u n d a r i e s and wi th in the g r a i n s of 

(U ,Pu) 2 C 3 con t a ined oxygen, and t h e r e f o r e the p h a s e w a s a s s u m e d to be 

( U , P u ) 0 2 ( s ee F i g . 26) . 

The g r a i n b o u n d a r i e s of VANSTAR-7 w e r e s i m i l a r l y af fected a f t e r 

c o n t a c t w i th h y p e r s t o i c h i o m e t r i c (U,Pu)C at 800°C. T h i s a l loy , c o m p o s e d 

e s s e n t i a l l y of v a n a d i u m , c h r o m i u m , and i r o n , w a s affected to a p p r o x i m a t e l y 

the s a m e depth (150 (j,) a s V-10 wt % C r a f te r 1000 h r ( see F i g . 27) . A l s o , 

a s w i th V-10 wt % C r , m i c r o h a r d n e s s m e a s u r e m e n t s showed no h a r d n e s s 

i n c r e a s e n e a r t h e i n t e r f a c e . 

No effects w e r e o b s e r v e d b e t w e e n e i t h e r VANSTAR-8 o r VANSTAR-9 

and h y p e r s t o i c h i o m e t r i c (U,Pu)C a f t e r 1000 h r at 800°C. T h e s e a l l oys con-

t a i n e d 3.75 a t . % of the s t r o n g c a r b i d e f o r m e r s z i r c o n i u m , t a n t a l u m , and 

n i o b i u m . Af te r 4000 h r a t 800°C, h o w e v e r , VANSTAR-8 w a s s o m e w h a t 

h a r d e n e d to a dep th of 625 p, f r o m the i n t e r f a c e . H a r d n e s s w a s 315 D P H at 

the i n t e r f a c e and d e c r e a s e d to 275 D P H at a dep th of 250 \x f r o m the i n t e r -

f a c e . T h e unaf fec ted VANSTAR-8 a l loy had a h a r d n e s s of 202 D P H . F i g -

u r e 28 shows the change in m i c r o s t r u c t u r e n e a r the i n t e r f a c e . VANSTAR-9 

showed no h a r d n e s s no r m i c r o s t r u c t u r a l c h a n g e s a f te r the 4 0 0 0 - h r t e s t , and, 

of the VANSTAR a l l o y s , it a p p e a r e d to be the m o s t c o m p a t i b l e wi th c a r b i d e 

fuel ( see F i g . 29) . 



(a) 1000 hr (b) 4000 hr 

Fig. 24. V-15 wt % Cr-5 wfft Ti vs Hyperstoichiometric (U,Pu)C after 800°C Tests for 1000 and 4000 hr. 

A indicates the slightly hardened zone. Mag. 200X. Neg. Nos. MSD-47708 and MSD-49158. 
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(a) Cladding at Interface 
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(b) Unaffected Cladding 

Fig. 25. V-10 wt "jo Cr vs (U,Pu)C after 800°C Test for 1000 hr. A indicates the unidentified grain-boundary 

phase near the fuel-cladding interface. Mag. 500X. Neg. Nos. MSD-48790 and MSD-48791. 
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(a) (b) 

Fig. 26. V-10 wt °}o Cr vs (U,Pu)2c3 after 800°C Test for 1000 hr. A is the unidentified grain-boundary phase in the cladding, 

and B is the (U,Pu)02 in the grain boundaries of the fuel. Mag. 500X. Neg. Nos. MSD-48694 and MSD-48692. 
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(a) 200X (b) 500X 

Fig. 27. VANSTAR7 vs Hyperstoichiometric (U,Pu)C after 800°C Test for 1000 hr. Neg. Nos. MSD47778 and MSD47780. 



(a) 1000 hr (b) 4000 hr 

Fig. 28. VANSTAR-8 vs Hyperstoichiometric (U,Pu)C after 800°C Tests for 1000 and 4000 hr. A indicates 

the slightly hardened zone. Mag. 200X. Neg. Nos. MSD-47783 and MSD-54643. 
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(a) 1000 hr (b) 4000 hr 

Fig. 29. VANSTAR-9 vs Hyperstoichiometric (U,Pu)C after 800°C Tests for 1000 and 4000 hr. No effects 

on cladding were observed. Mag. 200X. Neg. Nos. MSD-49787 and MSD-54644. 
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VI. CONCLUSIONS 

1. Four of the five austenit ic i ron -base alloys containing 25 wt % or 
l ess nickel that were tested at 800°C for up to 4000 hr showed some me ta l -
lographic evidence of a re la t ively small amount of carbon t ransfe r from 
s to ichiometr ic and hypers to ich iomet r ic (U0 ,8Pu0-2)C. The fifth alloy, 
Haynes 56, showed no metal lographic evidence of carbon t r ans fe r . The ca r -
bon t ransfer was observed as increased precipi ta t ion of c h r o m i u m - r i c h 
prec ip i ta tes in Types 304 and 316 s ta in less steel and as molybdenum-r ich 
prec ip i ta tes in Timken alloys 16-15-6 and 16-25-6. No inc rease in the depth 
of these prec ip i ta tes was observed in the Timken alloys between 1000 and 
4000 hr . Determinat ion of the depth of carbon diffusion in the s ta in less 
s teels was difficult because the compress ive s t r e s s e s imposed upon the 
s ta in less steel specimens at the beginning of the heat t r ea tmen t resul ted in 
cha rac t e r i s t i c carbide precipi ta t ion in the slightly worked m a t e r i a l in the 
bulk of the specimen. These r e su l t s and r e su l t s from other inves t igators 
appear to indicate that t ransfer of carbon from (U,Pu)C containing up to 

20 vol % (U,Pu)2C3 is re la t ively smal l . 

2. Three austenit ic alloys containing over 30 wt % nickel reac ted 
with s to ichiometr ic and hypers to ich iomet r ic (U0,8Pu0i2)C to form in te r -
meta l l i c compounds at the fuel-cladding interface and p rec ip i t a tes in the 
cladding at 700 and 800°C. The compounddformed in the tes ts with Hastel loy-X 
and Inconel 625 was (U,Pu)Ni5. Carbon re l eased by the react ion diffused into 
the cladding alloys and was found as chromium- and molybdenum-r ich p r e -
cipi ta tes . The depth of the in te rmeta l l ic layer was re la t ively smal l for 
Incoloy 800 and Hastel loy-X (about 5 [i after 4000 hr at 800°C). 

3. The compatibil i ty of the vanadium alloys tes ted was marked ly 
affected by the amount of t i tanium contained in these al loys. Vanadium 
alloys containing 15-20 at. % Ti were carbur ized by (U0>8Pu0,,2)C and reduced 
(U,Pu)2C3 to (U,Pu)C at 800°C. However, metal lography and mic roha rdnes s 
m e a s u r e m e n t s indicated that vanadium alloys containing only 5 at. % or l e s s 
of t i tanium or other re la t ively s trong carbide f o r m e r s , such as z irconium, 
tantalum, and niobium, were only slightly affected by contact with hyper-
s toichiometr ic (U,Pu)C at 800°C for up to 4000 h r . 
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