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IRRADIATION OF M E T A L - F I B E R - R E I N F O R C E D THORIA-URANIA 

by 

L. A. N e i m a r k , J . H. K i t t e l and C. L. Hoenig 

A B S T R A C T 

R a n d o m l y o r i e n t e d f i b e r s of e i t h e r m o l y d e n u m o r n i o b i u m have been 
i n c o r p o r a t e d into h o t - p r e s s e d p e l l e t s of 10, 30, and 50 w / o UO2 in Th02 to 
i m p r o v e t h e r m a l conduc t iv i ty and t h e r m a l shock r e s i s t a n c e . P e l l e t s , 9 .5 m m 
in d i a m e t e r and 9.5 m m in l eng th , w e r e i r r a d i a t e d in NaK c a p s u l e s , both 
b a r e and j a c k e t e d wi th Z i r c a l o y - 2 , wi th the annu lus b e t w e e n pe l l e t and j a c k e t 
f i l led wi th l ead o r h e l i u m . T h e y w e r e i r r a d i a t e d to b u r n u p s r ang ing up to 
34,500 M W D / T (1.0 X 10^^ f i s s / c c ) a t c e n t r a l t e m p e r a t u r e s of the o r d e r of 
3000°C. I n t e g r a l kd0 v a l u e s r a n g e d f r o m 34 to 129 w / c m . 

F r a c t u r e and m e t a l l o g r a p h i c s e c t i o n s of the i r r a d i a t e d s p e c i m e n s 
c o n f i r m e d o u t - o f - p i l e m e a s u r e m e n t s t ha t the m o l y b d e n u m f i b e r s i n c r e a s e d 
the ef fect ive t h e r m a l conduc t iv i ty of the m i x e d o x i d e s . It w a s p o s s i b l e to 
give the f i b e r e d p e l l e t s h i g h e r hea t r a t i n g s than un f ibe red p e l l e t s be fo re 
c o m p a r a b l e t h e r m a l e f fec t s o c c u r r e d . The f i b e r s t ended to r e d u c e c e n t r a l 
void f o r m a t i o n , r e t a r d r e c r y s t a l l i z a t i o n , and m a i n t a i n the i n t e g r i t y of the 
p e l l e t . In s o m e h e l i u m - b o n d e d s p e c i m e n s , the m o l y b d e n u m f i b e r s c o a l e s c e d 
into a c e n t r a l s p h e r e a f te r m e l t i n g d u r i n g i r r a d i a t i o n . The c o a l e s c e n c e did 
not o c c u r in l e a d - b o n d e d s p e c i m e n s . The n i o b i u m f i b e r s w e r e found to r e ­
ac t wi th the ox ide . 

F i s s i o n g a s r e l e a s e f r o m u n c l a d f i be r ed p e l l e t s was a m a x i m u m of 
15.3% of t h e o r e t i c a l a t a b u r n u p of 31,500 M W D / T (8.3 x 10^° f i s s / c c ) and 
an i n t e g r a l kd0 v a l u e of 57 w / c m . G a s r e l e a s e f r o m s i m i l a r l y i r r a d i a t e d 
u n f i b e r e d p e l l e t s w a s a m a x i m u m of 6.3% at 21,800 M W D / T (6.6 x 10^° f i s s / 
cc) and an i n t e g r a l kd0 va lue of 92 w / c m . The d i s p a r i t y in gas r e l e a s e i s 
a t t r i b u t e d to the b r e a k i n g into p i e c e s of the u n f i b e r e d p e l l e t s e a r l y in the 
i r r a d i a t i o n and t h e i r c o n s e q u e n t o p e r a t i o n at s ign i f i can t ly l ower t e m p e r a ­
t u r e s than the f i b e r e d p e l l e t s . 

INTRODUCTION 

The c o m p a r a t i v e l y low t h e r m a l conduc t iv i t y of oxide fuels h a s 
l i m i t e d the full u s e of t h e i r a d v a n t a g e s of d i m e n s i o n a l s t ab i l i t y , r e s i s t a n c e 
to c o r r o s i o n , and h igh m e l t i n g p o i n t s . One a p p r o a c h to the p r o b l e m of i n ­
c r e a s i n g the t h e r m a l conduc t iv i t y has been t h r o u g h the addi t ion of th in 
m e t a l f i b e r s to the oxide m a t r i x . Idea l ly , the f i b e r s should be r a d i a l l y 
o r i e n t e d but , s i n c e t h i s i s not f e a s i b l e , the nex t m o s t a d v a n t a g e o u s m e t h o d 



is r a n d o m o r i e n t a t i o n of the f i b e r s . It h a s been shown tha t r a n d o m l y o r i e n t e d 
m o l y b d e n u m f i b e r s in Th02 have i n c r e a s e d the t h e r m a l conduc t iv i t y by a 
f ac to r of t h r e e in u n i r r a d i a t e d m a t e r i a l in the t e m p e r a t u r e r a n g e f r o m 
250 to 1640°C.(1) It fol lows f r o m the i n c r e a s e d conduc t iv i ty tha t the f i b e r e d 
c e r a m i c a l s o h a s 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 shock . l^ j The 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 have been s u m m a r i z e d in 
a r e c e n t pape r . (3 ) 

The ob jec t of th i s i n v e s t i g a t i o n was to e v a l u a t e the i r r a d i a t i o n c h a r ­
a c t e r i s t i c s of a f i b e r e d oxide fuel body. The ef fec ts of the f i b e r s on p e r ­
m i s s i b l e h e a t r a t i n g s , m i c r o s t r u c t u r e , and f i s s i o n gas r e l e a s e w e r e of 
p r i m a r y i n t e r e s t . By c l add ing the fuel and u s ing e i t h e r l e ad o r h e l i u m 
bonding , it w a s p o s s i b l e to e v a l u a t e the f i b e r e d oxide u n d e r d i f f e r en t con ­
d i t i ons of h e a t t r a n s f e r . The f i s s i o n gas r e l e a s e w a s d e t e r m i n e d f r o m 
c a p s u l e - p u n c t u r e m e a s u r e m e n t s on b a r e p e l l e t s . 

V a r i o u s c o m p o s i t i o n s of T h 0 2 - U 0 2 w e r e c h o s e n a s the m a t r i x m a t e ­
r i a l for th i s s tudy . As a n u c l e a r fuel , so l id s o l u t i o n s of T h 0 2 - U 0 2 offer the 

-> -a -5 

a d v a n t a g e s of b r e e d i n g f i s s i l e U , i r r a d i a t i o n s t a b i l i t y , and good c h a r a c t e r ­
i s t i c s for f i s s i o n p r o d u c t r e t en t ion . ' ' -' The m e t a l s s e l e c t e d for u s e as 
f i b e r s w e r e m o l y b d e n u m and n i o b i u m . Both have the d e s i r a b l e p r o p e r t i e s 
of high m e l t i n g point , r e l a t i v e l y 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 the 
ab i l i t y to i m p r o v e the t h e r m a l shock r e s i s t a n c e of Th02.^ -' 

F A B R I C A T I O N 

T h o r i a con ta in ing up to 50 w / o u r a n i a and add i t i ons of m e t a l f i b e r s 
have b e e n s u c c e s s f u l l y hot p r e s s e d into d e n s e b o d i e s . ( ' / S ince i t w a s d e ­
s i r e d to i r r a d i a t e fuel wi th a r a n g e of c o m p o s i t i o n s to e s t a b l i s h p a r a m e t e r s 
for p o s s i b l e f u r t h e r i n v e s t i g a t i o n s , the c o m p o s i t i o n s s e l e c t e d for t h i s s tudy 
w e r e 10,30, and 50 w / o UO2 in t o t a l ox ide . The 10 w / o UO2 add i t ion w a s 
93.2% e n r i c h e d in U^^^, w h e r e a s the 30 and 50 w / o a d d i t i o n s w e r e 19.2% 
e n r i c h e d . 

The add i t ion of f i b r o u s m o l y b d e n u m or n i o b i u m c o n s t i t u t e d a p p r o x ­
i m a t e l y 10 w / o of the c o m b i n e d o x i d e - f i b e r we igh t . The f i b e r s w e r e a l l 
n o m i n a l l y 3.2 m m long wi th d i a m e t e r s of 0.13 and 0.25 m m for the m o l y b ­
d e n u m and n i o b i u m , r e s p e c t i v e l y . 

The UO2 was r e d u c e d f r o m U3O8 by h y d r o g e n f i r ing at 80 0°C for 
4 h r . The UO2 and Th02 w e r e m i x e d in the p r o p e r p r o p o r t i o n s in ba l l m i l l s 
for a p e r i o d of 24 h r . A 0.5 w / o CaF2 add i t ion w a s i n c o r p o r a t e d as a d e n s i -
fying a g e n t . The 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 wi th the m i x e d ox ides and 
the m i x t u r e t hen loaded into a g r a p h i t e m o l d . The g r a p h i t e a c t e d a s a s u s -
c e p t o r in an i nduc t i on f u r n a c e and a l s o f u r n i s h e d a r e d u c i n g a t m o s p h e r e . 
M o l y b d e n u m l i n e r s w e r e u s e d to p r e v e n t c a r b u r i z a t i o n of the n i o b i u m . 



The s p e c i m e n s w e r e hot p r e s s e d into p e l l e t s at 1500 C and 
175 k g / c m p r e s s u r e . The p e l l e t s w e r e 9.5 m m in d i a m e t e r , a p p r o x i m a t e l y 
9.5 m m in length , and we ighed b e t w e e n 6.17 and 8.28 gm, of which 0.7 gm 
w a s m e t a l f ibe r . The to ta l p o r o s i t i e s r a n g e d f r o m 3.2 to 12.2% of the v o l ­
u m e . A few p e l l e t s con ta in ing no f i b e r s w e r e f a b r i c a t e d for c o m p a r i s o n of 
i r r a d i a t i o n e f f ec t s . The p o r o s i t y r a n g e of t h e s e p e l l e t s was f rom 3.8 to 
17.4%. 

F o u r t e e n 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 , each wi th two 
p e l l e t s of the s a m e c o m p o s i t i o n and f iber conten t , j a c k e t e d in 0 . 5 - m m -
th ick Z i r c a l o y - 2 c l add ing and a 1 . 6 - m m annu lus f i l led wi th lead . The 
p e l l e t s w e r e c e n t e r e d by t h r e e 1 . 6 - m m - s q u a r e long i tud ina l Z i r c a l o y - 2 
r i b s . Six o t h e r s p e c i m e n s w e r e a s s e m b l e d with two p e l l e t s e a c h in 
0 . 5 - m m Z i r c a l o y - 2 c ladding and a 0 . 0 2 5 - m m annulus f i l led with h e l i u m . 
The end caps on a l l c lad s p e c i m e n s w e r e h e l i a r c welded . D i a g r a m s of 
the c lad s p e c i m e n s a r e shown in F i g u r e 1. 

GAS SPACE 

ZIRCALOY-2 
JACKET 

LEAD ANNULUS 

Th02-U02 
PELLETS 

ZIRCALOY-2 
JACKET S f : 

A-LEAD BONDED ASSEMBLY 

Th02-U02 
PELLETS 

B-HEUUM BONDED ASSEMBLY 

Figure 1. Schematic Vertical Sections of Jacketed Specimens. 

IRRADIATION 

All s p e c i m e n s , b a r e and clad, w e r e i r r a d i a t e d s ingly in a l u m i n u m 
NaK c a p s u l e s wi th the s p a c e above the NaK e v a c u a t e d to 0.2 jl Hg. 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 capsu l e in an annulus 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 shock and a l so 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 capsu l e con ta ined an a l u m i n u m - c o b a l t 
f lux m o n i t o r which was u s e d in d e t e r m i n i n g the b u r n u p and hea t output of 
the s p e c i m e n . 

The c a p s u l e s w e r e i r r a d i a t e d in the E T R in pos i t i ons P - 9 , P - 1 0 , 
and P - 1 1 . The i r r a d i a t i o n p a r a m e t e r s w e r e ca l cu l a t ed to give a r ange of 
b u r n u p s , with a m a x i m u m at about 30,000 M W D / T , and m a x i m u m c e n t r a l 
fuel t e m p e r a t u r e s of 3200°C. F r o i n the d e s i r e d c e n t r a l fuel t e m p e r a t u r e 
and the known E T R w a t e r - c o o l a n t t e m p e r a t u r e , v o l u m e t r i c r a t e s of hea t 
r e l e a s e w e r e c a l c u l a t e d by m e a n s of s t a n d a r d equa t ions for hea t t r a n s f e r . 
F o r t h e s e c a l c u l a t i o n s the t h e r m a l conduc t iv i ty of the unf ibe red oxide w a s 
t a k e n as 0.02 w a t t / c m - ° C and tha t of the f ibe red oxide as 0.06 w a t t / c m - ° C , 
in the t e m p e r a t u r e r a n g e of the i r r a d i a t i o n . I •'•'-̂ z To ta l p e r t u r b a t i o n f a c t o r s 
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w e r e c a l c u l a t e d for e a c h c o m p o s i t i o n and e n r i c h m e n t by m e a n s of the 
m e t h o d by Lewis^° / for M T R - E T R i r r a d i a t i o n s . The c a l c u l a t i o n of the u n ­
p e r t u r b e d t h e r m a l flux n e c e s s a r y to give the c a l c u l a t e d hea t g e n e r a t i o n 
r a t e w a s b a s e d on equa t ion 2 .164.1 m G l a s s t o n e ' s " P r i n c i p l e s of N u c l e a r 
R e a c t o r E n g i n e e r i n g . "(9) The r e s i d e n c e t i m e s m the r e a c t o r of 44, 80, 
and 127 effect ive days of i r r a d i a t i o n w e r e d e t e r m i n e d f rom the d e s i r e d 
b u r n u p s and c a l c u l a t e d t h e r m a l n e u t r o n flux. 

The b u r n u p a c t u a l l y a t t a i n e d by the s p e c i m e n s was c a l c u l a t e d f r o m 
a c o m b i n a t i o n of m a s s s p e c t r o m e t r i c a n a l y s i s of the u r a n i u m i s o t o p e s and 
the m o n i t o r - i n d i c a t e d t h e r m a l flux. A m a s s s p e c t r o m e t r i c a n a l y s i s was 
ob ta ined for s e v e n t e e n of the t h i r t y - f o u r s p e c i m e n s . The u r a n i u m burnup 
m e a c h c a s e was c a l c u l a t e d f r o m E q u a t i o n 1, a f te r K i t t e l and Pame^-'-^': 

TT/TVT (ap + bp) 
= F / N Q = —7- X— 

•̂  " 1 -I- a ) 

+ b) 
(a + b) (1) 

The q u a n t i t i e s ao, a, and bo, b a r e the p r e - and p o s t i r r a d i a t i o n f r a c t i o n s of 
U and U , r e s p e c t i v e l y , NQ I S the o r i g i n a l n u m b e r of a t o m s of u r a n i u m , 
F IS the n u m b e r of a t o m s of U f i s s ioned , B i s the to ta l b u r n u p r a t i o , and 
a IS the r a t i o of c a p t u r e to f i s s ion c r o s s s e c t i o n s of U . The b a s i c a s -
s u m p t i o n s a r e t ha t the b u r n u p i s due e n t i r e l y to U f i s s i o n s and tha t f i s s i on 
a c c o u n t s for at l e a s t 95% of the to ta l u r a n i u m los t . F o r E T R condi t ions the 
r a t i o of c a p t u r e to f i s s ion c r o s s s ec t i on , a, was t a k e n a s 0.185.v •*• •'•/ Since 
th is equa t ion c o n s i d e r s only U , U , U , and U p r e s e n t , it was n e e -
e s s a r y to n o r m a l i z e the p o s t i r r a d i a t i o n a n a l y s e s , which con ta ined U f r o m 
t h o r i u m c o n v e r s i o n , to t h e s e four i s o t o p e s . The i so top ic a n a l y s e s before 
n o r m a l i z i n g a r e g iven m Tab le I. 

Table I 

POSTIRRADIATION URANIUM ISOTOPIC ANALYSES 

Specimen 
No 

ANL-35- 3 

- 4 

- 5 

- 6 

- 7 

- 8 

- 9 

-10 

-11 

-12 

13 

-14 

-15 

-16 

-18 

-23 

-25 

U233 w/o 

0 890 ± 0 005 

0 853 i 0 007 

10 12 ± 0 06 

12 23 + 0 07 

7 08 + 007 

0 528 + 0 003 

0 5 2 2 + 0 003 

0 576 ± 0 004 

0 368 + 0 006 

0 723 ± 0 004 

0 9 6 0 + 0 006 

0 732 ± 0 006 

0 540 ± 0 007 

1 77 ± 0 01 

10 9 + 0 1 

2 35 i 0 02 

0 86 + 0 01 

U234 w/o 

0 143 + 0 002 

0 141 + 0 001 

1 573 + 0 009 

1 72 ± 0 04 

1 285 ± 0 008 

0 136 + 0 001 

0 140 ± 0 001 

0 140 ± 0 002 

0 131 + 0002 

0 138 + 0 001 

0146 + 0 002 

0138 + 0 001 

0135 ± 0 001 

0 9 6 9 + 0 006 

157 + 0 01 

0 213 ± 0 002 

0 145 + 0 002 

U235 w/o 

14 58 + 0 10 

14 78 ± 0 10 

68 21 ± 0 05 

63 87 ± 0 05 

75 94 + 0 05 

12 85 ± 0 08 

13 34 ± 0 08 

12 75 + 0 08 

14 74 + 0 10 

15 10 i 0 09 

14 81 + 0 10 

15 11 ± 010 

16 22 ± 0 01 

88 80 ± 0 04 

67 90 + 0 08 

9 30 ± 0 09 

137 i 01 

U236 w/o 

0 8 7 + 0 1 0 

0 847 ± 0 004 

1167 ± 0 07 

13 52 ± 0 08 

8 28 ± 0 05 

1 175 1 0 007 

1 137 1 0 004 

1215 ± 0 007 

0 873 ± 0 010 

0 770 ± 0 004 

0 923 + 0 006 

0 784 + 0 008 

0 600 ± 0 004 

2 43 + 0 02 

113 ± 01 

179 ± 0 02 

1 10 ± 0 01 

U238 w/o 

83 51 ± 0 10 

83 38 + 0 10 

8 43 ± 0 05 

8 66 + 0 05 

7 41 + 0 05 

85 31 + 0 08 

84 86 + 0 08 

85 32 + 0 08 

83 89 + 0 10 

83 27 + 0 09 

83 15 + 0 10 

83 24 + 0 10 

82 50 ± 0 01 

6 01 ± 0 04 

8 4 0 + 0 0 8 

86 30 ± 0 09 

842 ± 01 



After c o r r e c t i n g the c o b a l t - m o n i t o r da ta for r e s o n a n c e ac t iva t ion , 
it w a s a s s u m e d tha t the m o n i t o r i nd i ca t ed the t r u e u n p e r t u r b e d t h e r m a l flux, 
s i n c e the m o n i t o r w a s l o c a t e d a t l e a s t 2.5 c m f r o m the s p e c i m e n . M o n i t o r -
i n d i c a t e d b u r n u p s w e r e c a l c u l a t e d by m e a n s of p e r t u r b a t i o n f a c t o r s d e r i v e d 
f r o m the m e t h o d by Lewis for M T R - E T R i r r a d i a t i o n s . F r o m the r a t i o of 
m a s s s p e c t r o m e t r i c b u r n u p to m o n i t o r - i n d i c a t e d burnup , a v e r a g e effect ive 
p e r t u r b a t i o n f a c t o r s f w e r e c a l c u l a t e d for e a c h of the t h r e e c o m p o s i t i o n s 
tha t w e r e i r r a d i a t e d . The f a c t o r s f w e r e then appl ied to the m o n i t o r -
i n d i c a t e d u n p e r t u r b e d f luxes to d e t e r m i n e the effect ive flux for s p e c i m e n s 
for which a n a l y s e s w e r e not ob ta ined . A c o m p a r i s o n of the c a l c u l a t e d p e r ­
t u r b a t i o n f a c t o r s and the e x p e r i m e n t a l v a l u e s of f is given in Table II. 
The a g r e e m e n t i s g e n e r a l l y good. 

Tab le II 

CALCULATED AND EXPERIMENTAL PERTURBATION FACTORS 

UO2, w / o 

10 
30 
50 

E n r i c h m e n t , 

93.2 
19.2 
19.2 

w / o C a l c u l a t e d f 

0.49 
0.63 
0.48 

E x p e r i m e n t a l f 

0.56 
0.57 
0.51 

S p e c i m e n s i r r a d i a t e d for 127 days and conta in ing 90 w / o Th02 had 
suff ic ient U bui ldup and s u b s e q u e n t b u r n u p to be s ign i f i can t . The U 
b u r n u p w a s c a l c u l a t e d f r o m the w o r k of Taraba.^-'^''/ 

T a b l e s III, IV, and V s u m m a r i z e the i r r a d i a t i o n da t a . The hea t 
output w a s c a l c u l a t e d f r o m the effect ive f luxes obta ined in the m a n n e r 
d e s c r i b e d above and wi th a U f i s s i on c r o s s s ec t i on of 582 b a r n s and an 
e n e r g y r e l e a s e in the fuel of 180 M e V / f i s s i o n . 

Table HI 

IRRADIATION BEHAVIOR OF UNCLAD THO2-UO2 PELLETS 

Speciinen 

No. 

ANL-35-16 
- 7 
- 5 
- 6 

ANL-35-15 
-14 
-12 
-13 
- 4 

- 3 

ANL-35-11 
- 9 
- 8 
-10 

UO2. 
w/o 

10 
10 
10 
10 

30 
30 
30 
30 
30 

30 

50 
50 
50 
50 

Wire 
Reinforcing 

Arto 
None 

m 
None 

None 
None 
Mo 
Mo 
Nb 

Nb 

None 

Mo 
Mo 

None 

Percent 
Porosity 

8.2 
4.1 
4.4 
4.3 

6.1 
3.8 
5.2 
9.6 
6.9 

5.5 

6.8 
5.9 
4.3 
4.4 

Days of 
Irradiation 

44 
127 
127 
127 

44 
44 
80 
44 
44 

44 

80 
80 

127 
80 

Burnup 

MWD/T Oxide 

7400 
23,900 
31,500 
34,500 

5900 
8200 
8200 
8700 
8800 

9200 

15,200 
19,800 
21,500 
21,800 

Fiss/cc Ix l020| 

1.9 
7.0 
8.3 

10.1 

17 
2,4 
2.2 
2.2 
2.3 

2.4 

4.4 
5.3 
5.7 
6.6 

Pellet 
Surface 

Heat Flux, 
watts/cnn2 

163 
228 
274 
310 

176 
196 
120 
207 
209 

228 

225 
289 
193 
440 

/ •To 

/ kd e , w/cm 

34 
47 
57 
64 

39 
43 
27 
46 
47 

51 

48 
61 
41 
92 

Fission Gas 
Release, 

% Theoretical 

13 
3.5 

15.3 
2.2 

14 
2.9 
4.5 
8.1 
7.6 

8.1 

3.2 
8.1 

15.0 
6.3 

Xe/Kr 

7.1 
6.3 
6.6 
5.9 

6.0 
6.4 
7.3 
7.1 
5.8 

7.2 

7.6 
7.8 
9.5 
6.9 

Condition 

Whole. 
Pellet in pieces. 
Pellet in two halves. 
Pellet in pieces. 

Pellet in pieces. 
Pellet in pieces. 
Whole, 
Pellet in two halves. 
Large transverse f issure 

at midplane. 
Large transverse f issure 

at midplane. 

Pellet in pieces. 
Pellet in two halves. 
Pellet in two halves. 
Pellet in pieces. 



Table DC 

IRRADIATION BEHAVIOR OF LtAD BONDED ZIRCALOY-2 CLAD TH02-U02 PELLETS 

Specimen 

No 

ANL-35-20 

-19 

-18 

-17 

ANL-35-24 

-22 

-29 

-21 

-30 

-23 

ANL 35-28 

-27 

-26 

-25 

U02 

w/o 

10 

10 

10 

10 

30 

30 

30 

30 

30 

30 

50 

50 

50 

50 

Wire 
Reinforcing 

None 

Mo 

Mo 

Mo 

None 

Mo 

Nb 

Mo 

Nb 

Mo 

None 

Mo 

Mo 

Mo 

Per Cent 

Porosity'3' 

64 

63 
70 

78 

65 

70 
32 

74 

54 

17 4 
4.4 

87 
49 

78 

45 
69 

53 
46 
47 

94 

63 
38 

75 
74 

43 
54 

12 2 
60 

Days of 
Irradiation 

127 

127 

127 

127 

44 

44 

44 

44 

80 

127 

80 

80 

80 

80 

Burnup 

MWD/T Oxide 

20 000 

28 700 

29 700 

31100 

4900 

7100 

8000 

8200 

12100 

20,500 

11300 

13 600 

17 000 

18 800 

FISS/CC lxl02O) 

58 

74 

77 

82 

14 

19 

21 

22 

32 

51 

34 

36 

46 

50 

Cladding 

Surface 
Hea» Flux 
watts/cm2 

254 

431 

460 

482 

189 

291 

279 

351 

272 

352 

253 

284 

357 

403 

/To 

kdfl w/cm 

JTS 

67 

115 

122 

129 

54 

83 

79 

100 

77 

100 

68 

76 

96 

110 

Maximum 
Diameter 

Change % 

+ 14 

+ 15 

+ 16 

+ 15 2 

+0 1 

+0 1 

00 

-10 

06 

+ 18 

-01 

+0 2 

00 

-0 3 

Volume 
Increase % 

00 

06 

18 

00 

00 

01 

00 

01 

04 

01 

02 

02 

04 

Cladding Condition 

lb) 

(b) 

(b) 

Four holes and one 
long crack 

(bl 

(b) 

(b) 

(b) 

(bl 

(b) 

(bl 

(b) 

(b) 

(b) 

(a) Top value refers to top pellet in assembly bottom value to bottom pellet 

(b) Cladding unmarked 

Table I 

IRRADIATION BEHAVIOR OF HELIUM BONDED ZiRCALOY-2 CLAD TH02-U02 PELLETS 

Specimen 

No 

ANL-35-32 

-31 

ANL 35-33 

-34 

ANL-35-35 

-36 

UO2 

w/o 

10 

10 

30 

30 

50 

50 

Wire 
Reinforcing 

Mo 

Mo 

Mo 

Mo 

Mo 

Mo 

Per Cent 
Porosity(3) 

85 
52 
4.1 
38 

117 
65 
57 

10 3 

64 
56 
98 
66 

Days of 

Irradiation 

127 

127 

44 

44 

80 

80 

Burnup 

MWD/T Oxide 

27 100 

27 800 

6100 

6800 

16 700 

17 400 

Fiss/cc(xl020| 

70 

7 4 

16 

18 

4 4 

45 

Cladding 

Surface 

Heat Flux 
watts/cm2 

500 

536 

343 

365 

480 

508 

fTo 
kd6 w/cm 

As 

100 

107 

73 

78 

97 

103 

Maximum 

Diameter 

Change % 

+9 3 

+6 5 

+0 2 

+0 4 

+ 14 

+7 7 

Volume 
Increase % 

18 

0 4 

09 

Cladding Condition 

Large melt hole 

Blister and melt spot 

No change 

Large melted area 

Large melt hole 

Very largemelt hole 

(a) Top value refers to top pellet in assembly bottom value to bottom pellet 

M a x i m u m r a d i a l h e a t flow w a s t a k e n as 44 and 86% of the hea t output f r o m 
s ing le p e l l e t s and c lad s p e c i m e n s , r e s p e c t i v e l y . ( 1 3 ) xhe c a l c u l a t i o n of 
a c c u r a t e i n t e r n a l t e m p e r a t u r e s w a s not p o s s i b l e b e c a u s e of the u n c e r t a i n t y 
of the t h e r m a l conduc t iv i ty . Adding to th i s diff iculty was the high p r o b a b i l ­
i ty of boi l ing of NaK a t the pe l l e t o r c ladd ing s u r f a c e s , m a k i n g a r i g o r o u s 
t e m p e r a t u r e c a l c u l a t i o n v i r t u a l l y i m p o s s i b l e . T e m p e r a t u r e s w e r e t h e r e ­
fore e s t i m a t e d f r o m the condi t ion of the m o l y b d e n u m or n iob ium f i b e r s o r 
of the Z i r c a l o y - 2 s u p p o r t i n g r i b s . 



15 

T h e v a l u e s of t h e h e a t r a t i n g k d 0 w e r e d e r i v e d f r o m t h e 

m a x i m u m r a d i a l h e a t r a t i n g s b y t h e e q u a t i o n 

k d e = qF /47 r (2) 

w h e r e 

q = r a d i a l h e a t o u t p u t ( w a t t / c m ) 

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

T h e e q u a t i o n i s f r o m t h e w o r k of R o b e r t s o n ' l " * ' in w h i c h F i s d e f i n e d a s a 
f u n c t i o n of f u e l e n r i c h m e n t , d i a m e t e r , d e n s i t y , a n d t h e e n e r g y s p e c t r u m of 
t h e r e a c t o r . B e c a u s e of u n c e r t a i n t i e s in t h e l a t t e r q u a n t i t y f o r o u r s p e c i ­
m e n s , a r i g o r o u s c a l c u l a t i o n of F w a s n o t p o s s i b l e . W i t h r e s e r v a t i o n s a n d 
r e a l i z i n g t h a t a s l i g h t i n h e r e n t e r r o r e x i s t s , t h e f a c t o r F w a s t a k e n f r o m 
F i g u r e 2 in C R F D - 8 3 5 a f t e r m o d i f y i n g t h e a b s c i s s a t o " g r a m s U p e r c c . " 
T h e c a l c u l a t e d v a l u e s of t h e i n t e g r a l a r e c o n s i s t e n t w i t h i n t h e m s e l v e s a n d 
w o u l d n o t d i f f e r s i g n i f i c a n t l y f r o m t h o s e o b t a i n e d f r o m a r i g o r o u s 
c a l c u l a t i o n of F . 

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 

V i s u a l O b s e r v a t i o n s 

T h e c l a d d i n g of o n e - l e a d b o n d e d s p e c i m e n , A N L - 3 5 - 1 7 ( s e e F i g u r e 2) 
h a d m e l t e d a n d u n d e r g o n e e x t e n s i v e s w e l l i n g a n d r u p t u r e . 

25200 2X 

Figure 2. Lead-bonded, Molybdenum-fibered Specimen ANL-35-17 after a 
Burnup of 31,100 MWD/T and an Integral Me Value of 129 w/cm Showing 
Cladding Burnout and Longitudinal Crack. 



T h e c l a d d i n g on a l l o t h e r l e a d - b o n d e d s p e c i m e n s w a s u n a f f e c t e d . A n 
u n d a m a g e d l e a d - b o n d e d s p e c i m e n , A N L - 3 5 - 1 8 , i s s h o w n in F i g u r e 3 . T h e 
c l a d d i n g on f i ve of t h e s i x h e l i u m - b o n d e d s p e c i m e n s h a d m e l t e d t h r o u g h o r 
h a d b e g u n to m e l t . F i g u r e s 4 , 5 a n d 6 s h o w t y p i c a l d a m a g e to t h e h e l i u m -
b o n d e d s p e c i m e n s . T h e e x p o s u r e of t h e f ue l t o t h e N a K c a u s e d s i g n i f i c a n t 
l o s s e s of f u e l f r o m b o t h t h e l e a d - a n d h e l i u m - b o n d e d s p e c i m e n s . 

25201 2X 
Figure 3. Lead-bonded, Molybdenum-fibered Specimen ANL-35-18 after a 
Burnup of 29, 700 MWD/T and an Integral kde Value of 122 w/cm Showing 
No Visible Cladding Defects. 

25032 2X 

Figure 4. Helium-bonded, Molybdenum-fibered Specimen ANL-35-34 
after a Burnup of 6800 MWD/T and an Integral kd5 Value of 78 w/cm 
Showing a Melted Region on Cladding Surface. 

25208 2X 

Figure 5. Helium-bonded, Molybdenum-fibered Specimen ANL-35-32 
after a Burnup of 27,100 MWD/T and an Integral kde Value of 100 w/cm 
Showing Cladding Burnout Failure. 



25037 2X 

Figure 6. Helium-bonded, Molybdenum-fibered Specimen ANL-35-36 
after a Burnup of 17, 400 MWD/T and an Integral kde Value of 103 w/cm 
Showing Cladding Burnout and Exposed Fuel. 

T h e c a p s u l e s c o n t a i n i n g t h e b a r e p e l l e t s w e r e p u n c t u r e d fo r f i s s i o n 
g a s m e a s u r e m e n t s a n d t h e p e l l e t s t h e n r e m o v e d . A l l p e l l e t s w i t h o u t f i b e r s 
h a d b r o k e n i n t o m a n y s m a l l f r a g m e n t s . T h e f i b e r e d p e l l e t s b r o k e i n t o n o 
m o r e t h a n t w o o r t h r e e p i e c e s , u s u a l l y a t t he m i d p l a n e , a n d m t w o i n ­
s t a n c e s r e m a i n e d w h o l e . T h e a p p e a r a n c e s of t y p i c a l u n c l a d p e l l e t s a r e 
s h o w n i n F i g u r e s 7 t h r o u g h 10 . 

28161 2X 

Figure 7. Specimen ANL-35-14 after a Burnup of 8200 MWD/T, 
Showing Fracturing of Unclad, Unfibered Pellet. 

Figure 8 

Unclad, Molybdenum-fibered Pellet, Specimen ANL-35-12, Showing 
No Change after a Burnup of 8200 MWD/T and an Integral kde Value 
of 27 w/cm. 

28159 2X 



28155 2X 

Figure 9. Specimen ANL-35-8 after a Burnup of 
21,500 MWD/T and an Integral kde Value of 
41 w/cm, Showing Maximum Damage Received by 
an Unclad, Molybdenum-fibered Pellet. 

28150 2X 

Figure 10. Specimen ANL-35-3 after a Burnup of 
9200 MWD/T and an Integral kde Value of 51 w/cm. 
Showing Typical Damage Received by Unclad, 
Niobium-fibered Pellets. 

D i m e n s i o n a l a n d D e n s i t y M e a s u r e m e n t s 

D i a m e t e r m e a s u r e m e n t s w e r e m a d e on t h e c l a d s p e c i m e n s w i t h a 
s t a n d a r d m i c r o m e t e r . D u p l i c a t e m e a s u r e m e n t s w e r e o b t a i n e d b y a n a l y s i s 
of 2X p h o t o g r a p h s c o n t a i n i n g a d i a m e t e r s t a n d a r d . T h e d i a m e t e r c h a n g e s 
a s m e a s u r e d r a n g e d f r o m - 1 . 0 % to + 1 5 . 2 % f o r l e a d - b o n d e d s p e c i m e n s a n d 
f r o m + 0 . 2 % t o + 9 . 3 % fo r h e l i u m - b o n d e d s p e c i m e n s . T h e p r e c i s i o n of t h e 
p o s t i r r a d i a t i o n m e a s u r e m e n t s w a s a t b e s t + 0 . 0 5 m m , o r a b o u t + 0 . 4 % . 
S i n c e s w e l l i n g a n d b l i s t e r i n g w e r e n o t u n i f o r m , i t w a s n o t a l w a y s p o s s i b l e 
to a s c e r t a i n t h e m a x i m u m d i a m e t e r c h a n g e w i t h e i t h e r t h e m i c r o m e t e r o r 
t h e p h o t o g r a p h s . A t r u e r i n d i c a t i o n of s p e c i m e n s w e l l i n g w a s o b t a i n e d 
f r o m v o l u m e c h a n g e s c a l c u l a t e d f r o m d e n s i t y m e a s u r e m e n t s . 

D e n s i t i e s of u n r u p t u r e d c l a d s p e c i m e n s w e r e d e t e r m i n e d by a 
CCI4 i m m e r s i o n t e c h n i q u e u s i n g a 2 0 0 - g m M e t t l e r a n a l y t i c a l b a l a n c e . 
V o l u m e c h a n g e s w e r e o b t a i n e d b y c o r r e c t i n g t h e d e n s i t i e s t o z e r o w e i g h t 
c h a n g e . T h e v o l u m e i n c r e a s e s r a n g e d f r o m z e r o to 1.0% f o r l e a d - b o n d e d 
s p e c i m e n s a n d f r o m 0 . 4 % to 1.8% f o r h e l i u m - b o n d e d s p e c i m e n s . T h e e r r o r 
in t h e v o l u m e d e t e r m i n a t i o n s w a s l e s s t h a n 0 . 1 % . T h e v o l u m e i n c r e a s e s 
of l e a d - b o n d e d A N L - 3 5 - 1 8 a n d h e l i u m - b o n d e d A N L - 3 5 - 3 1 , 1.0% a n d 1.8%, 
r e s p e c t i v e l y , a r e s i g n i f i c a n t b e c a u s e t h e s e s p e c i m e n s a t t a i n e d t h e h i g h e s t 
h e a t r a t i n g s w i t h o u t f a i l u r e . It a p p e a r s t h a t l e a d - b o n d e d a s s e m b l i e s h a v e 
l e s s t e n d e n c y to s w e l l b e f o r e f a i l u r e t h a n d o h e l i u m - b o n d e d a s s e m b l i e s , 
a n d a t s i g n i f i c a n t l y h i g h e r h e a t r a t i n g s . 

A s u m m a r y of t h e d i m e n s i o n a l c h a n g e s i s found i n T a b l e s IV a n d V . 

F i s s i o n G a s R e l e a s e 

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



w a s f i t t e d w i t h a s p r i n g - l o a d e d , v a c u u m - t i g h t b e l l o w s w h i c h s u r r o u n d e d a 
s t a t i o n a r y , t h r e e - f a c e d t o o l s t e e l n e e d l e . T h e c a p s u l e w a s p l a c e d m a n 
a l u m i n u m b l o c k h o l d e r w h i c h w a s t h e n s e a t e d m t h e p r e s s s o t h a t t h e 
p u n c t u r i n g n e e d l e w a s a l i g n e d w i t h t h e c e n t e r of t h e c a p s u l e . A v a c u u m 
O - r i n g s e a l w a s m a d e b e t w e e n t h e a l u m i n u m h o l d e r a n d t h e b o t t o m s u p ­
p o r t i n g b l o c k of t h e b e l l o w s a n d a v a c u u m of lOjJ. o r l e s s w a s d r a w n a r o u n d 
t h e c a p s u l e . T h e f i s s i o n g a s e s t h a t e s c a p e d f r o m the fue l t o t h e e v a c u a t e d 
s p a c e a b o v e t h e N a K w e r e r e l e a s e d to a n e v a c u a t e d c o l l e c t i o n s y s t e m w h e n 
t h e n e e d l e p i e r c e d a 1 . 0 - m m - t h i c k a l u m i n u m m e m b r a n e a t t h e t o p of t h e 
c a p s u l e . T h e g a s d i f f u s e d t h r o u g h a 9 5 - m m - d i a m e t e r c o p p e r t u b e c o n ­
n e c t e d t o t h e a l u m i n u m h o l d e r a n d o u t of t h e h o t c e l l to t h e c o l l e c t i o n s y s ­
t e m . A f t e r e q u i l i b r i u m h a d b e e n a t t a i n e d , m a b o u t 30 m m , t h e p r e s s u r e 
m t h e k n o w n v o l u m e of t h e s y s t e m w a s m e a s u r e d by e i t h e r of t w o t i l t i n g 
M c L e o d g a g e s d e p e n d i n g on t h e m a g n i t u d e of t h e p r e s s u r e . A 0 . 5 - c c 
s a m p l e of t h e g a s w a s t r a n s f e r r e d to a c o l l e c t i o n b u l b by a m e r c u r y 
d i f f u s i o n p u m p a n d t a k e n f o r m a s s s p e c t r o m e t r i c a n a l y s i s . T h e g a s r e ­
m a i n i n g in t h e s y s t e m w a s s t a t i c a l l y t r a p p e d m a b u l b c o n t a i n i n g a c t i v a t e d 
c h a r c o a l a n d c o o l e d to l i q u i d n i t r o g e n t e m p e r a t u r e . T h e p u n c t u r i n g a p ­
p a r a t u s a n d c o l l e c t i o n s y s t e m a r e s h o w n m F i g u r e s 11 a n d 12 . 

T h e v o l u m e of f i s s i o n g a s r e l e a s e d f r o m t h e fue l w a s c a l c u l a t e d 
f r o m t h e p r e s s u r e - v o l u m e r e l a t i o n s h i p a n d t h e x e n o n a n d k r y p t o n i s o t o p i c 
a n a l y s e s . T h e f o u r i s o t o p e s of x e n o n a n a l y z e d w e r e Xe , X e , X e , a n d 
X e . T h e X e f r a c t i o n w a s p a r t l y f r o m f i s s i o n a n d p a r t l y f r o m n e u t r o n 
c a p t u r e b y X e . In t h e n e u t r o n f l ux to w h i c h t h e s p e c i m e n s w e r e e x p o s e d , 
a b o u t 10 n / c m - s e c , i t w a s c a l c u l a t e d t h a t a b o u t 94% of t h e Xe w e n t to X e 

EI-12 

Figure 11. Capsule Puncturing Apparatus for Fission Gas Measurements 



EI-13 

Figure 12. Fission Gas Collecuon and Measurement Apparatus 

T h e t o t a l U f i s s i o n y i e l d f o r x e n o n t h a t w a s u s e d in c a l c u l a t i n g 
t h e t h e o r e t i c a l g a s r e l e a s e , i n c l u d i n g t h e X e f r o m X e , w a s 2 7 . 6 % . T h e 
f i s s i o n y i e l d f o r k r y p t o n w a s t a k e n a s 3 .8%. F o r U f i s s i o n , t h e y i e l d s 
u s e d w e r e 2 6 . 2 % a n d 7 .0% f o r x e n o n a n d k r y p t o n , r e s p e c t i v e l y . H 5) T h e 
r e s u l t s of t h e t h e o r e t i c a l c a l c u l a t i o n s f o r g a s r e l e a s e a r e i n c l u d e d in 
T a b l e I I I . T h e r e s u l t s a r e a l s o p l o t t e d a s f u n c t i o n s of b u r n u p a n d 

To 
kdS in F i g u r e s 13 a n d 14 . 

IT, 

The r a t i o of xenon to k r y p t o n in the e s c a p e d g a s e s fel l wi th in the 
r a n g e f rom 5.9 to 7.8 wi th the excep t ion of A N L - 3 5 - 8 , for which it was 
9 .5 . The t r e n d was t o w a r d an i n c r e a s i n g r a t i o of xenon to k r y p t o n with 
i n c r e a s i n g UO2 conten t . The s c a t t e r m the t h e o r e t i c a l r e l e a s e da t a is 
p a r t l y a t t r i b u t e d to th i s changing r a t i o and p a r t l y to the i n c o n s i s t e n t d e n ­
s i t i e s . The high r a t i o of xenon to k r y p t o n of A N L - 3 5 - 8 is c o n s i d e r e d 
a n o m a l o u s wi th the o t h e r d a t a . 
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Figure 13 

Fission Gas Release as a Function of Burnup. 
Numbers Refer to Specimen Identification as 
Given in Table III. 
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M e t a l l o g r a p h y 

S i n c e t h e t o t a l l e n g t h of t h e p e l l e t s i n t h e c l a d s p e c i m e n s w a s 
c o n s i d e r a b l y l e s s t h a n t h e t o t a l f r e e s p a c e , i t w a s n e c e s s a r y to l o c a t e t h e 
p e l l e t s in t h e c l a d d i n g b e f o r e s e c t i o n i n g . A t e c h n i q u e w a s d e v e l o p e d i n 
w h i c h t h e s p e c i m e n s w e r e p l a c e d o n a n X - r a y f i l m p a c k e t w h i c h w a s t h e n 
r e m o v e d f r o m t h e h o t c e l l a n d d e v e l o p e d . T y p i c a l a u t o r a d i o g r a p h s a r e 
s h o w n i n F i g u r e 15 . It w a s e v i d e n t t h a t t h e t w o p e l l e t s h a d n o t r e m a i n e d 
t o g e t h e i in a l l s p e c i m e n s . W i t h t h e r a d i o g r a p h s a s a g u i d e , t h e s p e c i m e n s 
w e r e s e c t i o n e d w i t h a t u b i n g c u t t e r a s n e a r a s p o s s i b l e to t h e m i d p l a n e of 
e a c h p e l l e t . S u b s e q u e n t e x a m i n a t i o n s h o w e d t h a t in a f e w c a s e s t h e c l a d ­
d i n g w a s d i s t o r t e d d u r i n g c u t t i n g b e c a u s e of t h e d i f f i c u l t y in c u t t i n g t h r o u g h 
t h e s p a c i n g r i b s i n t h e l e a d - b o n d e d s p e c i m e n s . F i g u r e s 16 t h r o u g h 25 
s h o w t y p i c a l f r a c t u r e s e c t i o n s of t h e c l a d s p e c i m e n s . 

Figure 15 

Autoradiographs of Specimens ANL-35-21 and ANL-35-27 
Showing Variation in Top and Bottom Pellet Separation in 
Lead-bonded Assemblies after Irradiation. 

27396 IX 27397 IX 

ANL-35-21 ANL-35-27 

26931 5X 

Figure 16. Fracture Surface of Bottom Pellet in Unfibered, Lead-bonded 
Specimen ANL-35-24, Showing Cracking after a Burnup of 4900 MWD/T 
and an Integral kd0 Value of 54 w/cm. 



26973 5X 

Figure 17. Fracture Surface of Bottom Pellet in Unfibered, Lead-bonded 
Specimen ANL-35-28, Showing Radial Columnar Grains and a Small 
Cenual Void Filled with Lead after a Burnup of 11, 300 MWD/T and an 
Integral kd5 Value of 68 w/cm. 

25668 5X 

Figure 18. Fracture Surface of Top Pellet in Unfibered, Lead-bonded 
Specimen ANL-35-20, Showing Radial Columnar Grains and Central 
Void after a Burnup of 20, 000 MWD/T and an Integral kdi9 Value of 
67 w/cm. 
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Figure 19. Fracture Surface of Bottom Pellet m Molybdenum-fibered, 
Lead-bonded Specimen ANL-35-22, Showing Some Melted Fibers but 
no Central Void after a Burnup of 7100 MWD/T and an Integral 
kde Value of 83 w/cm. 
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Figure 20. Fracture Surface of Bottom Pellet in Molybdenum-fibered, 
Lead-bonded Specimen ANL-35-26, Showing Area Just Below Small 
Central Void after a Burnup of 17, 000 MWD/T and an Integral 
kd5 Value of 96 w/cm. 
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Figure 21. Fracture Surface of Bottom Pellet in Molybdenum-fibered, 
Lead-bonded Specimen ANL-35-23, Showing Central Void, Melted 
Fibers, and Beginnings of Columnar Recrystallization after a Burnup of 
20,500 MWD/T and an Integral kde Value of 100 w/cm. 
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Figure 22. Fracture Surface of Bottom Pellet in Molybdenum-fibered, 
Lead-bonded Specimen ANL-35-18, Showing Mixture of Lead and 
Oxide after a Burnup of 29, 700 MWD/T and an Integral kdi9 Value of 
122 w/cm. 
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Figure 23. Fracture Surface of Top Pellet in Molybdenum-fibered, 
HeUum-bonded Specimen ANL-35-34, Showing Small Metal Bead 
Surrounded by Small Columnar Grains after a Burnup of 6800 MWD/T 
and an Integral kd5 Value of 78 w/cm. 
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Figure 24. Fracture Surface of Bottom Pellet in Molybdenum-fibered, 
Helium-bonded Specimen ANL-35-32, Showing Columnar Grains Sur­
rounding a Central Void Containing Melted Fibers after a Burnup of 
27,100 MWD/T and an Integral kdS Value of 100 w/cm. 
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Figure 25. Fracture Surface of Bottom Pellet in Molybdenum-fibered 
Helium-bonded Specimen ANL-35-31, Showing Large Central Metal 
Bead Surrounded by Columnar Grains after a Burnup of 27,800 MWD/T 
and an Integral kdS Value of 107 w/cm. 

T h e f r a c t u r e s e c t i o n s of c l a d s p e c i m e n s , h a l v e s of f i b e r e d b a r e 
p e l l e t s , a n d r a n d o m l y o r i e n t e d p i e c e s of u n f i b e r e d b a r e p e l l e t s , w e r e 
m o u n t e d in c o l d - s e t t i n g H y s o l 6 0 4 0 e p o x y r e s i n . R o u g h g r i n d i n g w a s d o n e 
s u c c e s s i v e l y o n 80 , 120 , 3 2 0 , a n d 6 0 0 - g r i t s i l i c o n c a r b i d e p a p e r s l u b r i c a t e d 
w i t h " O S " H y p r e z f l u i d . P o l i s h i n g w a s d o n e on s i l k c l o t h s u s i n g 3 - a n d 
1 - m i c r o n d i a m o n d p a s t e w i t h f i n a l p o l i s h i n g o n M i c r o c l o t h i m p r e g n a t e d 
w i t h — - m i c r o n d i a m o n d p a s t e a n d a l l u s i n g " O S " H y p r e z l u b r i c a n t . A t ­
t e m p t s a t e t c h i n g w i t h h o t a n d c o l d s o l u t i o n s of 10 p a r t s HNO3 a n d 1 p a r t 
H F o r 9 p a r t s H2SO4 a n d 1 p a r t 30% H2O2 p r o d u c e d o n l y e t c h p i t s . It w a s 
b e l i e v e d t h a t t h e l o w g r i n d i n g a n d p o l i s h i n g p r e s s u r e s , 350 a n d 125 g r a m s , 
r e s p e c t i v e l y , a n d t h e s l o w t u r n t a b l e s p e e d s of 160 r p m w e r e s u c c e s s f u l in 
b r i n g i n g o u t m o s t of t h e g r a i n s t r u c t u r e t h a t w a s p r e s e n t . A l l t h e m e t a l -
l o g r a p h i c s e c t i o n s p r e s e n t e d h e r e a r e t h e r e f o r e in t h e a s - p o l i s h e d c o n d i t i o n . 

R a n d o m p i e c e s f r o m the u n f i b e r e d , u n c l a d p e l l e t s h a d r e l a t i v e l y f e w 
a n d s m a l l a r e a s of r e c r y s t a l l i z a t i o n , a s s h o w n in F i g u r e 2 6 . T h i s w o u l d 
i n d i c a t e t h a t t h e s e s p e c i m e n s w e r e i r r a d i a t e d a t l ow t e m p e r a t u r e c a u s e d 
b y t h e i r b r e a k i n g u p a n d h a v i n g a v e r y l a r g e s u r f a c e a r e a e x p o s e d to t he 
N a K c o o l a n t . W h a t a p p e a r e d to b e a l i g h t g r a y s e c o n d p h a s e w a s p r e s e n t 
in a l l s p e c i m e n s , c l a d a n d u n c l a d , r e g a r d l e s s of b u r n u p o r c o m p o s i t i o n . In 
t h e u n c l a d p e l l e t s t h i s p h a s e w a s n o t h o m o g e n e o u s a n d g a v e t h e c e r a m i c a 
" p a t c h y " a p p e a r a n c e . S o m e p i e c e s e x h i b i t e d a w h i t e b a n d a t w h a t p r o b a b l y 
w a s o n c e t h e c i r c u m f e r e n c e . T h e b a n d w a s f r e e of t h e s e c o n d p h a s e , a s 
w e r e t h e r e c r y s t a l l i z e d a r e a s . 
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Figure 26. Randomly Oriented Fragment from Unfibered Specimen 
ANL-35-6 , Showing "Patchy" Second Phase (Dark) and a Smal l Re-
crystal l ized Area on the Right Extremity (Arrow). Average T e m p e r ­
ature of Irradiation Was Low. 

The unc lad f i be r ed p e l l e t s , which did not b r e a k up as r e a d i l y as 
the u n f i b e r e d p e l l e t s , showed t h e r m a l ef fects r a n g i n g f r o m no a p p a r e n t 
change , as in F i g u r e 27, to s l igh t c e n t r a l r e c r y s t a l l i z a t i o n , a s in F i g u r e 28 
to a c e n t r a l void s u r r o u n d e d by s o m e r e c r y s t a l l i z a t i o n , as in F i g u r e 29. 
Some p o r e s n e a r the c e n t e r of A N L - 3 5 - 5 w e r e p la t e l ike and p e r p e n d i c u l a r 
to the r a d i u s . They w e r e p r e s e n t at the ends of r a d i a l l y o r i e n t e d g r a i n s . 
A t y p i c a l p l a t e l e t void is shown in F i g u r e 30. C r a c k i n g w a s r a n d o m l y 
o r i e n t e d and did not f o r m a n e t w o r k b e t w e e n f i b e r s . 

The n i o b i u m f i b e r s in both the c lad and unc lad s p e c i m e n s r e a c t e d 
with e i t h e r the oxide o r the a t m o s p h e r e p r e s e n t in the pe l l e t . R e a c t i v e 
g a s e s in the pe l l e t would inc lude e x c e s s oxygen f r o m n o n s t o i c h i o m e t r i c 
UO2 and h y d r o g e n tha t w a s c h e m i s o r b e d on the UO2 d u r i n g the r e d u c t i o n 
f r o m U3O8. Mo lybdenum r e a c t i o n s wi th the e n v i r o n m e n t w e r e not ev iden t . 
Some t y p i c a l n iob ium r e a c t i o n s a r e shown in F i g u r e s 31 , 32, and 33. An 
u n r e a c t e d m o l y b d e n u m f iber is shown in F i g u r e 34. 
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Figure 27. Polished Section of Specimen ANL-35-16. Molybdenum 
Fibers Are Discernible after 7400 MWD/T at an Integral kdi9 Value of 
34 w/cm. 
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Figure 28. Polished Section of Molybdenum-fibered Specimen 
ANL-35-13. Central Area Has Begun to Recrystallize after 
87000 MWD/T at an Integral kd5 Value of 46 w/cm. 
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Figure 29. Polished Section of Niobium-fibered Specimen 
ANL-35-4. Central Void and Some Recrystallization Has 
Occurred after 8800 MWD/T at an Integral kd5 Value of 
47 w/cm. 
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Figure 30. Beginning Movement of Platelet Void (Arrow) Toward Center 
of Specimen ANL-35-5. While AreasAre Melted Molybdenum Fibers. 
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Figure 31. Niobium-fiber Reaction in Unclad Specimen ANL-35-4. 
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Figure 32. Remains of Niobium Fiber and Reaction Product in Lead-bonded 
Specimen ANL-35-29. 
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Figure 33. Reacted Niobium Fibers in Recrystallized Center of 
Specimen ANL-35-29. 
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Figure 34. Unreacted Molybdenum Fiber in Specimen ANL-35-26. 



T h e a p p e a r a n c e of t h e c l a d s p e c i m e n s c l e a r l y s h o w e d t h a t h i g h e r 
t e m p e r a t u r e s w e r e a c h i e v e d t h a n i n t h e b a r e p e l l e t s . T h i s i s p r e d o m i n a n t l y 
a t t r i b u t e d to t h e r e d u c t i o n of h e a t l o s s e s f r o m the e n d s w h e n t h e r a t i o of 
l e n g t h t o d i a m e t e r w a s i n c r e a s e d f r o m o n e to t w o . T h e t e m p e r a t u r e d r o p s 
t h r o u g h t h e c l a d d i n g a n d b o n d i n g w e r e a l s o f a c t o r s in i n c r e a s i n g t h e 
t e m p e r a t u r e . 

U n f i b e r e d , l e a d - b o n d e d p e l l e t s ( s e e F i g u r e s 35 , 36 , a n d 37) e x h i b i t e d 
t h e n o r m a l c e n t r a l v o i d a n d v e r y l a r g e r a d i a l g r a i n s a t h i g h i n t e g r a l 
k d S v a l u e s , b u t o n l y c r a c k i n g a t l o w e r v a l u e s . L e a d w a s p r e s e n t in t h e 
c e n t e r of A N L - 3 5 - 2 8 a n d in t h e c r a c k s of A N L - 3 5 - 2 4 , b u t n o t in t h e c e n t e r 
of A N L - 3 5 - 2 0 , p r o b a b l y b e c a u s e n o l a r g e r a d i a l f i s s u r e s e x i s t e d f o r i t s 
p a s s a g e . L e a d m t h e c i r c u m f e r e n t i a l c r a c k s of A N L - 3 5 - 2 0 a n d A N L - 3 5 - 2 8 
c a u s e d a n o u t e r l a y e r of o x i d e t o s l o u g h off a f t e r r e p e a t e d t h e r m a l c y c l i n g s , 
g i v i n g t h e p e l l e t a t r i a n g u l a r s h a p e a s i t w a s r e s t r a i n e d by t h e s p a c i n g r i b s . 
S p e c i m e n s A N L - 3 5 - 2 0 a n d A N L - 3 5 - 2 8 e x h i b i t e d a p o r e s t r u c t u r e s i m i l a r 
t o t h e p l a t e l e t p o r e s in A N L - 3 5 - 5 . S o m e of t h e s e p o r e s , s h o w n in 
F i g u r e 3 8 , a r e f i l l e d w i t h l e a d w h i c h p r o b a b l y c o n d e n s e d f r o m t h e v a p o r 
p h a s e . In s o m e s p e c i m e n s , t h e Z i r c a l o y - 2 s p a c i n g r i b s w e r e r o u n d e d a n d 
s h o w e d e v i d e n c e of i n c i p i e n t m e l t i n g on t h e s u r f a c e a d j a c e n t to t h e p e l l e t . 
T h i s c o n d i t i o n i s i n d i c a t i v e of a h i g h i r r a d i a t i o n t e m p e r a t u r e . E x a m p l e s of 
t h i s a r e s p e c i m e n s A N L - 3 5 - 2 0 a n d A N L - 3 5 - 2 8 w i t h a l m o s t i d e n t i c a l i n t e g r a l 
kdS v a l u e s of 67 a n d 68 w / c m , r e s p e c t i v e l y . T h e a b s e n c e of h e a t - t r a n s f e r r i n g 
l e a d in t h e c e n t e r of A N L - 3 5 - 2 0 l e d to a h i g h e r t e m p e r a t u r e t h a n in A N L - 3 5 -
2 8 , w h i c h d i d c o n t a i n l e a d a l l t h e w a y to t h e c e n t e r . T h e r i b s in A N L - 3 5 - 2 0 
w e r e a c c o r d i n g l y r o u n d e d , w h e r e a s t h o s e in A N L - 3 5 - 2 8 w e r e n o t . 
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Figure 35. Polished Section of Unfibered Specimen ANL-35-24 after 
4900 MWD/T at an Integral kdi9 Value of 54 w/cm. Lead Has Entered 
the Cracks. 
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Figure 36. Polished Section of Unfibered Specimen ANL-35-28 
after 11, 300 MWD/T at an Integral kde Value of 68 w/cm. Lead 
in the Circumferential Crack Caused the Triangular Shape. 
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Figure 37. Polished Section of Unfibered Specimen ANL-35-20 after 
20, 000 MWD/T at an Integral kd^Value of 67 w/cm. Lead Has Not 
Entered the Central Void. 
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Figure 38. Columnar Grain Formation in ANL-35-28. Lead-filled Center Is at the Left. 
Note the Platelet Voids Near the Center. 

It should be poin ted out tha t the i n t e g r a l kd0 v a l u e s a r e not abso lu te 
t e m p e r a t u r e i n d i c a t o r s s i nce the pe l l e t s u r f a c e t e m p e r a t u r e s , the lower 
l i m i t of i n t e g r a t i o n , w e r e not known. 

The l e a d - b o n d e d f i be r ed p e l l e t s exh ib i t ed n e i t h e r s y m m e t r i c a l 
c e n t r a l vo ids no r l a r g e r a d i a l l y o r i e n t e d g r a i n s . C e n t r a l t e m p e r a t u r e s 
e x c e e d e d the m e l t i n g point of m o l y b d e n u m , 2620°C, and m e l t e d f i b e r s 
w e r e p r e s e n t m al l s p e c i m e n s . M a x i m u m o b s e r v e d c e n t r a l void f o r m a ­
t ion o c c u r r e d m A N L - 3 5 - 1 8 , shown m F i g u r e 39, wi th an i n t e g r a l 
kdS va lue of 122 w / c m . The void was i r r e g u l a r l y sJiaped and con ta ined 
l ead and p r o b a b l y d i s s o l v e d m o l y b d e n u m , excep t m the v e r y c e n t e r which 
w a s open . Th i s s m a l l c e n t r a l void was p r o b a b l y f o r m e d f rom the high 
i n t e r n a l gas p r e s s u r e at the o p e r a t i n g t e m p e r a t u r e . No e x t e n s i v e r e c r y s ­
t a l l i z a t i o n w a s a p p a r e n t m th i s s p e c i m e n . F i b e r s w e r e s t i l l d i s c e r n i b l e 
about o n e - t h i r d the d i s t a n c e to the c e n t e r . The pe l l e t s u r f a c e t e m p e r a t u r e 
w a s suff ic ient to m e l t the Z i r c a l o y - 2 r i b s to l e s s than half t h e i r o r i g i n a l 
t h i c k n e s s . 
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Figure 39. Polished Section of Molybdenum-fibered Specimen 
ANL-35-18 after 29,700 MWD/T at an Integral kd5 Value of 
122 w/cm. White Areas Are Lead. Note the Reduction in Size 
of the Three Zircaloy-2 Ribs. 

It s h o u l d b e n o t e d t h a t A N L - 3 5 - 1 7 w i t h a s l i g h t l y h i g h e r i n t e g r a l k d 0 v a l u e 
of 129 w / c m s u f f e r e d c a t a s t r o p h i c f a i l u r e . An i n t e g r a l kdS v a l u e of 
100 w / c m in A N L - 3 5 - 2 3 p r o d u c e d t h e s t r u c t u r e s h o w n m F i g u r e 4 0 . H e r e 
a g a i n l e a d h a d p e r m e a t e d t o t h e c e n t e r b u t le f t a s m a l l v o i d . 
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Figure 40. Polished Section of Molybdenum'-fibered Specimen 
ANL-35-23 after 20,500 MWD/T at an Integral kdi9 Value of 
100 w/cm. Columnar Recrystallization Is Slight. 



The oxide ad jacen t to the vo id ( s ee F i g u r e 41) w a s p o r o u s with s p h e r i c a l 
and p l a t e l e t p o r e s . T h e r e w e r e s m a l l r a d i a l l y o r i e n t e d g r a i n s behind the 
p o r e s , but t h e s e ended w h e r e the f i b e r s had not m e l t e d . S p e c i m e n A N L - 3 5 -
26, hav ing a l m o s t the s a m e i n t e g r a l kdS va lue a s A N L - 3 5 - 2 3 but con ta in ing 
50 w / o UO2, had the s t r u c t u r e shown in F i g u r e s 42 and 43 . T h e s e a r e a s a r e 
j u s t below a s m a l l c e n t r a l void tha t was p r e s e n t in the m a t i n g s u r f a c e . The 
s t r u c t u r e shown in F i g u r e 43 i s p r o b a b l y tha t of g r a i n s o r i e n t e d p a r a l l e l to 
the c e n t r a l ax i s of the p e l l e t and in a l ead m a t r i x . The s t r u c t u r e is s i m i l a r 
to tha t of a p e r p e n d i c u l a r s e c t i o n t h r o u g h the oxide ad jacen t to the c e n t e r 
void m A N L - 3 5 - 2 3 ( see F i g u r e 41) . No c e n t r a l void was f o r m e d in A N L - 3 5 -
22 ( see F i g u r e 44), at an i n t e g r a l kdS va lue of 83 w / c m . The c e n t r a l a r e a 
con ta ined equ i axed r e c r y s t a l l i z e d g r a i n s and few m e l t e d m o l y b d e n u m f i b e r s . 
F i g u r e 45 shows th i s c e n t r a l a r e a wi th m o l y b d e n u m in the g r a i n b o u n d a r i e s . 
Unl ike the f o r m a t i o n of r a d i a l l y o r i e n t e d g r a i n s in A N L - 3 5 - 2 3 , the f o r m a ­
t ion of t h e s e equ i axed g r a i n s w a s not h i n d e r e d by the p r e s e n c e of whole 
f i b e r s . Me l t ed f i b e r s did not s e e m to i m p e d e e i t h e r type of r e c r y s t a l l i z a t i o n . 
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Figure 41. Area Adjacent to Central Void in Specimen ANL-35-23. Central 
Void is at Upper Left Surrounded by Lead. White Areas Are Melted Fibers. 
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Figure 42. Polished Section of Molybdenum-fibered Specimen 
ANL-35-26 after 17, 000 MWD/T at an Integral kd5 Value of 
96 w/cm. Area Is Just below Central Void. Lead Has Permeated 
to Center. 
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Figure 43. Center of Specimen ANL-35-26. Light Areas Are Oxide, Gray Fine 
Structure b Lead, and Black Areas Are Voids. 
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Figure 44. Polished Section of Molybdenum-fibered Specimen 
ANL-35-22 after 7100 MWD/T at an Integral kdS Value of 83 w/cm. 
Central Area Is Equiaxially Recrystallized, 
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Figure 45. Center of Specimen ANL-35-22 Showing Equiaxed 
Grains and Partially Melted Molybdenum Fibers. Note the 
Breakup of the Fibers and Their Presence in Grain Boundaries. 
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T h r e e h e l i u m - b o n d e d , m o l y b d e n u m - f i b e r e d s p e c i m e n s a r e s h o w n in 
F i g u r e s 46 t h r o u g h 50 . T w o of t h e t h r e e s p e c i m e n s h a d c e n t r a l m e t a l l i c 
s p h e r e s of m o l y b d e n u m , a n d t h e f r a c t u r e s e c t i o n of F i g u r e 23 i n d i c a t e s t h a t 
t h e t h i r d a l s o h a d a s m a l l b e a d a t t h e t i m e of s e c t i o n i n g . 

Figure 46 

Polished Section of Molybdenum-
fibered Specimen ANL-35-34 after 
6800 MWD/T at an Integral 
kd(9 Value of 78 w/cm. Area Is 
Just below the Metal Bead Shown 
in the Fracture Section of Figure 23. 
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Figure 47. Center of Molybdenum-fibered Specimen ANL-35-34, Showing Remains of Small 
Metal Bead in the Center. Dark Gray Phase Is Mounting Material. White Phase Is Metal. 
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Figure 48. Polished Section of Molybdenum-fibered Specimen 
ANL-35-32 after 27,100 MWD/T at an Integral kd9 Value of 
100 w/cm. Two-thirds of the Center Is Solid Metal Surrounded 
by Small Columnar Grains. 
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Figure 49. Columnar Grains in Specimen ANL-35-32. 
Cladding at Extreme Right. 

Metal Center Is at Extreme Left, 
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Figure 50. Polished Section of Molybdenum-fibered Specimen 
ANL-35-31 after 27,800 MWD/T at an Integral kde Value of 
107 w/cm. Showing Solid Metal Center. 

The r e c r y s t a l l i z a t i o n in A N L - 3 5 - 3 4 had begun in an a r e a of m e l t e d f i b e r s , 
shown in F i g u r e 47, and the m e t a l had s t a r t e d to f o r m a c e n t r a l bead . The 
a r e a a r o u n d the s p h e r e in A N L - 3 5 - 3 2 was dep l e t ed in f i b e r s and the r a d i a l 
r e c r y s t a l l i z a t i o n w a s f a i r l y e x t e n s i v e , a s shown in F i g u r e s 48 and 49 . The 
c e r a m i c s u r r o u n d i n g the s p h e r e in A N L - 3 5 - 3 1 was c o m p l e t e l y m i s s i n g 
e x c e p t at the e x t r e m e e d g e s . This a r e a had p r o b a b l y con ta ined no f i b e r s 
and had r e c r y s t a l l i z e d , but w a s l o s t s o m e t i m e b e t w e e n sec t i on ing and 
m o u n t i n g . The r e c r y s t a l l i z e d g r a i n s i z e in A N L - 3 5 - 3 2 was s m a l l e r than 
in the un f ibe red p e l l e t s ( see F i g u r e 38), but the p o r e s t r u c t u r e , con ta in ing 
p l a t e l e t v o i d s , was s i m i l a r . The s e c o n d - p h a s e m a t e r i a l m e n t i o n e d p r e ­
v i o u s l y tended to s e g r e g a t e a long g r a i n b o u n d a r i e s a f t e r r e c r y s t a l l i z a t i o n . 

DISCUSSION O F R E S U L T S 

The r e s u l t s fall u n d e r the g e n e r a l h e a d i n g s of t e m p e r a t u r e ef fects 
and i r r a d i a t i o n e f fec t s , and they wi l l be d i s c u s s e d in tha t m a n n e r , a l though 
t h e s e t o p i c s a r e o v e r l a p p i n g in m a n y r e s p e c t s . 

T e m p e r a t u r e Ef fec t s 

The i m p r o v e m e n t of t h e r m a l conduc t iv i ty afforded by the f i b e r s is 
in one way e v i d e n c e d by the 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 shock . Un­
f i b e r 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 fell a p a r t d u r i n g the i r r a d i a t i o n 
p e r i o d . Clad and unc l ad f i b e r e d p e l l e t s had m u c h l e s s t e n d e n c y to c r a c k . 
T h e r e i s no doubt tha t the f i b rous n e t w o r k p layed a m a j o r r o l e in keep ing 
the p e l l e t s t o g e t h e r . 
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Both e q u i a x e d and 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 e r e o b s e r v e d in the 
f i b e r e d s p e c i m e n s . The equ i axed g r a i n s s e e m e d unaffec ted by the p r e s e n c e 
of whole f i b e r s . C o l u m n a r g r a i n s , h o w e v e r , w e r e p r e s e n t only in a r e a s 
w h e r e the f i b e r s had m e l t e d and w e r e the l a r g e s t in s p e c i m e n s w h e r e the 
m e t a l had m i g r a t e d to the c e n t e r . E v e n then, t h e s e l a r g e c o l u m n a r g r a i n s 
w e r e s m a l l e r than t hose in s i m i l a r l y r e c r y s t a l l i z e d p e l l e t s con ta in ing no 
f i b e r s . T h i s would s u g g e s t t ha t the m e c h a n i s m for c o l u m n a r r e c r y s t a l l i z a ­
t ion i s h i n d e r e d by the p r e s e n c e of a so l id f i b e r . 

E s s e n t i a l l y , t h r e e m e c h a n i s m s have been p o s t u l a t e d for the f o r m a ­
t ion of c o l u m n a r g r a i n s and a c e n t r a l void in UO2 fue l s . B a t e s and Roake^^ ' 
s u g g e s t tha t the c o l u m n a r g r a i n s a r e d e n d r i t e s tha t have c o n d e n s e d f r o m 
UO2 v a p o r be low the m e l t i n g point of UO2. Th is m e c h a n i s m is s u p p o r t e d 
by e x - r e a c t o r e x p e r i m e n t s in wh ich t h e s e d e n d r i t e s a r e shown to e n c l o s e 
p l a t e l e t vo id s s i m i l a r to t h o s e s e e n in ou r w o r k . Ba in and R o b e r t s o n , -̂-̂ 'z 
and E i c h e n b e r g et al.,(-'-°/ s u g g e s t tha t the c o l u m n a r g r a i n s have so l id i f ied 
f r o m a m e l t and tha t the c e n t r a l void i s a so l id i f i ca t ion c r a t e r . N e i t h e r 
of t h e s e m e c h a n i s m s can a c c o u n t for the r e s u l t s o b s e r v e d in our work in 
wh ich m e t a l f i b e r s w e r e p r e s e n t , e v e n though c e n t e r t e m p e r a t u r e s did 
e x c e e d the m e l t i n g point of the oxide in s o m e c a s e s . 

The p h e n o m e n a o c c u r r i n g in a f i b e r e d oxide a r e b e s t e x p l a i n e d by the 
m e c h a n i s m p r o p o s e d by L a w s o n and MacEwan^-*-"/ in which v a p o r i z a t i o n -
c o n d e n s a t i o n t a k e s p l ace a c r o s s any s m a l l i n t e r n a l void w h e r e a l a r g e t e m ­
p e r a t u r e g r a d i e n t e x i s t s . The void then m o v e s up the g r a d i e n t to the c e n t e r 
by v a p o r i z a t i o n - c o n d e n s a t i o n on i t s o p p o s i t e f a c e s , g rowing in s i ze as it 
e n c o u n t e r s o t h e r v o i d s . I ts shape is t h a t of a p l a t e l e t and it s w e e p s out a 
c o l u m n a r g r a i n a s i t m o v e s . The width of the g r a i n i s the width of the 
p l a t e l e t and i t s b o u n d a r i e s con ta in t iny p o r e s left at the ends of the a d v a n c ­
ing p l a t e l e t w h e r e t h e r e i s e s s e n t i a l l y no t e m p e r a t u r e g r a d i e n t . 

The e v i d e n c e for t h i s l a s t m e c h a n i s m h a s been poin ted out in v a r i o u s 
p a r t s of t h i s r e p o r t . The p l a t e l e t vo ids w e r e p r e s e n t a t the t e r m i n a t i o n of 
c o l u m n a r g r a i n s , and the g r a i n b o u n d a r i e s con ta ined s m a l l s p h e r i c a l v o i d s . 
It fo l lows tha t a p l a t e l e t void m o v i n g into a p r e v i o u s l y r e c r y s t a l l i z e d g r a i n 
tha t i s f r e e of vo ids should d i s s i p a t e i t se l f to the g r a i n b o u n d a r i e s . The 
g r a i n t h a t was f o r m e d by t h i s void would end in a point as do the ou t e r c o ­
l u m n a r g r a i n s shown in F i g u r e 38. F u r t h e r m o r e , a void m o v e m e n t a s d e ­
s c r i b e d r e q u i r e s a high l o c a l i z e d t e m p e r a t u r e g r a d i e n t . A sol id f ibe r , 
be ing an e x c e l l e n t hea t c o n d u c t o r , l e s s e n s the g r a d i e n t , thus h i n d e r i n g 
void m o v e m e n t and t h e r e b y r e t a r d i n g r e c r y s t a l l i z a t i o n . A m e l t e d f ibe r , 
h o w e v e r , t e n d s to b r e a k up, c o a l e s c e , and l o s e t h i s h e a t - c o n d u c t i n g c a ­
p a c i t y . The fac t t ha t 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 did no t beg in un t i l the 
f i b e r s had m e l t e d , c o m b i n e d with the o t h e r e v i d e n c e c i ted , s u p p o r t s the 
m e c h a n i s m p r o p o s e d by L a w s o n and M a c E w a n . 



The f o r m a t i o n of the c e n t r a l void by a l l the s u g g e s t e d m e c h a n i c m ! : 
occv. -n b s ' ; a u s j of t h j r e l o c a t i o n of m a s s c o n c u r r e n t wi th the den.s i f icat ion 
of the ox ide . The ne t flow of so l id m a s s is o u t w a r d whi le the ne t flow of 
void S£)ace is t o w a r d the c e n t e r . vVhen m e t a l f i be r s a r e p r e s e n t , the s i z e 
of the c e n t r a l void i s d i m i n i s h e d o r e n t i r e l y a b s e n t in p e l l e t s with c o m p a r ­
able hea t r a t i n g s to u n f i b e r e d p e l l e t s hav ing c e n t r a l v o i d s . W h e r e a p p r e c i ­
able c e n t r a l vo ids w e r e f o r m e d at 67 w / c m in un f ibe red l e a d - b o n d e d p e l l e t s , 
a m u c h s m a l l e r void w a s f i r s t o b s e r v e d in a m o l y b d e n u m - f i b e r e d pe l l e t at 
96 w / c m . Since 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 was s i m i l a r l y r e t a r d e d by 
f i b e r s , the f i b e r s m u s t be r e t a r d i n g a s ing le m e c h a n i s m tha t c r e a t e s both 
the c o l u m n a r g r a i n s and the c e n t r a l vo id . T h i s m e c h a n i s m can only be the 
m o v e m e n t of vo ids by the s u b l i m a t i o n p r o c e s s . It is ev iden t , t h e r e f o r e , 
f r o m the o b s e r v e d e f fec t s on r e c r y s t a l l i z a t i o n and c e n t r a l void f o r m a t i o n , 
tha t the f i b e r s have e f fec t ive ly i n c r e a s e d the t h e r m a l conduc t iv i t y of the 
ox ide . 

The p r e s e n c e of the m o l y b d e n u m b e a d s in the c e n t e r of h e l i u m -
bonded s p e c i m e n s can be e x p l a i n e d by the void m o v e m e n t to the c e n t e r . 
When the m o l y b d e n u m m e l t e d , s m a l l vo ids could s w e e p to the c e n t e r and 
f o r m the l a r g e c e n t r a l v o i d s , l e av ing c o l u m n a r g r a i n s in t h e i r w a k e . P a r ­
t i c l e s of l iqu id m e t a l would be c a r r i e d a long wi th t h e s e vo ids b e c a u s e t h e i r 
h igh s u r f a c e e n e r g i e s would " f loa t" t h e m in the m o v i n g v o i d s . The m e t a l 
p a r t i c l e s would be d e p o s i t e d in the c e n t e r of the pe l l e t at the s a m e t i m e 
the c e n t r a l void w a s be ing f o r m e d . S u r f a c e t e n s i o n would c o a l e s c e the 
m e t a l to the o b s e r v e d s p h e r i c a l s h a p e . The t i m e and t e m p e r a t u r e d e p e n d ­
ence of the p r o c e s s is s u g g e s t e d by s p e c i m e n A N L - 3 5 - 3 4 , i r r a d i a t e d for 
only 44 d a y s a t an i n t e g r a l kd0 va lue of 78 w / c m , in wh ich only a s m a l l 
bead w a s f o r m e d wi th l i m i t e d r e c r y s t a l l i z a t i o n a r o u n d it . Without a v e r y 
high t e m p e r a t u r e g r a d i e n t to i n i t i a t e and p r o p a g a t e the t r a n s p o r t p r o c e s s , 
the vo ids and m e t a l would be in t e m p e r a t u r e e q u i l i b r i u m and no m o v e m e n t 
would o c c u r . The a b s e n c e of the b e a d s in the c e n t e r s of l e a d - b o n d e d s p e c ­
i m e n s s u g g e s t s tha t the l ead , e i t h e r by i t s p r e s e n c e in c r a c k s or by i t s 
s u p e r i o r h e a t t r a n s f e r to the c l add ing , r e d u c e d the high t e m p e r a t u r e g r a ­
d i e n t s . Any m o l y b d e n u m tha t did r e a c h the c e n t e r f r o m c lo se by a r e a s 
w a s p r o b a b l y d i s s o l v e d in bo i l ing l e a d . It h a s b e e n d e m o n s t r a t e d tha t 
a l l oys wi th up to 20 w / o m o l y b d e n u m can be p r e p a r e d by d i s s o l v i n g m o l y b ­
d e n u m in bo i l ing l e a d . ' ^ ^ / 

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 o c c u r r i n g above and be low the c e n t r a l 
void and o r i e n t e d a x i a l l y wi l l c a u s e the e n d s of the p e l l e t to b e c o m e c o n ­
vex . L e n g t h e n i n g the fuel in t h i s m a n n e r can be d e t r i m e n t a l to the c l add ing . 
S ince m e t a l f i b e r s r e t a r d 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 , t h e i r u s e in oxide 
p e l l e t s could p r e v e n t t h i s r a t c h e t i n g effect . 

The n i o b i u m r e a c t i o n s wi th the p e l l e t e n v i r o n m e n t l e s s e n s c o n s i d ­
e r a b l y i t s e f f e c t i v e n e s s in i m p r o v i n g the t h e r m a l conduc t iv i t y and r e t a r d i n g 
r e c r y s t a l l i z a t i o n and c e n t r a l vo id f o r m a t i o n . At the t i m e th i s i n v e s t i g a t i o n 



w a s in i t i a t ed , in 1956, no i n f o r m a t i o n w a s a v a i l a b l e on the h i g h - t e m p e r a t u r e 
c o m p a t i b i l i t y of n i o b i u m with Th02 o r UO2. M o r e r e c e n t l y , K e r r l ^ l / h a s 
found tha t n i o b i u m u n d e r g o e s a r e a c t i o n wi th UO2 at 2065°C but no r e a c t i o n 
wi th Th02 up to 2135°C. He a l s o found tha t m o l y b d e n u m d o e s not r e a c t wi th 
UO2 up to 2155°C but d o e s r e a c t wi th Th02 at t h i s t e m p e r a t u r e . G a n g l e r 
et al_.,(^'^/ h o w e v e r , found no r e a c t i o n b e t w e e n n i o b i u m and UO2 up to 
2468°C, the m e l t i n g poin t of n i o b i u m . Borchardtv^-^/ found tha t n i o b i u m wi l l 
r e d u c e U3O8 a t about 500°C and c o n c l u d e s tha t it is a s o l i d - s t a t e r e a c t i o n . 
We m u s t conc lude f r o m our r e s u l t s tha t n i o b i u m does r e a c t wi th the 
T h 0 2 - U 0 2 e n v i r o n m e n t , e i t h e r by a so l id o r g a s e o u s m e c h a n i s m or both . As 
p r e v i o u s l y m e n t i o n e d , both oxygen and h y d r o g e n w e r e p r o b a b l y a v a i l a b l e to 
r e a c t wi th the n i o b i u m . 

The m o l y b d e n u m f i b e r s exh ib i t ed no s i m i l a r r e a c t i o n s . A m o l y b d e ­
n u m oxide r e a c t i o n would have p r e c l u d e d the m o l y b d e n u m d e p o s i t i o n tha t 
w a s o b s e r v e d in the c e n t e r of the h e l i u m - b o n d e d s p e c i m e n s . 

The effect of the bonding agen t , l ead o r h e l i u m , in the annu lus i s 
c l e a r l y shown in the n u m b e r of c l add ing f a i l u r e s and in the oxide m i c r o -
s t r u c t u r e s . The m i c r o s t r u c t u r e s i n d i c a t e d h i g h e r i n t e r n a l t e m p e r a t u r e s 
and s t e e p e r t e m p e r a t u r e g r a d i e n t s in the h e l i u m - b o n d e d s p e c i m e n s . With 
the l a r g e m e t a l bead in the c e n t e r , the r e g i o n of h i g h e s t h e a t g e n e r a t i o n 
w a s e f fec t ive ly m o v e d o u t w a r d t o w a r d the c l add ing . Combin ing th i s wi th 
any s m a l l a r e a of poor c o n t a c t b e t w e e n c l add ing and oxide could c a u s e the 
c l add ing to m e l t and fa i l . L e a d bonding , h o w e v e r , did not g e n e r a l l y change 
the r e g i o n of h i g h e s t h e a t g e n e r a t i o n and it t ended to even out the hea t flux. 
The f a i l u r e of the one l e a d - b o n d e d s p e c i m e n w a s p r o b a b l y c a u s e d by boi l ing 
of the NaK coo lan t a t the c l add ing s u r f a c e and m e l t i n g the Z i r c a l o y - 2 c l a d ­
ding, a r e s u l t of a h igh r a t e of h e a t g e n e r a t i o n . Th i s f a i l u r e o c c u r r e d at a 
h e a t r a t i n g of 129 w / c m , w h e r e a s the s p e c i m e n tha t did not fail at 122 w / c m 
showed c o n s i d e r a b l e m e l t i n g of the s u p p o r t i n g r i b s . The f i r s t c l add ing 
b u r n o u t of a h e l i u m - b o n d e d s p e c i m e n o c c u r r e d at a hea t r a t i n g of 97 w / c m , 
and a n o t h e r showed i n d i c a t i o n s of m e l t i n g a t 78 w / c m . 

I r r a d i a t i o n Ef fec t s 

The d i m e n s i o n a l s t a b i l i t y e x h i b i t e d by the sound c lad s p e c i m e n s 
a g r e e s wi th p r e v i o u s f indings for T h 0 2 - U 0 2 so l id so lu t ions .(4) It is b e ­
l i e v e d t h a t the i n c r e a s e in c l add ing d i a m e t e r of the fa i led s p e c i m e n s 
w a s p a r t l y c a u s e d by the h igh i n t e r n a l g a s p r e s s u r e and p a r t l y by the v i o ­
l en t v a p o r i z a t i o n of NaK which s e e p e d in t h r o u g h the c ladding f a i l u r e d u r i n g 
r e a c t o r shu tdowns and c a m e in c o n t a c t wi th the fuel. 

The f i s s i o n gas r e s u l t s w e r e i n c o n c l u s i v e for the in t ended p u r p o s e 
of c o m p a r i n g the r e l e a s e f r o m f i b e r e d and un f ibe red p e l l e t s . The low 
i r r a d i a t i o n t e m p e r a t u r e of the u n f i b e r e d b r o k e n p i e c e s m a k e s a d i r e c t 
c o m p a r i s o n i m p r a c t i c a l . It was thought tha t m i c r o c r a c k s in the oxide , 
c a u s e d by the d i f f e ren t t h e r m a l e x p a n s i o n of oxide and f ibe r , m i g h t y ie ld 



r e a d y p a t h s for the e s c a p e of f i s s i o n g a s . T h e s e m i c r o c r a c k s , h o w e v e r , 
w e r e not p r o m i n e n t in the i r r a d i a t e d s t r u c t u r e . The f i s s i on gas r e l e a s e 
f r o m the f i b e r e d p e l l e t s i s not h igh, if the b u r n u p and i r r a d i a t i o n t e m p e r a ­
t u r e s a r e t a k e n into c o n s i d e r a t i o n . 

If t h e r e is i ndeed a change in the r a t i o of xenon to k r y p t o n r e l e a s e 
wi th i n c r e a s i n g UO2 con ten t as the d a t a s u g g e s t , i t g ives r e a s o n to b e l i e v e 
tha t the xenon and k r y p t o n have d i f f e ren t diffusion r a t e s in the T h 0 2 - U 0 2 
sol id s o l u t i o n s . The a c t i v a t i o n e n e r g i e s for diffusion of xenon and k r y p t o n 
in UO2 a r e u s u a l l y t a k e n a s the s a m e , about 65 k c a l / m o l , ' ' ' p r i m a r i l y b e ­
c a u s e the e x p e r i m e n t a l d a t a a r e i n a d e q u a t e to d i s t i n g u i s h b e t w e e n the two . 
H o w e v e r , i t is r e a s o n a b l e to s u s p e c t t ha t they do not diffuse at the s a m e 
r a t e and t h e i r diffusion r a t e s in T h 0 2 - U 0 2 so l id so lu t i ons would be af fec ted 
by the T h 0 2 . The a c t i v a t i o n e n e r g y for di f fusion of xenon in Th02 h a s b e e n 
r e p o r t e d a s 30 k c a l / m o l , ' 2 5 ) but a s ye t it is u n d e t e r m i n e d for k r y p t o n in 
Th02 . It is p r o b a b l e t ha t the k r y p t o n a c t i v a t i o n e n e r g y i s a l s o af fected bu t 
to a d i f f e ren t d e g r e e , g iv ing the v a r i a b l e x e n o n / k r y p t o n r a t i o o b s e r v e d in 
th i s w o r k . 

The s e c o n d p h a s e tha t w a s p r e s e n t in a l l s p e c i m e n s m a y p o s s i b l y 
be f i s s i o n p r o d u c t o x i d e s , a h i g h e r u r a n i u m oxide s u c h a s U3O8 or U4O9, 
or a CaF2 p r e c i p i t a t i o n . The p r e s e n c e of t h i s p h a s e did no t s e e m to be 
d e t r i m e n t a l to the i r r a d i a t i o n b e h a v i o r . 

CONCLUSIONS 

1. M o l y b d e n u m f i b e r s e f fec t ive ly i n c r e a s e the t h e r m a l conduc t iv i t y of 
T h 0 2 - U 0 2 p e l l e t s and p e r m i t h i g h e r h e a t r a t i n g s than u n f i b e r e d p e l l e t s 
be fo re c o m p a r a b l e t h e r m a l e f fec t s o c c u r . The f i b e r s tend to r e d u c e 
c e n t r a l void f o r m a t i o n , r e t a r d r e c r y s t a l l i z a t i o n , and m a i n t a i n the 
i n t e g r i t y of the p e l l e t s . 

2. N i o b i u m f i b e r s r e a c t e d wi th the T h 0 2 - U 0 2 e n v i r o n m e n t and t h e i r u s e 
w a s v i t i a t e d . 

3. No e v i d e n c e w a s found tha t f i b e r s e n h a n c e f i s s i o n g a s r e l e a s e . 

4. L e a d bonding a l l ows s ign i f i can t ly h i g h e r h e a t r a t i n g s t h a n h e l i u m 
bonding b e f o r e c l a d d i n g f a i l u r e s o c c u r . 
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