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THORIA AND THORIA-URANIA REINFORCED BY METAL FIBERS 

by 

Y. Bask in and J. H. Handwerk 

ABSTRACT 

T h o r i a c o m p a c t s con t a in ing r e f r a c t o r y m e t a l f i b e r s 
in q u a n t i t i e s a s low a s 5 w / o showed s ign i f i can t ly b e t t e r r e ­
s i s t a n c e to t h e r m a l s h o c k spa l l i ng than t h o r i a a l o n e . Of 
the m e t a l s and a l l oys e v a l u a t e d , m o l y b d e n u m and n iob ium 
gave the b e s t r e s u l t s . Va lue s a r e p r e s e n t e d for r o o m - a n d 
e l e v a t e d - t e m p e r a t u r e p r o p e r t i e s of f i b e r - r e i n f o r c e d t h o r i a . 
M e a s u r e d p r o p e r t i e s i nc luded c o m p r e s s i v e s t r e n g t h , m o d ­
u l u s of r u p t u r e , i m p a c t s t r e n g t h , t h e r m a l s h o c k r e s i s t a n c e , 
t h e r m a l conduc t i v i t y , t h e r m a l e x p a n s i o n , and ox ida t ion r e ­
s i s t a n c e . The w i d e s p r e a d p r e s e n c e of m i c r o c r a c k s in t h e s e 
c o m p a c t s r e s u l t e d in s ign i f i can t ly l ower s t r e n g t h s and e l a s t i c 
m o d u l i t han t h o s e of t h o r i a . F i b e r s i m p r o v e r e s i s t a n c e to 
t h e r m a l s p a l l i n g by s u p p r e s s i n g and l imi t i ng c r a c k p r o p a g a ­
t ion and by s t r u c t u r a l l y r e i n f o r c i n g the c r a c k e d body. R o o m -
t e m p e r a t u r e t h e r m a l c o n d u c t i v i t y of r e i n f o r c e d t h o r i a i s 
s l i gh t ly h i g h e r t h a n t h a t of t h o r i a , but at 1600°C it is 3 t i m e s 
g r e a t e r . Oxida t ion r e s i s t a n c e of m o l y b d e n u m - r e i n f o r c e d 
t h o r i a i s b e s t of a l l c o m b i n a t i o n s i n v e s t i g a t e d and i m p r o v e s 
wi th i n c r e a s e d s p e c i m e n d e n s i t y . H o w e v e r , b e c a u s e of the 
p r e s e n c e of m i c r o c r a c k s , even the d e n s e s t s p e c i m e n s a r e 
s e v e r e l y a t t a c k e d a f t e r 24 h r in a i r at 1000°C. 

T h o r i a - u r a n i a c o m p a c t s r e i n f o r c e d with m o l y b d e n u m 
f i b e r s w^ere bonded t o g e t h e r by m e a n s of conven t iona l b r a z i n g 
t e c h n i q u e s . I r r a d i a t i o n of m e t a l - r e i n f o r c e d t h o r i a - u r a n i a 
s p e c i m e n s i n d i c a t e d tha t m o l y b d e n u m f i b e r s a ided the hea t 
t r a n s f e r f r o m the fuel , w h e r e a s n i o b i u m f i b e r s r e a c t e d with 
the fuel and l o s t t h e i r e f f e c t i v e n e s s . 

INTRODUCTION 

The e l e m e n t t h o r i u m is of i n t e r e s t a s a f e r t i l e m a t e r i a l for n u c l e a r 
r e a c t o r a p p l i c a t i o n s . F u e l e l e m e n t s con ta in ing a m i x t u r e of t h o r i a and 
u r a n i a a p p e a r p r o m i s i n g b e c a u s e t h e y could be o p e r a t e d at h i g h e r t e m p e r ­
a t u r e s t h a n the m e t a l , t hus r e s u l t i n g in g r e a t e r t h e r m a l e f f ic iency . T h o r i a 
i s a l s o m o r e r e s i s t a n t to c e r t a i n c o r r o s i v e e n v i r o n m e n t s than the m e t a l 



and, f o r t u n a t e l y , t h e c o n c e n t r a t i o n of f e r t i l e a t o m s i s not s ign i f i can t ly 
l o w e r e d . The p r o b l e m of f a b r i c a t i n g h i g h - d e n s i t y t h o r i a b o d i e s at m o d e r ­
a te t e m p e r a t u r e s h a s b e e n r e s o l v e d by the u s e of s m a l l a m o u n t s of C a O , ' ^ ' 
CaF2,^ -' and o t h e r i n o r g a n i c a d d i t i v e s . N e v e r t h e l e s s , t h o r i a h a s found l i t t l e 
u s e in h i g h - t e m p e r a t u r e a p p l i c a t i o n s b e c a u s e it h a s h igh t h e r m a l e x p a n s i v i t y 
and m o d u l u s of e l a s t i c i t y wh ich , coupled wi th low t h e r m a l conduc t iv i ty and 
t e n s i l e s t r e n g t h , r e s u l t s in u n u s u a l l y poo r r e s i s t a n c e to t h e r m a l s p a l l i n g . 
Al though a t t e m p t s have b e e n m a d e to i m p r o v e t h i s c h a r a c t e r i s t i c by v a r y i n g 
the p a r t i c l e s i z e d i s t r i b u t i o n of the s t a r t i n g m a t e r i a l s and by adding s e l e c t e d 
ox ides to the body,(2) t h e s e h a v e m e t with only l i m i t e d s u c c e s s . 

The o b j e c t i v e of t h i s i n v e s t i g a t i o n h a s b e e n to i m p r o v e the r e s i s t a n c e 
of t h o r i a to t h e r m a l shock and s t r e s s s ign i f i can t ly by i n c o r p o r a t i n g m e t a l l i c 
f i b e r s in the b o d i e s . ( 3 ) A n u m b e r of s u i t a b l e m e t a l s and a l l oys w e r e e v a l u ­
a ted for t h i s p u r p o s e . The p r o p e r t i e s of the m o r e p r o m i s i n g c o m p o s i t e s 
w e r e d e t e r m i n e d at r o o m and e l e v a t e d t e m p e r a t u r e s s i n c e such i n f o r m a t i o n 
i s n e e d e d b e f o r e the c o m p o s i t e s can be c o n s i d e r e d for u s e in spec i f i c a p p l i ­
cations.^'^z P r o p e r t i e s e v a l u a t e d w e r e c o m p r e s s i v e s t r e n g t h , m o d u l u s of 
r u p t u r e . Young ' s m o d u l u s , i m p a c t s t r e n g t h , t he rnna l shock r e s i s t a n c e , t h e r ­
m a l conduc t i v i t y , t h e r m a l e x p a n s i o n , and ox ida t i on r e s i s t a n c e . In add i t ion , 
s a m p l e s of s e v e r a l r e i n f o r c e d t h o r i a - u r a n i a c o m p o s i t i o n s w e r e p r e p a r e d 
for i r r a d i a t i o n s t u d i e s . 

M A T E R I A L S AND S P E C I M E N P R E P A R A T I O N 

P r e r e q u i s i t e s of low t h e r m a l - n e u t r o n c r o s s s e c t i o n and r e f r a c t o r i ­
n e s s s e v e r e l y r e s t r i c t e d the n u m b e r of m e t a l s and a l l o y s tha t could be c o n ­
s i d e r e d for i n c o r p o r a t i o n in t h o r i a . A l i s t of m e t a l s t ha t b r o a d l y m e t t h e s e 
r e q u i r e m e n t s i nc luded : ( l ) m i l d s t e e l , (2) s t a i n l e s s s t e e l , (3) m o l y b d e n u m , 
(4) n i o b i u m , (5) z i r c o n i u m , and (6) Z i r c a l o y - 2 . With the e x c e p t i o n of 
Z i r c a l o y - 2 , which w a s only a v a i l a b l e in b a r s t o c k , t h e s e m e t a l s w e r e o b ­
t a ined c o m m e r c i a l l y a s fine w i r e s , r a n g i n g in d i a m e t e r f r om 0.005 to 
0.025 c m . W i r e s w e r e cut in to s h o r t l e n g t h s of f r o m 0.3 to 1.2 c m by m e a n s 
of a w i r e c u t t e r ; t h in r i b b o n s of Z i r c a l o y - 2 w e r e p r o d u c e d by m a c h i n i n g 
the b a r s t ock . 

H i g h - p u r i t y t h o r i u m ox ide p o w d e r * w a s u s e d t h r o u g h o u t the s tudy and 
r e a g e n t - g r a d e c a l c i u m f l u o r i d e w a s e m p l o y e d to p r o m o t e s i n t e r i n g . F i n e 
(-325 m e s h ) m o l y b d e n u m p o w d e r w a s u s e d for s o m e e x p e r i m e n t s . 

S e v e r a l i r r a d i a t i o n s p e c i m e n s w e r e f o r m e d f r o m m i x t u r e s of t h o r i a , 
u r a n i a , and m e t a l f i b e r s . The u r a n i a u s e d in t h e s e s p e c i m e n s w a s of 2 e n ­
r i c h m e n t s , e i t h e r 19-2% o r 93.2% e n r i c h e d , and w a s p r e p a r e d by r e d u c i n g 

* L i n d s a y C h e m i c a l C o m p a n y , Code 112. 



UsOg to UO2 in h y d r o g e n at 800°C. The m e t a l f i b e r s i n c o r p o r a t e d in t h e s e 
s p e c i m e n s w e r e f o r m e d by cu t t ing s m a l l co i l s of e i t h e r 0.01 3 - c m - d i a m e t e r 
m o l y b d e n u m w i r e o r 0.01 3 - c m - d i a m e t e r n iob ium w i r e . F i b e r s t hus f o r m e d 
w e r e n o m i n a l l y 0.3 c m long. 

In the e a r l y p h a s e s of the i n v e s t i g a t i o n , t h o r i a - m e t a l f iber c o m p a c t s 
w e r e f o r m e d by cold p r e s s i n g , fo l lowed by s i n t e r i n g in an i n e r t a t m o s p h e r e 
at 1450°C. T h i s p r o v e d u n s a t i s f a c t o r y , s i n c e the r e l a t i v e l y r i g id m e t a l f i b e r s 
p r e v e n t e d f r e e c o n t r a c t i o n of the t h o r i a p o w d e r . As a c o n s e q u e n c e , f i r e d 
s p e c i m e n s w e r e d i s t o r t e d and s e v e r e l y c r a c k e d , and had bulk d e n s i t i e s no 
h i g h e r t h a n in t h e g r e e n s t a t e . Hot p r e s s i n g w a s e m p l o y e d to e l i m i n a t e 
t h e s e u n d e s i r a b l e f e a t u r e s . A p p l i c a t i o n of p r e s s u r e at e l e v a t e d t e m p e r a t u r e 
c o m p r e s s e s the f ibe r n e t w o r k and f o r c e s the ox ide powde r into v o i d s , r e ­
su l t ing in sound , h i g h - d e n s i t y c o m p a c t s . 

T h o r i a p o w d e r ( con ta in ing 0.5 w / o CaFz) and m e t a l f i b e r s w e r e i n t i ­
m a t e l y m i x e d and loaded into g r a p h i t e m o l d s , which a l s o s e r v e d as s u s c e p -
t o r s in an induc t ion f u r n a c e . F a b r i c a t i o n t e m p e r a t u r e s of the o r d e r of 
1500°C w e r e a t t a i n e d in 20 m i n ; s a m p l e s w e r e m a i n t a i n e d at t h i s t e m p e r a ­
t u r e u n d e r a p p r o x i m a t e l y 170 k g / s q c m unt i l m a x i m u m d e n s i t i e s w e r e o b ­
t a i n e d . In g e n e r a l , v e r y l i t t l e ox ida t i on of the f i b e r s o c c u r r e d d u r i n g hot 
p r e s s i n g . N e g l i g i b l e i n t e r a c t i o n took p l a c e b e t w e e n the g r a p h i t e m o l d s and 
e i t h e r t h o r i a o r m o l y b d e n u m ; h o w e v e r , c a r b u r i z a t i o n of n iob ium w a s s e v e r e . 
M o l y b d e n u m l i n e r s and s e p a r a t o r s w e r e e m p l o y e d to i s o l a t e t h e s e s p e c i ­
m e n s f r o m the m o l d and thus m i t i g a t e c a r b u r i z a t i o n . 

T h r e e oxide c o m p o s i t i o n s w e r e f a b r i c a t e d for i r r a d i a t i o n s p e c i m e n s : 
90 w / o ThO2-10 w / o UO2, 70 w / o ThO2-30 w / o UO2, and 50 w / o T h O 2 - 5 0 w / o 
UO2. The u r a n i a u s e d in the 90 w / o ThOz- lO w / o UO2 m i x t u r e w a s 93.2% 
e n r i c h e d , w h e r e a s the u r a n i a u s e d in the o t h e r 2 m i x t u r e s w a s 19.2% e n ­
r i c h e d . The o x i d e s w e r e m i x e d in s m a l l pebb l e m i l l s , and i n c r e m e n t s 
suf f ic ien t to f o r m one p e l l e t w e r e w e i g h e d ; 0.7 gm of e i t h e r the molybdenunn 
o r n i o b i u m f i b e r s w a s added to e a c h i n c r e m e n t . The m e t a l f i b e r s w e r e 
b l e n d e d wi th the o x i d e s and the m i x t u r e was hot p r e s s e d in g r a p h i t e m o l d s 
at 1500°C u n d e r 175 k g / c m ^ p r e s s u r e . A few p e l l e t s wi thout m e t a l f i b e r s 
w e r e a l s o f o r m e d for p u r p o s e s of c o m p a r i s o n . The p e l l e t s t hus f o r m e d 
w e r e 0.95 c m in d i a m e t e r and a p p r o x i m a t e l y 0.95 c m in l eng th , and we ighed 
b e t w e e n 6.17 and 8.28 g m . G e o m e t r i c d e n s i t i e s , c a l c u l a t e d f r o m the p e l l e t 
d i m e n s i o n s , r a n g e d f r o m 9.30 to 9.99 g / c c for the r e i n f o r c e d p e l l e t s and 
f r o m 8.53 to 10.05 g / c c for the n o n r e i n f o r c e d p e l l e t s . P o r o s i t i e s in the 
r e i n f o r c e d p e l l e t s r a n g e d f r o m 3.2 to 12.2%, and f r o m 3.8 to 17.4% for the 
p e l l e t s wi thou t m e t a l f i b e r s . 

Hot p r e s s i n g i m p a r t e d a p r e f e r r e d f ibe r o r i e n t a t i o n in the c o m p a c t s 
n o r m a l to the m o l d a x i s , wi th a n i s o t r o p y be ing m o s t p r o n o u n c e d in th in 
s p e c i m e n s . C y l i n d r i c a l s p e c i m e n s , 3.8 c m long with an L / D r a t i o of 2, w e r e 
u s e d for d e t e r m i n a t i o n s of c o m p r e s s i v e s t r e n g t h . D i s k s p e c i m e n s , 6.35 cm 



in d i a m e t e r and 2.5 c m th i ck , in wh ich s m a l l h o l e s w e r e u l t r a s o n i c a l l y 
d r i l l e d for t h e r m o c o u p l e s and a c e n t r a l h e a t e r , s e r v e d for m e a s u r e m e n t s 
of t h e r m a l c o n d u c t i v i t y . I m p a c t r e s i s t a n c e w a s m e a s u r e d wi th b a r s p e c i ­
m e n s 7.6 c m long wi th a s q u a r e c r o s s s e c t i o n of 1 sq c m , in a c c o r d a n c e 
with ASTM s p e c i f i c a t i o n s . O the r p r o p e r t i e s w e r e d e t e r m i n e d for r e c t a n ­
g u l a r s p e c i m e n s 7.0 c m long , 0.635 c m t h i c k , and of v a r i e d w i d t h s . 
S p e c i m e n f a c e s w e r e g round flat and p a r a l l e l . 

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

The t h e r m a l shock t e s t c o n s i s t e d of hea t i ng s p e c i m e n s to 1000°C 
in a i r fo l lowed by quench ing in a m e r c u r y r e s e r v o i r at r o o m t e m p e r a t u r e . 
Th i s t e s t w a s v e r y s e v e r e , b e c a u s e s p e c i m e n hea t w a s r a p i d l y d i s s i p a t e d 
and t h e r e w a s l i t t l e o p p o r t u n i t y for an i n s u l a t i v e enve lope to f o r m a r o u n d 
the c o m p a c t , a s o c c u r s wi th w a t e r o r o i l q u e n c h i n g . The e x t e n t of t h e r m a l 
s h o c k - d e t e r i o r a t i o n w a s e v a l u a t e d by m e a s u r i n g Young ' s m o d u l u s a f te r each 
t e s t . 

D e t e r m i n a t i o n s of c o m p r e s s i v e s t r e n g t h and m o d u l i of r u p t u r e w e r e 
m a d e with c o n v e n t i o n a l e q u i p m e n t . C e n t e r - p o i n t loading w a s e m p l o y e d to 
d e t e r m i n e f l e x u r a l s t r e n g t h . I m p a c t s t r e n g t h w a s m e a s u r e d by m e a n s of • 
a T i n i u s - O l s e n I m p a c t Mach ine of the C h a r p y - t y p e with a c a p a c i t y of 
58 c m - k g . The s t r e s s - s t r a i n d i a g r a m w a s ob t a ined conven t i ona l l y wi th 
the a id of S R - 4 s t r a i n g a g e s . 

E q u i p m e n t u s e d to m e a s u r e d y n a m i c e l a s t i c m o d u l u s , c o n s i s t i n g 
of a r a d i o - o s c i l l o s c o p e , o s c i l l a t o r , c r y s t a l p i ckup , f r e q u e n c y c o u n t e r , and 
a m p l i f i e r s , w a s s i m i l a r to tha t d e s c r i b e d by Sp inner . (5 ) E l e v a t e d -
t e m p e r a t u r e m e a s u r e m e n t s of Young ' s m o d u l u s w e r e p e r f o r m e d by s u s p e n d i n g 
s p e c i m e n s in a f u r n a c e with F i b e r f r a x * y a r n . A m a g n e t i c cu t t ing head 
c o n n e c t e d to t h e o s c i l l a t o r d r o v e the s p e c i m e n t h r o u g h one c o r d , whi le 
s p e c i m e n o s c i l l a t i o n s w e r e d e t e c t e d by a c r y s t a l p i ckup a t t a c h e d to the 
o t h e r c o r d . S p e c i m e n ox ida t ion in t h i s t e s t w a s m i n i m i z e d by p a s s i n g 
h e l i u m t h r o u g h the f u r n a c e and by u s i n g t i t a n i u m sponge to r e a c t p r e f e r ­
en t i a l l y wi th any oxygen p r e s e n t . E x c e p t for s p e c i m e n s con ta in ing 
m o l y b d e n u m p o w d e r , ox ida t ion w a s s u p e r f i c i a l and had n e g l i g i b l e effect 
on e l a s t i c m o d u l u s . 

T h e r m a l conduc t iv i t y w a s d e t e r m i n e d by m e a n s of a r a d i a l h e a t 
flow m e t h o d , ( 6 ) w h e r e b y m e a s u r e m e n t i s m a d e of a t e m p e r a t u r e d r o p in 
a s t a c k of d i s k s u n d e r s t e a d y - s t a t e c o n d i t i o n s . D i s k s w e r e h e a t e d in a 
m o l y b d e n u m - w o u n d r e s i s t a n c e f u r n a c e e m p l o y i n g an i n e r t a t m o s p h e r e . 
The r a d i a l t h e r m a l g r a d i e n t w a s m a i n t a i n e d a c r o s s the s p e c i m e n s by 
m e a n s of the c e n t r a l h e a t e r . The g r a d i e n t w a s m e a s u r e d in t h e c e n t e r of 

* T h e C a r b o r u n d u m C o m p a n y , N i a g a r a F a l l s , New York 



t h e 1 5 - c m s t a c k to m i t i g a t e end e f fec t s ; t h e r m o c o u p l e h o l e s w e r e l oca t ed 
a p p r o x i m a t e l y 2.5 c m a p a r t . 

T h e r m a l e x p a n s i o n w a s m e a s u r e d op t i ca l l y with t a n d e m - m o u n t e d 
t e l e s c o p e s f i t ted wi th f i l a r m i c r o m e t e r e y e p i e c e s . Oxidat ion p e n e t r a t i o n 
w a s m e a s u r e d with p o l i s h e d s p e c i m e n s which w e r e i n t r o d u c e d in s t a t i c 
a i r at 1000°C and w i t h d r a w n af te r v a r i e d t i m e i n t e r v a l s . 

R E S U L T S AND DISCUSSION 

P r e l i m i n a r y S tud ie s 

V a r i o u s p r o p o r t i o n s of m i l d s t e e l f i b e r s w e r e b l ended wi th t h o r i a 
p o w d e r and hot p r e s s e d at 1500°C. N u m e r o u s s m a l l m e t a l l i c g lobu les w e r e 
o b s e r v e d as the s p e c i m e n s w e r e ' r e m o v e d f r o m the m o l d s , i nd ica t ing tha t 
m o s t f i b e r s had b e e n e x t r u d e d d u r i n g f a b r i c a t i o n . E x t r u s i o n of f i b e r s a l s o 
o c c u r r e d w h e n f a b r i c a t i o n t e m p e r a t u r e w a s r e d u c e d to 1400°C. 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 of s e c t i o n e d s p e c i m e n s c o n f i r m e d t h a t l i t t l e m e t a l 
r e m a i n e d in t h e c o m p a c t s a f t e r hot p r e s s i n g at e i t h e r t e m p e r a t u r e . F a b r i ­
ca t i on t e m p e r a t u r e s l o w e r t h a n 1400°C w e r e not u s e d owing to the i n c r e a s e d 
di f f icul ty of s i n t e r i n g the t h o r i a . 

T h u s , it w a s a p p a r e n t t ha t a l though s t e e l m e l t s at a h i g h e r t e m p e r ­
a t u r e t h a n t h a t at wh ich t h o r i a b e g i n s to s i n t e r a p p r e c i a b l y , the m e t a l i s 
su f f ic ien t ly soft above 1400°C t h a t a p p l i c a t i o n of only m o d e r a t e u n i d i r e c ­
t i o n a l p r e s s u r e s r e s u l t s in i t s e x t r u s i o n f r o m the c o m p a c t s . As m i g h t be 
e x p e c t e d f r o m i t s r e l a t i v e l y low m e l t i n g poin t . Type 430 s t a i n l e s s s t e e l 
f i b e r s e x h i b i t e d s i m i l a r b e h a v i o r . It w a s t h e r e f o r e ev iden t tha t m e t a l s 
c o n s i d e r a b l y m o r e r e f r a c t o r y t h a n s t e e l had to be u t i l i z e d to avoid e x t r u ­
s ion of f i b e r s d u r i n g hot p r e s s i n g . 

C o m p a c t s which o r i g i n a l l y c o n t a i n e d s t e e l f i b e r s w e r e s e v e r e l y 
s p a l l e d a f t e r a s i ng l e t h e r m a l shock , a s w e r e s p e c i m e n s of t h o r i a . E v i ­
den t ly , t he t r a n s i t o r y p r e s e n c e of m e t a l had neg l i g ib l e b e n e f i c i a l effect . 

M o l y b d e n u m F i b e r - r e i n f o r c e d T h o r i a 

S p e c i m e n s con ta in ing m o l y b d e n u m f i b e r s had d e n s i t i e s c o n s i s t e n t l y 
e x c e e d i n g 95% of the t h e o r e t i c a l v a l u e . Owing to t h e h igh m e l t i n g point of 
m o l y b d e n u m , e x t r u s i o n of f i b e r s d id no t o c c u r . T h o r i a g r a i n s s u r r o u n d i n g 
f i b e r s had the s a m e a p p e a r a n c e a s t h o r i a of e q u i v a l e n t d e n s i t y in n o n r e i n ­
f o r c e d s p e c i m e n s . No e v i d e n c e of r e a c t i o n b e t w e e n t h o r i a and m o l y b d e n u m 
w a s o b s e r v e d , in a c c o r d a n c e wi th the f indings of o t h e r i n v e s t i g a t o r s l ' ' ° ) 
who r e p o r t e d no r e a c t i o n b e t w e e n the 2 m a t e r i a l s at t e m p e r a t u r e s up to 
1800°C. In add i t i on , c a r b u r i z a t i o n of m o l y b d e n u m f i b e r s w a s n e g l i g i b l e . 
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P h o t o m i c r o g r a p h s of c o m p a c t s c o n t a i n i n g m o l y b d e n u m f i b e r s a r e 
s h o w n i n F i g u r e s 1 a n d 2 . M a n y m i c r o c r a c k s a r e s e e n t o r a d i a t e f r o m f i b e r 
s i t e s i n t h e h i g h l y m a g n i f i e d p h o t o g r a p h . T h e c r a c k s w e r e p r o d u c e d a s a r e ­
s u l t of t h e d i f f e r e n c e i n t h e r m a l e x p a n s i v i t y betw^een m o l y b d e n u m a n d t h o r i a 
(6 .3 X 1 0 " V ° c ( 9 ) a n d 9-7 X 1 0 ~ V ° C ^ ^ ° ) , r e s p e c t i v e l y , o v e r t h e t e m p e r a t u r e 
r a n g e f r o m 0 t o 1 5 0 0 ° C ) . T h i s d i f f e r e n c e p r o d u c e s s e v e r e t e n s i l e s t r e s s e s 
i n t h e t h o r i a m a t r i x u p o n c o o l i n g f o l l o w i n g h o t p r e s s i n g . 

Figure 1 

Compact of Thoria Reinforced with 10 w/o of 
Molybdenum Fibers (0.005 cm in diameter 
and 0.30 cm long) 

34039 IX 

Figure 2 

Same Specimen as Shown inFigurel, but under 
Higher Magnification. Numerous microcracks 
are seen associated with the fibers. 

34040 75X 
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C a l c u l a t i o n s s h o w t h a t t h e s e s t r e s s e s e x c e e d t h e t e n s i l e s t r e n g t h of t h o r i a 
w h e n a s p e c i m e n c o o l s b e l o w 7 0 0 ° C . M o s t s t r e s s e s a r e r e l i e v e d b y t h e 
f o r m a t i o n of n u m e r o u s f i n e c r a c k s , b u t i t i s l i k e l y t h a t r e s i d u a l s t r e s s e s 
a r e s t i l l a b u n d a n t a t r o o m t e m p e r a t u r e . M o s t c r a c k s a r e of l i m i t e d e x ­
t e n t , t e r m i n a t i n g e i t h e r a t i n t e r s e c t i o n s w i t h f i b e r s o r o t h e r c r a c k s . T h u s , 
t h e f i b e r s , w h i c h a r e r e s p o n s i b l e f o r d e v e l o p m e n t of m i c r o c r a c k s , a l s o 
c o n f i n e t h e c r a c k s a n d p r e s e r v e s p e c i m e n i n t e g r i t y . A s d i s c u s s e d l a t e r , 
t h e s e c h a r a c t e r i s t i c s p r o f o u n d l y a f f e c t t h e r m a l s h o c k r e s i s t a n c e . 

In s p i t e of t h e w i d e s p r e a d p r e s e n c e of m i c r o c r a c k s , o r p a r t l y 
b e c a u s e of t h e m , m o l y b d e n u m f i b e r - r e i n f o r c e d t h o r i a e x h i b i t e d m u c h 
b e t t e r r e s i s t a n c e t o t h e r m a l s p a l l i n g t h a n t h o r i a a l o n e . S p e c i m e n s c o n ­
t a i n i n g o n l y 2 o r 3 v o l u m e p e r c e n t of f i b e r s w i t h s t o o d 2 a n d 3 t h e r m a l 
s h o c k s , r e s p e c t i v e l y , w h e r e a s t h o r i a w a s s e v e r e l y f r a c t u r e d a f t e r a s i n g l e 
s h o c k . T h e n u m b e r of s h o c k s n e c e s s a r y to c a u s e f a i l u r e i n c r e a s e d w i t h 
i n c r e a s i n g f i b e r c o n c e n t r a t i o n ; c o m p a c t s c o n t a i n i n g 10 v o l u m e p e r c e n t of 
t h i n f i b e r s w i t h s t o o d o v e r 1 0 s h o c k s . C o m p a r i n g c o m p a c t s w i t h e q u a l p e r c e n ­
t a g e s of f i b e r s of d i f f e r e n t d i a m e t e r , t h o s e c o n t a i n i n g t h i n f i b e r s s h o w e d 
g r e a t e r r e s i s t a n c e to s p a l l i n g t h a n t h o s e w i t h t h i c k e r o n e s . T h i s i n d i c a t e d t h a t 
r e s i s t a n c e i m p r o v e d w i t h i n c r e a s i n g c o n c e n t r a t i o n of f i b e r s p e r u n i t v o l u m e . 

A p h o t o m i c r o g r a p h of a s p e c i m e n s u b j e c t e d t o 6 t h e r m a l s h o c k s i s 
s h o w n i n F i g u r e 3 . C r a c k s a r e m o r e n u m e r o u s a n d of g r e a t e r w i d t h t h a n 
in u n s h o c k e d s p e c i m e n s . H o w e v e r , m o s t c r a c k s a r e of l i m i t e d e x t e n t a n d 
s t i l l t e r m i n a t e e i t h e r a t i n t e r s e c t i o n s w i t h f i b e r s o r w i t h o t h e r c r a c k s , t h u s 
a c c o u n t i n g f o r t h e s t r u c t u r a l i n t e g r i t y of t h e s h o c k e d s p e c i m e n s . T h e r e ­
f o r e , t h e m e t a l f i b e r s i m p r o v e r e s i s t a n c e t o t h e r m a l s p a l l i n g b y : (a) s u p ­
p r e s s i n g a n d l i m i t i n g p r o p a g a t i o n of m i c r o c r a c k s , a n d (b) p r o v i d i n g a 
f r a m e w o r k w h i c h m a i n t a i n s c o h e r e n c e e v e n w h e n t h e c o m p a c t i s s e v e r e l y 
c r a c k e d . 

Figure 3 

Compact of Thoria Reinforced with Molybde­
num Fibers Subjected to Six Thermal Shocks 

34042 75X 



Widening of c r a c k s wi th t h e r m a l shock t r e a t m e n t i s a l s o i nd i ca t ed 
by the d a t a in T a b l e I. Al l t he s p e c i m e n s showed d i a m e t r a l e x p a n s i o n 
r a n g i n g f r o m 0.3 to 0.5% af te r the f i r s t t h e r m a l s h o c k . Mos t s p e c i m e n s 
con t inued to expand af ter the s e c o n d and t h i r d t h e r m a l s h o c k s , but showed 
s igns of s t a b i l i z i n g d i m e n s i o n a l l y a f te r the fou r th s h o c k . Amoun t of 
s p e c i m e n t e x p a n s i o n a p p e a r e d to be i ndependen t of f i b e r d i m e n s i o n s . 

T a b l e I 

DIMENSIONAL CHANGE O F 10 w / o Mo F I B E R - R E I N F O R C E D THORIA 
WITH T H E R M A L SHOCK T R E A T M E N T 

F i b e r 
D i a m e t e r 

(cm) 

0.005 
0.005 
0.013 
0.025 

F i b e r 
L e n g t h 

(cm) 

0.3 
0.5 
1.3 
1.3 

S p e c i m e n D i a m e t e r (cm) 

In i t i a l 

1.910 
1.910 
1.887 
1.885 

1 
T h e r m a l 

Shock 

1.919 
1.918 
1.895 
1.890 

2 
T h e r m a l 
Shocks 

1.923 
1.918 
1.908 

3 
T h e r m a l 
Shocks 

1.927 
1.920 

1.905 

4 
T h e r m a l 
Shocks 

1.928 
1.923 
1.908 
1.905 

T h o r i a , c o n t a i n i n g up to 20 w / o of m o l y b d e n u m p o w d e r , r u p t u r e d 
a f t e r a s i ng l e s h o c k , d e m o n s t r a t i n g tha t i n c o r p o r a t i o n of m e t a l l i c p a r t i c l e s 
in t h e s e p r o p o r t i o n s does not i m p r o v e r e s i s t a n c e to s p a l l i n g . The p a r ­
t i c l e s a r e not e f fec t ive in s topp ing c r a c k s , s i n c e c r a c k s t end to t r a v e l b e ­
t w e e n weak ly bonded m e t a l l i c p a r t i c l e s , fo l lowing p a t h s of l e a s t r e s i s t a n c e . 
E v i d e n t l y , the i n c r e a s e d t h e r m a l conduc t iv i t y of t h e s e s p e c i m e n s , in c o m ­
p a r i s o n with t h o r i a , had n e g l i g i b l e effect on t h e i r s u s c e p t i b i l i t y to t h e r m a l 
s p a l l i n g . 

N iob ium F i b e r - r e i n f o r c e d T h o r i a 

T h o r i a g r a i n s which w e r e d a r k e r t h a n in n o n r e i n f o r c e d c o m p a c t s 
and the p r e s e n c e of d a r k diffusion h a l o s s u r r o u n d i n g f i b e r s i n d i c a t e d tha t 
n i o b i u m and t h o r i a i n t e r a c t e d d u r i n g hot p r e s s i n g . P h o t o m i c r o g r a p h s of 
the c o m p a c t s a l s o r e v e a l e d the w i d e s p r e a d e x i s t e n c e of m i c r o c r a c k s r a ­
d i a t ing f r o m f iber s i t e s ( s e e F i g u r e 4) . T h e s e c r a c k s d e v e l o p e d for the 
s a m e r e a s o n a s t h o s e in c o m p a c t s c o n t a i n i n g m o l y b d e n u m f i b e r s , n a m e l y , 
b e c a u s e the t h e r m a l e x p a n s i v i t y of n i o b i u m (7.9 X 10" / ° C , for t h e t e m ­
p e r a t u r e r a n g e f r o m 18 to 1000°C)''^ •*•) is s m a l l e r than tha t of t h o r i a . 
C r a c k s w e r e not a s n u m e r o u s a s in b o d i e s con ta in ing m o l y b d e n u m f i b e r s , 
p o s s i b l y b e c a u s e the t h e r m a l e x p a n s i v i t y of t h o r i a m o r e c l o s e l y m a t c h e s 
tha t of n i o b i u m t h a n m o l y b d e n u m , r e s u l t i n g in r e d u c e d s t r e s s e s . C o n c e n ­
t r a t i o n of c r a c k s in c o m p a c t s c o n t a i n i n g f i b e r s of t h e s e 2 m e t a l s i s r e f l e c t e d 
in t h e i r e l a s t i c m o d u l i , 1.85 X 10^ k g / s q c m and 1.51 X 10^ k g / s q c m , for 



s p e c i m e n s c o n t a i n i n g 10 w / o of n i o b i u m a n d m o l y b d e n u m f i b e r s , r e s p e c t i v e l y . 
A s s h o w n l a t e r , e l a s t i c m o d u l u s of a c o m p a c t d e c r e a s e s w i t h i n c r e a s e d c o n -
t r a t i o n of m i c r o c r a c k s . 
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Figure 4. Untreated Compact of Thoria Reinforced with 10 w/o 
of Niobium Fibers (0.007 cm in diameter and 0.5 cm long). 

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

T h o r i a - n i o b i u m f i b e r c o m p a c t s e x h i b i t e d f a r b e t t e r r e s i s t a n c e t o 
s p a l l i n g t h a n d i d t h o r i a a l o n e , p r o v i d e d t h e f i b e r s d i d n o t b e c o m e e m b r i t t l e d 
d u r i n g h o t p r e s s i n g . E m b r i t t l e m e n t i s d u e t o h i g h - t e m p e r a t u r e r e a c t i o n 
w i t h c a r b o n o r t h e g a s e o u s a t m o s p h e r e i n t h e g r a p h i t e m o l d . X - r a y a n a l y s i s 
of e m b r i t t l e d f i b e r s r e v e a l e d t h a t t h e m e t a l h a d b e e n a l m o s t c o m p l e t e l y 
t r a n s f o r m e d i n t o h e x a g o n a l n i o b i u m c a r b i d e (Nb2C) . In t h e b r i t t l e s t a t e , 
f i b e r s a r e n o t e f f e c t i v e a s c r a c k s t o p p e r s , a s c r a c k s u s u a l l y p a s s t h r o u g h 
s u c h f i b e r s a n d t h e f i b e r n e t w o r k n o l o n g e r s e r v e s a s a n e f f e c t i v e r e i n ­
f o r c i n g a g e n t . N i o b i u m f i b e r s a r e c o n s i d e r a b l y m o r e s u s c e p t i b l e t o c a r ­
b u r i z a t i o n t h a n f i b e r s of m o l y b d e n u m , w h i c h s t i l l p o s s e s s a d e q u a t e d u c t i l i t y 
a f t e r h o t p r e s s i n g . H o w e v e r , u s e of m o l y b d e n u m l i n e r s a n d s e p a r a t o r s in 
f a b r i c a t i o n s i g n i f i c a n t l y r e d u c e d c a r b u r i z a t i o n , a n d , c o n s e q u e n t l y , e m b r i t t l e ­
m e n t of n i o b i u m f i b e r s . 



Z i r c o n i u m and Z i r c a l o y - 2 F i b e r - r e i n f o r c e d T h o r i a 

C o m p a c t s con ta in ing z i r c o n i u m f i b e r s or Z i r c a l o y - 2 r i b b o n s p o s ­
s e s s e d v e r y p o o r r e s i s t a n c e to t h e r m a l s p a l l i n g . S e v e r a l s p e c i m e n s b r o k e 
in the m o l d upon coo l ing , a p h e n o m e n o n which r a r e l y o c c u r r e d with p u r e 
t h o r i a . The r e m a i n i n g c o m p a c t s fa i led a f t e r a s ing le t h e r m a l s h o c k . E x ­
a m i n a t i o n d i s c l o s e d tha t t he z i r c o n i u m and Z i r c a l o y - 2 f i b e r s had b e c o m e 
h igh ly e m b r i t t l e d . In c o n t r a s t wi th e m b r i t t l e d n i o b i u m f i b e r s . X - r a y 
a n a l y s i s did not r e v e a l a c a r b i d e p h a s e , and p h a s e s o t h e r than c l o s e -
p a c k e d h e x a g o n a l z i r c o n i u m w e r e a l s o a b s e n t . It i s known, h o w e v e r , tha t 
z i r c o n i u m b e c o m e s e m b r i t t l e d t h r o u g h c o n t a m i n a t i o n by r e l a t i v e l y s m a l l 
a m o u n t s of e i t h e r c a r b o n o r oxygen . Use of m e t a l l i n e r s did not p r e v e n t 
e m b r i t t l e m e n t ; p r e s u m a b l y , the l i n e r s only i s o l a t e d the s p e c i m e n s f r o m 
the m o l d and t h e r e w a s s t i l l s o m e a c c e s s for oxygen o r CO. E m b r i t t l e ­
m e n t m i g h t be e l i m i n a t e d by hot p r e s s i n g in e i t h e r i n e r t a t m o s p h e r e or in 
v a c u u m . 

Othe r C e r a m i c and M e t a l C o m b i n a t i o n s 

F i b e r - r e i n f o r c e d c o m p o s i t i o n s , in wh ich up to 50 w / o of the t h o r i a 
w a s s u b s t i t u t e d by UO2, w e r e s u c c e s s f u l l y f a b r i c a t e d into d e n s e b o d i e s . 
The c o m p a c t s p o s s e s s e d p r o p e r t i e s e s s e n t i a l l y s i m i l a r to t h o s e of m e t a l -
r e i n f o r c e d t h o r i a . R e i n f o r c e d c o m p a c t s w e r e a l s o f a b r i c a t e d with such 
c e r a m i c s as a l u m i n a , m a g n e s i a , z i r c o n i a , and u r a n i u m d i o x i d e . T h e s e 
c o m p o s i t i o n s a l s o exh ib i t ed i m p r o v e d r e s i s t a n c e to t h e r m a l s p a l l i n g , 
c o m p a r e d wi th the p u r e o x i d e s . In add i t i on to the r e i n f o r c i n g m e t a l s a l ­
r e a d y m e n t i o n e d , Incone l , t a n t a l u m , and t u n g s t e n f i b e r s w e r e a l s o e v a l ­
ua t ed . Inconel w a s u n s u i t a b l e b e c a u s e of i t s r e l a t i v e l y low m e l t i n g poin t , 
but t a n t a l u m and t u n g s t e n p r o v e d s a t i s f a c t o r y . Al though t h e s e 2 m e t a l s 
have m o d e r a t e l y h igh t h e r m a l - n e u t r o n c r o s s s e c t i o n s , they m i g h t find 
u s e in n u c l e a r a p p l i c a t i o n s w h e r e t h i s i s no t a d i s a d v a n t a g e , i . e . , in fas t 
r e a c t o r s . 

O the r m e t a l w i r e c o n f i g u r a t i o n s b e s i d e s s h o r t f i b e r s w e r e a l s o 
e v a l u a t e d and i n c l u d e d wool and s c r e e n i n g . T h e s e c o n f i g u r a t i o n s m i g h t 
be use fu l in a p p l i c a t i o n s w h e r e a c o n t i n u o u s m e t a l s k e l e t o n would be 
d e s i r a b l e . 

Bonding of R e i n f o r c e d C o m p a c t s 

H o t - p r e s s e d m i x t u r e s of o x i d e s and m e t a l f i b e r s had a l a r g e n u m b e r 
of m e t a l f iber ends e x p o s e d on t h e s u r f a c e s of the c o m p a c t s . T h e s e e x p o s e d 
f i b e r s w e r e f i r m l y e m b e d d e d in t h e o x i d e . Sufficient m e t a l , h o w e v e r , w a s 
e x p o s e d to bond the c o m p a c t s to a m e t a l p l a t e . 

One c o m p o s i t o n , con t a in ing 90 w / o T h O 2 - 1 0 w / o UO2 r e i n f o r c e d with 
10 w / o m o l y b d e n u m f i b e r s (0.015 c m in d i a m e t e r and 1.90 cm in l eng th ) . 
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w a s b r a z e d t o a Z i r c a l o y - 2 p l a t e . T h e b r a z i n g a l l o y u s e d w a s c o m p o s e d of 
84 w / o Z r , 8 w / o N i , a n d 8 w / o C r . T h i s a l l o y i s c l o s e to t h e t e r n a r y 
e u t e c t i c a n d h a s a m e l t i n g p o i n t of 9 5 0 ° C . 

M e t a l l o g r a p h i c s e c t i o n s w e r e m a d e t h r o u g h t h e b r a z e d a r e a , a n d 
a t y p i c a l s t r u c t u r e i s s h o w n i n F i g u r e 5 . T h e b r a z i n g a l l o y a p p e a r s t o h a v e 
w e t t h e Z i r c a l o y - 2 p l a t e a n d t o h a v e r e a c t e d t o s o m e e x t e n t w i t h t h e m i x e d 
o x i d e . In a d d i t i o n , t h e b r a z i n g a l l o y r e a c t e d w i t h a n d d i s s o l v e d s o m e of t h e 
m o l y b d e n u m . D u r i n g b r a z i n g , t h e c e r a m i c s p e c i m e n s w e r e c h i p p e d , a n d 
t h e b r a z i n g a l l o y w a s f o u n d t o f i l l t h e c a v i t y f o r m e d b y t h e c h i p . T h i s 
d e m o n s t r a t e d t h e g o o d w e t t i n g a n d f l o w c h a r a c t e r i s t i c s of t h e b r a z i n g a l l o y . 
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Figure 5. Fiber-reinforced Thoria-Urania Bonded to Zircaloy-2 

T h e b r a z i n g a l l o y s h o w e d c o n s i d e r a b l e a l t e r a t i o n i n s t r u c t u r e n e a r 
t h e c e r a m i c - b r a z e i n t e r f a c e . A m o l y b d e n u m f i b e r w h i c h h a s a l m o s t b e e n 
d i s s o l v e d i s s h o w n i n t h e c e n t e r of F i g u r e 5 . T h e b r a z i n g a l l o y a t t h e 
j u n c t i o n w a s q u i t e s t r o n g ; h o w e v e r , i t w^as r a t h e r b r i t t l e a n d t h e s e j o i n t s 
w o u l d s t a n d v e r y l i t t l e d e f o r m a t i o n . 



H a r d n e s s m e a s u r e m e n t s w e r e m a d e o n t h e m e t a l f i b e r s , b e f o r e a n d 
a f t e r h o t p r e s s i n g , a n d a t v a r i o u s l o c a t i o n s a c r o s s t h e b r a z e i n t e r f a c e . T h e 
V i c k e r ' s h a r d n e s s n u m b e r s a n d t h e l o c a t i o n of t h e h a r d n e s s r e a d i n g s a r e 
s h o w n m F i g u r e 6. T h e o r i g i n a l h a r d n e s s of t h e m o l y b d e n u m w i r e w a s 
m e a s u r e d a s 2 2 5 o n t h e V i c k e r ' s s c a l e . A f t e r h o t p r e s s i n g a n d a s l o w c o o l 
t o r o o m t e m p e r a t u r e , t h e h a r d n e s s w a s f o u n d t o b e 1 5 2 . T h i s m i g h t i n d i c a t e 
t h a t t h e m o l y b d e n u m f i b e r s w e r e a n n e a l e d d u r i n g f a b r i c a t i o n . T h e h a r d n e s s 
of t h e m o l y b d e n u m f i b e r a f t e r b r a z i n g ( s e e F i g u r e 6) w a s f o u n d t o b e 2 1 2 , 
i n d i c a t i n g s o m e h a r d e n i n g e f f e c t d u e t o t h e r a p i d c o o l f o l l o w i n g t h e i n d u c ­
t i o n h e a t i n g . 

» # /^ 
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Vicker's Hardness Numbers: 

Location 

Zircaloy-2 (Bulk) 
Zircaloy-2 (Near Braze) 
Braze (Near Zircaloy-2) 
Braze (Near Molybdenum) 
Molybdenum (Fiber after Brazing) 
Molybdenum (Fiber after Hot Pressing, 

but before Brazing) 
Molybdenum (Fiber as Received) 

V.D.P. 

212 

234 

435 

516 

212 

152 

225 

Figure 6, Locations of Hardness Measurements Made on Brazed Interface. 



P r o p e r t y Determinat ions 

Room- tempera tu re Measurements 

Results of the r o o m - t e m p e r a t u r e determinat ions of s trength 
and Young's modulus of f iber - re inforced thor ia a re presented in Table II 
along with published values for thoria and molybdenum. The exper imental 
values r ep re sen t an average of at least 3 determinat ions . 

Table I I 

ROOM-TEMPERATURE MECHANICAL PROPERTIES 

Special Composition 
Iw/o Mo Fibers) 

Th02' 

Th02 " 

Mo 

Th 02"10 Mo Powder 

Th02-2.5 

Th02-5 

ThO2-l0 

Th02-20 

Th02-5 

ThOj-lO 

ThO2-20 

Th02-5 

ThO2-10 

ThOj-ZO 

ThO2-10 

Fiber 
Diameter 

(cm) 

-
-
-
-

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 

0.005 

0.013 

0.013 

0.013 

0.013 

1 ' 

Average 
Fiber Length 

(cm) 

-
-
-
-

0.5 

0.5 

0.5 

0.5 

1.3 

1.3 

1.3 

0.5 

0.5 

0.5 

1.3 

Compressive 
Strength 

(kg/sq cm) 

3,500-13,500 

15,500 

6,000- 9,100 

N.D.+ 

N.D. 

3,620 ' 

3,500 

4,370 

N.D. 

N.D. 

N.D. 

1,670 

2,760 

2,590 

, N.D. 

Modulus of 
Rupture 

(kg/sq cm) 

1,080 

1,060 

-
1,320 

320 

230 

360 

770 

N.D. 

460 

N.D 

N.D. 

270 

N.D. 

210 

Impact 
Strength 

(cm-kg/sq cm) 

6.47 

-
-

6.38 

N.D 

N.D. 

6.06 

N D 

N.D. 

6.28 

N.D. 

N.D. 

N.D. 

N.D. 

8.20 

Young's Modulus 
(xlO"° kg/sq cm) 

2.60 

2.43 

3.00 

2.63 

1.88 

1.46 

1.47 

1.37 

1.15 

0.89 

1.32 

N.D. 

1.34 

N.D. 

0.73 

•Hot-pressed thoria. Some of the specimens used for comprtsslve strength determinations had minute flaws, accounting for some of the 
low values obtained 

••Cold pressed and sintered (Lang and Knudsen)'l ' ' l 

^N.D. • Not Determined. 

NOTE: Values for molybdenum were taken from Materials in Design Engineering; Reference Issue of Materials Selector, p. 140(19591. 

The data c lear ly reveal that incorporation in thoria of molyb­
denum fibers resu l t s in significant reduction in compress ive strength. 
Specimens containing 5 w/o of f ibers (0.005 cm in diameter) exhibit about 
one-fourth the s trength of thor ia . Increasing the fiber concentration to 
20 w/o re su l t s in s t ronger compacts , although st i l l considerably weaker 
than thor ia . Weakening by incorporat ion of fibers s tems from the presence 
of numerous c racks and res idual s t r e s s e s in the thoria mat r ix . At higher 
fiber concentrat ions , this weakening is par t ly offset by the reinforcing 



influence of the fiber network. Compacts containing thicker f ibers (0.013 cm 
in diameter) have lower compress ive s t rengths than those with equal weight 
percentages of thin f ibers (0.005 cm in d i a m e t e r ) . P resumably , the re in ­
forcing capability of a network consisting of thick f ibers is lower than that 
of a network composed of thinner f ibers , because of the much smal le r num­
ber of f ibers in the fo rmer case . 

Values of the modulus of rupture a r e affected by fiber concentra­
tion and dimensions in much the same manner as a re compress ive s t rengths . 
F lexura l s t rength, which is d ras t ica l ly reduced by the inclusion of relat ively 
smal l concentrat ions of f ibers , r eaches a min imal value between 2-— and 
10 w/o , and markedly inc reases with higher fiber concentrat ions . Compact 
s trength is a resul t of the complex interplay between the frequency of c racks 
and res idual s t r e s s e s , on the one hand, and the degree of fiber re inforce­
ment on the other . Fiber concentrat ion and dimensions have an important 
influence on both fac tors . Increased moduli of rupture exhibited by compacts 
containing molybdenum powder as compared with that of thor ia indicate that 
the specimens a r e uncracked and that some sinter ing of metal l ic pa r t i c les 
occur red . 

Incorporat ion in thor ia of th in-d iameter (0.005-cm) molybdenum 
fibers had little effect on impact s t rength. Evidently, strengthening by thin 
metal l ic f ibers was not sufficient to overcome the weakening effect of 
c racks and res idual s t r e s s e s on the thor ia ma t r i x . However, incorporat ion 
of thicker (0.013-cm) f ibers ma te r i a l ly enhanced re s i s t ance to impact . In 
line with other p rope r t i e s , the impact s t rengths of compacts containing molyb­
denum powder were s imi la r to that of pure thor ia . 

The slight var iance between the Young's modulus value for hot-
p r e s s e d thor ia and that repor ted by Lang and Knudsen(^2) is at tr ibuted to 
differences in fabrication method and to minor composit ional var ia t ions . 
Incorporation of f ibers resul ted in compacts with lower elast ic moduli than 
thor ia . Elas t ic modulus, para l le l ing flexural s trength, increased with 
addition of molybdenum power, reflecting some metal l ic s inter ing. Appar­
ently, the equant shapes and smal l s ize of the meta l pa r t i c les prevented 
development of s t r e s s e s upon cooling. 

S t r e s s - s t r a i n de te rmina t ions , per formed with f iber - re inforced 
thor ia by means of center-point loading, provided insight into the s t ruc tu ra l 
behavior of the m a t e r i a l under s t r e s s . In a graphical represen ta t ion of 
s t r e s s ve r sus s t ra in , the curve is l inear in the elast ic range and curvi l inear 
in the plast ic range . Like most c e r amic subs tances , thor ia exhibits negli­
gible plast ici ty at room t e m p e r a t u r e . 

A represen ta t ive s t r e s s - s t r a i n d iagram for f iber - re inforced 
thor ia (see Figure 7) shows that the elast ic range soon gives way to a "quasi-
p las t i c" range resul t ing from the cracked condition of the compact . The 



p r e s e n c e of n u m e r o u s m i c r o c r a c k s p e r m i t s s m a l l - s c a l e s t r u c t u r a l a d ­
j u s t m e n t s to o c c u r u n d e r the in f luence of i n c r e a s e d s t r e s s . T h e s e a d ­
j u s t m e n t s b e c o m e s ign i f i can t at m o d e r a t e s t r e s s l eve l s and a r e r e f l e c t e d 
in the d e p a r t u r e f r o m l i n e a r i t y of the s t r e s s - s t r a i n d i a g r a m ( F i g u r e 7), 
at which point the f iber n e t w o r k a s s u m e s i n c r e a s i n g l y g r e a t e r p r o p o r t i o n s 
of the s t r e s s . J u s t p r i o r to f a i l u r e the f i b e r s c a r r y v i r t u a l l y a l l of the 
load , and s p e c i m e n f a i l u r e o c c u r s when the f i b e r s r u p t u r e a n d / o r a r e 
pu l l ed out of the t h o r i a m a t r i x . 
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Figure 7 

Stress-Strain Diagram of Thoria Reinforced with 
10 w/o Mo Fibers (0.005 cm in diameter, 0.5 cm long). 
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E l e v a t e d - t e m p e r a t u r e M e a s u r e m e n t s 

Y o u n g ' s M o d u l u s - T h e t e m p e r a t u r e d e p e n d e n c e of Y o u n g ' s 
m o d u l u s of t h o r i a a n d t h o r i a c o n t a i n i n g m o l y b d e n u m p o w d e r i s s h o w n i n 
F i g u r e 8. T h e b e h a v i o r of t h o r i a i s f a i r l y t y p i c a l of m o s t c e r a m i c s , w h i c h 
e x h i b i t a l i n e a r d e c r e a s e i n Y o u n g ' s m o d u l u s w i t h r i s i n g t e m p e r a t u r e t o 
a b o u t 1 0 0 0 ° C , f o l l o w e d b y m o r e r a p i d d e c r e a s e a t h i g h e r t e m p e r a t u r e s . 
T h e c u r v e fo r h o t - p r e s s e d t h o r i a i s d i s p l a c e d t o w a r d s l i g h t l y h i g h e r v a l u e s 
t h a n t h a t r e p o r t e d b y W a c h t m a n a n d L a m , ( ^ ^ ) b u t o t h e r w i s e h a s v i r t u a l l y 
t h e s a n n e s l o p e . T h i s v a r i a n c e i s a l s o a t t r i b u t e d t o s l i g h t l y d i f f e r i n g p h y s ­
i c a l c h a r a c t e r i s t i c s r e s u l t i n g f r o m d i f f e r e n t f a b r i c a t i o n m e t h o d s a n d m i n o r 
c o m p o s i t i o n a l v a r i a t i o n . D e v i a t i o n f r o m l i n e a r i t y a t h i g h t e m p e r a t u r e of 
t h e c u r v e f o r t h o r i a c o n t a i n i n g m o l y b d e n u m p o w d e r w a s c a u s e d by o x i d a t i o n 
of t h e m e t a l , a s i n d i c a t e d b y l o w e r e d r o o m - t e m p e r a t u r e v a l u e s a f t e r t e s t i n g . 

Figure 8 

Young's Modulus of Thoria and Thoria with Molyb­
denum Powder as a Function of Temperature. 

A o ThOz WITH 10 w/o Mo POWDER 
B • Th02 
C ThOz (Wachtman and L a m " " ) 

4 0 0 600 
TEMPERATURE, °C 
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As s e e n in F i g u r e 9, a l l f i b e r - r e i n f o r c e d s p e c i m e n s exh ib i t ed 
r i s i n g e l a s t i c m o d u l i up to about 650°C, fol lowed by d e c r e a s e s at h i g h e r 
t e m p e r a t u r e s . T h i s u n u s u a l b e h a v i o r c o n t r a s t s s h a r p l y with tha t of n o n ­
r e i n f o r c e d s p e c i m e n s and a p p e a r s to be r e l a t e d to the p r e s e n c e of r e s i d u a l 
s t r e s s e s in t h e t h o r i a m a t r i x . On r e h e a t i n g to 650°C, d i f f e r en t i a l t h e r m a l 
expans ion of the 2 m a t e r i a l s r e l i e v e s m a n y of the r e s i d u a l s t r e s s e s , l e ad ing 
to an i n c r e a s e in Young ' s m o d u l u s . The i n c r e a s e m o r e t han offse ts the 
n o r m a l l i n e a r r e d u c t i o n c h a r a c t e r i s t i c of t h o r i a ( see F i g u r e 8). Rel ief of 
s t r e s s e s a p p e a r s to be v i r t u a l l y c o m p l e t e by 650°C, and above tha t t e m p e r ­
a t u r e Young ' s m o d u l u s d e c r e a s e s at about the s a m e r a t e e x p e r i e n c e d by 
t h o r i a . C o m p a c t s which h a v e the l o w e s t e l a s t i c m o d u l i at r o o m t e m p e r a t u r e 
exhib i t the g r e a t e s t p e r c e n t a g e i n c r e a s e wi th r i s i n g t e m p e r a t u r e . H o w e v e r , 
the p e a k v a l u e s for a l l s p e c i m e n s o c c u r in a f a i r l y n a r r o w t e m p e r a t u r e 
r a n g e . B e c a u s e h e a l i n g of c r a c k s i s p r o b a b l y in s ign i f i can t at 650°C, the 
p e a k v a l u e s of e l a s t i c m o d u l u s a r e s o m e w h a t l ower t h a n the va lue for 
t h o r i a con ta in ing m o l y b d e n u m powder at the c o r r e s p o n d i n g t e m p e r a t u r e . 

T h e r m a l Shock R e s i s -
t a n c e - Ex ten t of t h e r m a l shock de-

A D Th02 VWTH 20 w/o Mo FIBERS(0005cm dio ,05cm long) 
B o Th02 V̂ ITH 2 5 w/o Mo FIBERS(0005cm dra ,05cm long) 
C • ThOj WITH 10 w/o Mo FIBERS(OOI3cm dia ,05cm long) 
D • ThOz V̂ ITH 10 w/o Mo FIBERS (0005cm dio, 13cm long) 

-2!2^Wm^_JOw/o 
MoPOkVDEK 

t e r i o r a t i o n of f i b e r - r e i n f o r c e d 
t h o r i a w a s e v a l u a t e d f rom d e t e r m i n ­
a t i ons of Young ' s m o d u l u s . D a t a 
d e r i v e d f r o m t h e s e m e a s u r e m e n t s 
a r e g r a p h i c a l l y p r e s e n t e d in 
F i g u r e 10; d a t a for t h o r i a a r e not 
g iven b e c a u s e the s p e c i m e n s fa i l ed 
a f t e r one t h e r m a l c y c l e . F i b e r -
r e i n f o r c e d c o m p a c t s , which i n i t i a l l y 
p o s s e s s n u m e r o u s m i c r o c r a c k s and 
have l ower e l a s t i c modu l i than t h o r i a , 
shown c o n s i d e r a b l e r e d u c t i o n in the 
va lue a f te r one t h e r m a l shock , i n d i ­
ca t ing tha t add i t iona l c r a c k s have 
f o r m e d . N e v e r t h e l e s s , a f te r s e v e r a l 
s h o c k s the m o d u l u s of e l a s t i c i t y , u n ­
l ike tha t of n o n r e i n f o r c e d t h o r i a , 
s t a b i l i z e s at a va lue g r e a t e r t han 
z e r o . G r a d u a l d e c r e a s e with a d ­

d i t iona l s h o c k s i s due m o r e to d e s t r u c t i o n of m o l y b d e n u m f i b e r s by o x i d a ­
t ion than to f o r m a t i o n of add i t i ona l c r a c k s . It i s n o t e w o r t h y tha t c o m p a c t s 
with the g r e a t e s t c o n c e n t r a t i o n of f i b e r s show the s m a l l e s t p e r c e n t a g e r e ­
duc t ion in e l a s t i c m o d u l u s wi th t h e r m a l c y c l i n g . S a m p l e s con ta in ing 2 0 w / o 
of m o l y b d e n u m f i b e r s s t i l l p o s s e s s s ign i f i can t s t r u c t u r a l i n t e g r i t y af ter 
6 s h o c k s . Undoubtedly , the r e i n f o r c e m e n t p r o v i d e d by th i s l a r g e p r o p o r t i o n 
of f i b e r s i s the p r i m a r y f a c t o r r e s p o n s i b l e for the r e l a t i v e l y high d e g r e e of 
i n t e g r i t y . 

400 600 
TEMPERATURE, °C 

Figure 9 

Young's Modulus of Reinforced Thoria as a Function 
of Temperature. 



NUMBER OF THERMAL SHOCKS 

Modulus of R u p t u r e - P a r a l l e l i n g Young ' s m o d u l u s , the m o d u l i 
of r u p t u r e of m o s t f i b e r - r e i n f o r c e d c o m p a c t s t e s t e d a r e h i g h e r at 650°C 
t h a n at r o o m t e m p e r a t u r e ( see T a b l e III), a fact tha t m a i n l y r e s u l t s f r om 
r e l i e f of s t r e s s e s . F a i l u r e of c o m p a c t s con ta in ing 20 w / o of m o l y b d e n u m 
f i b e r s to follow th i s t r e n d is not u n d e r s t o o d , p a r t i c u l a r l y in v iew of the 
Young ' s m o d u l u s b e h a v i o r of t h i s c o m p o s i t i o n (see F i g u r e 7). C o m p a c t s 
con ta in ing the l onge r and t h i c k e r f i b e r s show the g r e a t e s t p e r c e n t a g e in ­
c r e a s e in f l e x u r a l s t r e n g t h at 650°C, c o m p a r e d with r o o n n - t e m p e r a t u r e 
v a l u e s . 

T a b l e III 

MODULUS O F R U P T U R E 

S p e c i m e n C o m p o s i t i o n 
(w /o Mo F i b e r s ) 

ThOz (Lang & Knudsen( lO)) 

T h 0 2 - 2 . 5 

T h 0 2 - 5 

ThO2-20 

ThOz-lO 

F i b e r 
D i a m e t e r 

(cm) 

0.005 

0.005 

0.005 

0.013 

F i b e r 
Length 

(cm) 

0.5 

0.5 

0.5 

1.3 

Modulus of Rup tu r e 
( k g / s q cm) 

25°C 

1060 

320 

Z30 

770 

ZIO 

650°C 

1070 

400 

390 1 

740 

480 

T h e r m a l Conduc t iv i ty - T h e r m a l conduc t iv i ty da ta for t h o r i a 
and t h o r i a r e i n f o r c e d with 10 w / o of m o l y b d e n u m f i b e r s a r e i l l u s t r a t e d in 
F i g u r e 11 . The da ta show tha t the l o w - t e m p e r a t u r e t h e r m a l conduc t iv i ty 
of f i b e r - r e i n f o r c e d t h o r i a is only s l igh t ly h i g h e r than tha t of t h o r i a , but 
tha t the d i f f e r ence b e c o m e s m o r e p r o n o u n c e d at e l eva t ed t e m p e r a t u r e . At 
1600°C, the t h e r m a l conduc t iv i ty of f iber r e i n f o r c e d t h o r i a is about 3 t i m e s 
h i g h e r t han tha t of t h o r i a , when, the d a t a of K i n g e r y e t al . (14) is e x t r a p o l a t e d 
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to tha t t e m p e r a t u r e . I n c r e a s i n g d i v e r g e n c e in the 2 c u r v e s at h i g h e r t e m ­
p e r a t u r e s is p r e s u m e d to be a r e s u l t of c l o s u r e and p o s s i b l e h e a l i n g of 
m i c r o c r a c k s , and i m p r o v e d t h e r m a l c o n t a c t b e t w e e n m a t r i x and f i b e r s . It 
is t hus s e e n tha t the h i g h - t e m p e r a t u r e t h e r m a l conduc t iv i ty of t h o r i a i s 
s u b s t a n t i a l l y i m p r o v e d by the i n c o r p o r a t i o n of r e l a t i v e l y s m a l l a m o u n t s of 
t h e r m a l l y conduc t i ve f i b e r s . 

A T h O z WITH 10 w/o Mo FIBERS(0005-cm d io .OScm long) 
B ThOa (Kingery et. al!""C0RRECTED FOR DENSITY OF 960gm/cc) 

Figure 11 

Thermal Conductivity of Reinforced Thoria as a 
Function of Temperature 

0 2 0 0 4 0 0 6 0 0 8 0 0 1000 1200 1400 IGOO 18 
MEAN TEMPERATURE, °C 

T h e r m a l E x p a n s i o n - D a t a l i s t e d in Tab le IV d i s c l o s e tha t the 
t h e r m a l e x p a n s i o n coeff ic ient of t h o r i a con ta in ing m o l y b d e n u m powder is 
s l igh t ly lower than tha t of t h o r i a . T h i s i s a t t r i b u t e d to the i n c o r p o r a t i o n 
of a l o w e r - e x p a n s i o n m a t e r i a l . C o m p a c t s con ta in ing m o l y b d e n u m f i b e r s 
exh ib i t ed s t i l l l ower coef f ic ien t s of t h e r m a l e x p a n s i o n b e c a u s e of t h e d i s ­
s ipa t i on of s o m e t h e r m a l e x p a n s i o n by c l o s u r e of m i c r o c r a c k s . 

T a b l e IV 

T H E R M A L EXPANSION 

C o m p o s i t i o n 

ThOz (Hot P r e s s e d ) 

Th02 (Lang & Knudsen( 10)) 

ThO2-10 w / o Mo P o w d e r 

ThO2-10 w / o Mo F i b e r s 

ThOz-lO w / o Mo F i b e r s 

ThOz-lO w / o Mo F i b e r s 

ThO2-10 w / o Mo F i b e r s 

Molybdenum 

F i b e r 
D i a m e t e r 

(cm) 

-

-

-

0.005 

0.005 

0.013 

0.013 

-

F i b e r 
Length 

(cm) 

-

-

-

0 .5 

1.3 

0 .5 

1.3 

-

Coeff ic ient of L i n e a r 
E x p a n s i o n X 10^ 

(20-1200°C) 

9.76 

9.62 

9.15 

8.03 

7.85 

8.22 

8.01 

6 . 3 1 * 

' F o r t e m p e r a t u r e r a n g e f rom 20 to 1500°C. 



A O SAMPLE DENSITY, 8.2 g / c c 

B A SAMPLE DENSITY, 8 . 5 - 8 . 6 g / c c 

C D SAMPLE DENSITY, 9.8 g /CC 

C o r r o s i o n and Oxida t ion R e s i s t a n c e - C o m p a c t s con ta in ing 
10 w / o of m o l y b d e n u m of n iob ium f i b e r s showed no d i m e n s i o n a l or weight 
change a f t e r au toc l av ing at 200°C for 17 h r . 

R e s u l t s of s t a t i c ox ida t ion 
e x p e r i m e n t s with m o l y b d e n u m f i b e r -
r e i n f o r c e d t h o r i a a r e shown in F i g ­
u r e 12. As migh t be a n t i c i p a t e d , 
d e n s i t y h a s an i m p o r t a n t b e a r i n g on 
ox ida t ion r e s i s t a n c e ; c o m p a c t s wi th 
d e n s i t i e s a p p r o a c h i n g the t h e o r e t i c a l 
va lue show c o n s i d e r a b l y g r e a t e r 
r e s i s t a n c e t h a n t h o s e of l e s s e r d e n ­
s i t y . N e v e r t h e l e s s , even the m o s t 
d e n s e c o m p a c t s a r e s e v e r e l y a t t a c k e d 
af ter 24 h r of e x p o s u r e to a i r a t 
1000°C. Th is is p r i m a r i l y due to the 
fact tha t diffusion of oxygen p r o c e e d s 
along m i c r o c r a c k s and the e s s e n t i a l l y 
con t inuous p a t h s of the f iber n e t w o r k . 

^ 0 3 0 0 

Figure 12. Oxidation Resistance of Reinforced Thoria 

s o t h a t a l l of t h e m e t a l i s u l t i m a t e l y d e s t r o y e d . T h e v o l a t i l i t y of m o l y b ­
d e n u m o x i d e ( s ) a n d t h e h i g h d i f f u s i o n r a t e of m o l y b d e n u m a l o n g g r a i n b o u n d ­
a r i e s a r e a d d i t i o n a l f a c t o r s a c c e l e r a t i n g o x i d a t i o n . C o m p a c t s b e c o m e 
d e f o r m e d a n d f r i a b l e u p o n c o m p l e t e o x i d a t i o n of t h e f i b e r s . 

C o m p a c t s c o n t a i n i n g n i o b i u m f i b e r s d e t e r i o r a t e d m u c h f a s t e r 
t h a n t h o s e i n c o r p o r a t i n g m o l y b d e n u m f i b e r s . N i o b i u m o x i d e s a r e s o l i d a t 
1 0 0 0 ° C , a n d , s i n c e t h e y a r e l e s s d e n s e t h a n t h e m e t a l , c a u s e s e v e r e s p a l l i n g 
of t h e m a t r i x d u r i n g f o r m a t i o n . A f t e r a n h o u r i n a i r a t 1 0 0 0 ° C , t h e s e 
c o m p a c t s a r e r e d u c e d t o a p o w d e r y m a s s . 

O x i d a t i o n r e s i s t a n c e of m o l y b d e n u m f i b e r - r e i n f o r c e d t h o r i a w a s 
i m p r o v e d b y a p p l i c a t i o n of f l a m e - s p r a y e d c o a t i n g s of a l u m i n a a n d s t a b i l i z e d 
z i r c o n i a a n d b y v a p o r d e p o s i t i o n of m o l y b d e n u m d i s i l i c i d e on t h e s u r f a c e of 
t h e f i b e r s . H o w e v e r , t h e m o s t p r o t e c t i v e c o a t i n g (MoSi2) r e d u c e d , b u t d i d 
n o t s t o p , o x i d a t i o n a t 1 0 0 0 ° C . 

I r r a d i a t i o n B e h a v i o r - I r r a d i a t i o n s p e c i m e n s w e r e a s s e m b l e d 
b y i n s e r t i n g 2 c e r a m i c p e l l e t s of t h e s a m e c o m p o s i t i o n in j a c k e t s f o r m e d 
of 0 . 0 5 - c m - t h i c k Z i r c a l o y - 2 . T h e a n n u l u s b e t w e e n t h e f u e l p e l l e t s a n d t h e 
j a c k e t w a l l w a s f i l l e d w i t h e i t h e r l e a d o r h e l i u m . T h e a n n u l u s f o r t h e l e a d -
f i l l e d s p e c i m e n s w a s 0 .16 c m , a n d i n t h e s e s p e c i m e n s t h e c e r a i n i c p e l l e t s 
w e r e c e n t e r e d b y m e a n s of t h r e e 0 . l 6 - c m s q u a r e , Z i r c a l o y - 2 l o n g i t u d i n a l 
s p a c e r s . T h e a n n u l u s f o r t h e h e l i u m - f i l l e d s p e c i m e n s w a s 0 . 0 0 2 5 c m , a n d 
i n t h e s e s p e c i m e n s n o s p a c e r s w e r e u s e d . E n d c a p s w e r e h e l i a r c - w e l d e d 
t o a l l s p e c i m e n s t o c o m p l e t e t h e a s s e m b l y . 



All s p e c i m e n s , c lad and u n c l a d , w e r e i r r a d i a t e d s ingly m a l u m i ­
num c a p s u l e s con ta in ing NaK, wi th the s p a c e above the NaK e v a c u a t e d to 
0.2 / iHg. The s p e c i m e n s w e r e l o o s e l y he ld in the c a p s u l e s in an annu lus of 
s t a i n l e s s s t e e l wool which p r e v e n t e d d a m a g e f r o m m e c h a n i c a l s h o c k and a l s o 
c e n t e r e d the s p e c i m e n in the c a p s u l e . E a c h c a p s u l e con ta ined an a l u m i n u m -
coba l t flux m o n i t o r which w a s u s e d to d e t e r m i n e the b u r n u p and hea t output 
of the s p e c i m e n . 

The s p e c i m e n s w e r e i r r a d i a t e d in the E T R , with a m a x i m u m 
b u r n u p of about 30,000 M W D / T and a m a x i m u m c e n t r a l t e m p e r a t u r e of 
3200°C. R e s u l t s of t h e s e i r r a d i a t i o n t e s t s w e r e r e p o r t e d in d e t a i l by 
N e i m a r k and Ki t t e l l ^^ ) and N e i m a r k et a l . , ( l 6 ) and t h e y a r e only s u m m a r i z e d 
in t h i s r e p o r t . 

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 of the l e a d - b o n d e d s p e c i m e n s r e ­
vea l ed tha t t he c l add ing of one s p e c i m e n had r u p t u r e d . T h i s s p e c i m e n had 
b e e n i r r a d i a t e d to a b u r n u p of 31,100 M W D / T . H o w e v e r , the c l add ing of the 
r e m a i n i n g l e a d - b o n d e d s p e c i m e n s a p p e a r e d to be unaf fec ted by b u r n u p s as 
high a s 29,700 M W D / T . In c o n t r a s t , the c ladd ing of m o s t of the h e l i u m - b o n d e d 
s p e c i m e n s showed s igns of m e l t i n g . 

The unc l ad , n o n r e i n f o r c e d p e l l e t s , when r e m o v e d f r o m the c a p ­
s u l e s , w e r e found to be b r o k e n into m a n y s m a l l p i e c e s , w h e r e a s the c l ad 
r e i n f o r c e d p e l l e t s w e r e b r o k e n into no m o r e than 3 p i e c e s and in c o m e c a s e s 
r e m a i n e d who le . The f r a c t u r e in the r e i n f o r c e d p e l l e t s w a s u s u a l l y at the 
m i d p l a n e of the p e l l e t and could be due to a w e a k n e s s c a u s e d by the p r e s s i n g 
m e t h o d . M i c r o s t r u c t u r e of r a n d o m p i e c e s of unc l ad , n o n r e i n f o r c e d p e l l e t s 
i nd i ca t ed tha t the p i e c e s had b e e n i r r a d i a t e d at low t e m p e r a t u r e s . T h i s w a s 
c a u s e d by the f r a g m e n t a t i o n of the p e l l e t s , which e x p o s e d a l a r g e s u r f a c e 
to the NaK coo lan t . 

Clad , n o n r e i n f o r c e d p e l l e t s in which the annu lus b e t w e e n the 
j a c k e t and p e l l e t s w a s f i l led wi th l ead exh ib i t ed a c h a r a c t e r i s t i c c e n t r a l 
void with l a r g e g r a i n s n e a r the c e n t e r of the p e l l e t s . In s o m e c a s e s , in 
which t h e c r a c k s in the p e l l e t s w e r e l a r g e , l ead w a s o b s e r v e d to h a v e p e n ­
e t r a t e d into t h e s e f i s s u r e s . J a c k e t e d p e l l e t s which w e r e r e i n f o r c e d with 
m o l y b d e n u m f i b e r s a l s o showed t h e r m a l ef fects wh ich r e s u l t e d in the f o r -
nnation of a c e n t r a l vo id . The s p e c i m e n s wi th the h e l i u m - f i l l e d annu lus had 
s o m e m e t a l s p h e r e s of m o l y b d e n u m in the c e n t r a l void , and it w a s ev iden t t h a t 
t h e s e s p e c i m e n s had s t e e p e r t h e r m a l g r a d i e n t s t han the s p e c i m e n s with the 
l e a d - f i l l e d a n n u l u s . S p e c i m e n s with the l e a d - f i l l e d annu lus a l s o exh ib i t ed 
e v i d e n c e of m e l t i n g of the m o l y b d e n u m f i b e r s , for molybdenunn w a s o b s e r v e d 
in m a n y g r a i n b o u n d a r i e s . In t h e s e s p e c i m e n s the c e n t r a l void was r a t h e r 
i r r e g u l a r , and the m e t a l f i b e r s a p p e a r e d to be unaf fec ted in the ou t e r t h i r d 
of the p e l l e t . 



N o n r e i n f o r c e d ThOz-UOz p e l l e t s exh ib i ted p r o m i n e n t void f o r ­
m a t i o n and r e c r y s t a l l i z a t i o n a f t e r 15,000 M W D / T b u r n u p at 37.7 c a l / s e c -
sq c m . C o m p a r a b l e t h e r m a l ef fects did not o c c u r in f i b e r - r e i n f o r c e d 
s p e c i m e n s un t i l h e a t f luxes of the o r d e r of 68 c a l / s e c - s q c m w e r e a t t a i n e d . 
T h i s b e h a v i o r i s c l e a r l y r e l a t e d to the i m p r o v e d hea t t r a n s f e r c h a r a c t e r ­
i s t i c s of r e i n f o r c e d b o d i e s . C o l u m n a r r e c r y s t a l l i z a t i o n w a s a l s o l e s s 
p r o n o u n c e d in r e i n f o r c e d p e l l e t s t h a n in the p u r e c e r a m i c s p e c i m e n s . T h i s 
i s a c c o u n t e d for by l o w e r t e m p e r a t u r e s and t h e r m a l g r a d i e n t s in r e i n f o r c e d 
s p e c i m e n s a s we l l a s by the i n t e r f e r i n g effect of the f i b e r s t h e m s e l v e s . 

I m p r o v e m e n t in t h e r m a l conduc t iv i t y t h r o u g h f iber r e i n f o r c e ­
m e n t w a s a l s o e v i d e n c e d by i n c r e a s e d t h e r m a l shock r e s i s t a n c e . N o n r e i n ­
f o r c e d p e l l e t s w e r e s e v e r e l y c r a c k e d and fe l l a p a r t d u r i n g i r r a d i a t i o n , 
w h e r e a s c lad and u n c l a d r e i n f o r c e d p e l l e t s showed m u c h l e s s t e n d e n c y to 
c r a c k . The c r a c k - s u p p r e s s i n g and r e i n f o r c i n g m e c h a n i s m s d e s c r i b e d 
e a r l i e r undoub ted ly p l a y e d i m p o r t a n t r o l e s in p r e s e r v i n g s p e c i m e n i n t e g r i t y 
d u r i n g i r r a d i a t i o n . 

D u r i n g i r r a d i a t i o n , the n i o b i u m f i b e r s in bo th c lad and unc l ad 
s p e c i m e n s r e a c t e d wi th e i t h e r t h e a t m o s p h e r e in the p e l l e t o r the t h o r i a -
u r a n i a m a t r i x , l e av ing only r e s i d u a l t r a c e s of the f i b e r s . T h i s type of 
r e a c t i o n would n e g a t e the u s e f u l n e s s of n i o b i u m as a r e i n f o r c i n g m a t e r i a l 
o r as an ef fec t ive add i t i ve for i n c r e a s i n g the h e a t t r a n s f e r r a t e of the 
c e r a m i c p e l l e t s . 

CONCLUSIONS 

1. Hot p r e s s i n g w a s the only f e a s i b l e m e a n s for f a b r i c a t i n g d e n s e , 
f i b e r - r e i n f o r c e d t h o r i a c o m p a c t s . 

2. Mild s t e e l and Type 430 s t a i n l e s s s t e e l f i b e r s a r e not s u i t a b l e 
for r e i n f o r c e m e n t owing to t h e i r r e l a t i v e l y low m e l t i n g p o i n t s . Dur ing 
f a b r i c a t i o n t h e y a r e c o m p l e t e l y e x t r u d e d f r o m the s p e c i m e n s . 

3. N u m e r o u s m i c r o c r a c k s of l i m i t e d ex ten t f o r m in m o l y b d e n u m 
f i b e r - r e i n f o r c e d t h o r i a on coo l ing , due to the h i g h e r t h e r m a l e x p a n s i o n 
coef f ic ien t of t h o r i a . T h e s e c o m p a c t s exhib i t s ign i f i can t ly b e t t e r r e s i s t a n c e 
to t h e r m a l spa l l i ng t h a n t h o r i a ; i n i t i a l c r a c k s a r e widened and add i t i ona l 
o n e s a r e p r o d u c e d a s a r e s u l t of t h e r m a l s h o c k . F i b e r s p r e v e n t c a t a s t r o p h i 
f a i l u r e by l i m i t i n g c r a c k p r o p a g a t i o n and by m a i n t a i n i n g s t r u c t u r a l c o h e r ­
e n c e e v e n though the c e r a m i c p o r t i o n of the s p e c i m e n i s s e v e r e l y f r a c t u r e d . 

4 . N iob ium f i b e r s r e a c t with the t h o r i a m a t r i x du r ing hot p r e s s i n g . 
C o m p a c t s con t a in ing t h e s e f i b e r s show good r e s i s t a n c e to t h e r m a l spa l l i ng , 
p r o v i d e d the f i b e r s do not b e c o m e e m b r i t t l e d d u r i n g f a b r i c a t i o n . Niob ium is 
v e r y s u s c e p t i b l e to e m b r i t t l e m e n t t h r o u g h i n t e r a c t i o n with the m o l d a t m o s ­
p h e r e , and p r e c a u t i o n s m u s t be t a k e n to m i n i m i z e c a r b o n a t t a c k . 



26 

5. Owing to e m b r i t t l e m e n t of z i r c o n i u m and Z i r c a l o y - 2 d u r i n g hot 
p r e s s i n g , c o m p a c t s con ta in ing t h e s e f i b e r s show poor r e s i s t a n c e to s p a l l i n g . 

6. I n c o r p o r a t i o n of f i b e r s in t h o r i a r e s u l t s in s u b s t a n t i a l r e d u c t i o n s 
in c o m p r e s s i v e s t r e n g t h , m o d u l u s of r u p t u r e , and Young ' s m o d u l u s . M i n i m a 
for t h e s e p r o p e r t i e s o c c u r in the r a n g e f r o m 2 - to 10 w / o of m e t a l , d e ­
pend ing on f ibe r d i m e n s i o n s . F u r t h e r i n c r e a s e s in m e t a l c o n c e n t r a t i o n 
g e n e r a l l y p r o d u c e s t r o n g e r c o m p a c t s , t hough s t i l l c o n s i d e r a b l y w e a k e r t han 
t h o s e of t h o r i a . C o m p a c t s with t h i c k e r a n d / o r l onge r f i b e r s g e n e r a l l y e x ­
hibi t l o w e r s t r e n g t h s and e l a s t i c m o d u l i t h a n t h o s e con ta in ing equa l weigh t 
p e r c e n t a g e s of s h o r t , th in f i b e r s . 

7. M o l y b d e n u m f i b e r - r e i n f o r c e d c o m p a c t s show i n c r e a s e s in 
Y o u n g ' s m o d u l u s wi th r i s i n g t e m p e r a t u r e up to 650°C, fol lowed by d e c r e a s e s 
at h i g h e r t e m p e r a t u r e s . T h i s b e h a v i o r c o n t r a s t s s h a r p l y wi th the l i n e a r d e ­
c r e a s e s in Young ' s m o d u l u s wi th r i s i n g t e m p e r a t u r e exh ib i t ed by both t h o r i a 
and t h o r i a con t a in ing m o l y b d e n u m p o w d e r , and r e f l e c t s r e l i e f of r e s i d u a l 
s t r e s s e s p r e s e n t in the r e i n f o r c e d b o d i e s . 

8. D e t e r m i n a t i o n s of Y o u n g ' s m o d u l u s r e v e a l t h a t r e i n f o r c e d c o m ­
p a c t s e x p e r i e n c e s ign i f i can t d e t e r i o r a t i o n a s a c o n s e q u e n c e of one t h e r m a l 
s h o c k . The s e c o n d and t h i r d s h o c k s c a u s e l e s s a d d i t i o n a l d e t e r i o r a t i o n , and 
with s u b s e q u e n t s h o c k s the m o d u l u s of e l a s t i c i t y , un l ike tha t of n o n r e i n f o r c e d 
t h o r i a , s t a b i l i z e s at a va lue g r e a t e r t h a n z e r o . 

9. P a r a l l e l i n g e l a s t i c m o d u l u s , f l e x u r a l s t r e n g t h of m o s t f ibe r 
r e i n f o r c e d c o m p a c t s i s h i g h e r at 650°C t h a n at r o o m t e m p e r a t u r e . 

10. R o o m - t e m p e r a t u r e t h e r m a l conduc t iv i t y of m o l y b d e n u m f i b e r -
r e i n f o r c e d t h o r i a i s s l i gh t ly g r e a t e r t h a n tha t of t h o r i a , but the d i f f e r e n c e 
b e c o m e s g r e a t e r at e l e v a t e d t e m p e r a t u r e s due to c l o s u r e of c r a c k s and 
i m p r o v e d c o n t a c t b e t w e e n m a t r i x and f i b e r s . At 1600°C it i s about 3 t i m e s 
h i g h e r t han tha t of t h o r i a . 

11 . The t h e r m a l e x p a n s i o n coef f ic ien t of r e i n f o r c e d t h o r i a i s l o w e r 
t han t h a t of t h o r i a . T h i s i s p a r t l y due to t h e i n c o r p o r a t i o n of a l o w e r -
e x p a n s i o n p h a s e , but m a i n l y b e c a u s e s o m e of the e x p a n s i o n i s d i s s i p a t e d in 
c l o s i n g the m i c r o c r a c k s . 

12. T h o r i a con ta in ing e i t h e r m o l y b d e n u m or n i o b i u m f i b e r s 
p o s s e s s e s e x c e l l e n t r e s i s t a n c e to c o r r o s i o n by w a t e r at 200°C. Ra te of 
ox ida t ion of m o l y b d e n u m f i b e r s in t h o r i a d e c r e a s e s wi th i n c r e a s i n g m a t r i x 
d e n s i t y . H o w e v e r , e v e n the d e n s e s t s p e c i m e n s a r e s e v e r e l y a t t a c k e d a f t e r 
p r o l o n g e d e x p o s u r e to a i r at 1000°C. 

13. T h o r i a o r t h o r i a - u r a n i a s h a p e s r e i n f o r c e d with m o l y b d e n u m 
f i b e r s can be bonded t o g e t h e r o r to Z i r c a l o y - 2 p l a t e s by m e t a l l u r g i c a l 
b r a z i n g t e c h n i q u e s . 



14. Incorporat ion of molybdenum fibers increased the the rmal 
conductivity of Th02-U02 pel le ts and pe rmi t t ed them to withstand signifi­
cantly higher heat fluxes than nonreinforced pellets before comparable 
t he rma l effects occur red . The fibers tend to reduce centra l void forma­
tion, r e t a rd recrys ta l l i za t ion , and maintain specimen integri ty. 

15. Niobium fibers were found to reac t with tho r i a -u ran ia fuels 
during i r rad ia t ion . This react ion would negate the usefulness of niobium 
re inforcement . 

ACKNOWLEDGMENT 

The authors wish to acknowledge the ass i s tance of F . D. McCuaig 
for developing the techniques used in bonding the meta l fiber reinforced 
compacts and for evaluating the joints formed. The authors further 
acknowledge the as s i s t ance of Y. Harada, Armour Research Foundation, 
in performing many of the p roper ty de te rmina t ions , and that of C. L. Hoeni 
in the p repa ra t ion of i r rad ia t ion spec imens . 



28 

B I B L I O G R A P H Y 

1. J o h n s o n , J . R. , and C. E . C u r t i s , Note on S i n t e r i n g of ThOz, J . A m . 
C e r a m . S o c , 3 2 ( 1 2 ) , 611 (1954). 

2. A r e n b e r g , C . A . , H . H. R i c e , H. Z . Schof ie ld , and J . H. H a n d w e r k , 
T h o r i a C e r a m i c s , A m . C e r a m . Soc . Bu l l . , 36 (8), 302-306 (1957). 

3. B a s k i n , Y., C. A. A r e n b e r g , and J. H. H a n d w e r k , T h o r i a R e i n f o r c e d 
by Me ta l F i b e r s , A m . C e r a m . Soc . B u l l . , 38 (7), 345 -348 (1959). 

4. B a s k i n , Y., Y. H a r a d a , and J . H. H a n d w e r k , Some P h y s i c a l P r o p e r t i e s 
of T h o r i a R e i n f o r c e d by M e t a l F i b e r s , J . A m . C e r a m . S o c , 43 (9), 
4 8 9 - 4 9 2 . ( I 960 ) . 

5. S p i n n e r , S., E l a s t i c Modul i of G l a s s e s by a D y n a m i c Method , J . A m . 
C e r a m . S o c , 37 (5), 2 2 9 - 2 3 4 (1954). 

6. P o w e l l , R. W., F u r t h e r M e a s u r e m e n t s of T h e r m a l and E l e c t r i c a l 
Conduc t iv i ty of I ron at High T e m p e r a t u r e s , P r o c P h y s . Soc. (London) , 
5J. ( P a r t 3) (No. 285), 4 0 7 - 4 1 8 (1939). 

7. J o h n s o n , P . D . , B e h a v i o r of R e f r a c t o r y Oxides and M e t a l s , Alone and 
in C o m b i n a t i o n , in Vacuo a t High T e m p e r a t u r e s , J . A m . C e r a m . S o c , 
33 (5), 168-171 (1950). 

8. E c o n o m o s , G., and W. D. K i n g e r y , M e t a l - C e r a m i c I n t e r a c t i o n s : 
II. M e t a l - o x i d e I n t e r f a c i a l R e a c t i o n s at E l e v a t e d T e m p e r a t u r e s , 
J . A m . C e r a m . S o c , 36 (12), 4 0 3 - 4 0 9 (1953). 

9. F i e l d h o u s e , J . B . , J . C. H e d g e , J . I. L a n g , A. N. T a k a t a , and T . E . W a t e r ­
m a n , M e a s u r e m e n t s of T h e r m a l P r o p e r t i e s , WADC TR 55 -495 
(June 1956). 

10. L a n g , S. M. , and F . P . K n u d s e n , S o m e P h y s i c a l P r o p e r t i e s of High 
D e n s i t y Th02 , J . A m . C e r a m . S o c , 39 (12), 4 1 5 - 4 2 4 (1956). 

11 . T o t t l e , C. R. , The P h y s i c a l and M e c h a n i c a l P r o p e r t i e s of N i o b i u m , 
J . Ins t . Meta ls7~85 ( P a r t 8) (No. 1757), 375-378 (1957). 

12. L a n g , S. M. , and F . P . K n u d s e n , Som e P h y s i c a l P r o p e r t i e s of High-
d e n s i t y T h o r i u m Diox ide , J , A m . C e r a m . S o c , 39 (12), 4 1 5 - 4 2 4 ( 1 9 5 6 ) . 

13 . W a c h t m a n , J . B . , J r . , and D . G. L a m , J r . , Young ' s Modulus of 
V a r i o u s R e f r a c t o r y M a t e r i a l s a s a F u n c t i o n of T e n n p e r a t u r e , J . A m . 
C e r a m . S o c , 42 (5), 254 -260 (1959). 



14. Kingery, W. D., J. F ranc l , R. L. Coble, and T. Vasi los, Thermal 
Conductivity: X. Data for Several Pure Oxide Mater ia ls Correc ted 
to Zero Poros i ty , J. Am. C e r a m . S o c . 37 (2, P a r t II), 107-110(1954). 

15. Neimark , L . A . , a n d J. H. Kittel , I r radia t ion Behavior of ThOz-UOz 
Fue l s , N u c Met., £ (AIME) , 83-85 (1959). 

16. Neimark , L. A., J. H. Kittel, and C. L. Hoenig, I r radiat ion of Metal-
f iber - re inforced Thor ia -Uran ia , ANL-6397 (Dec 1961). 




