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1. SUMMARY 

D e t a i l e d hot c e l l e x a m i n a t i o n s w e r e p e r f o r m e d on 13 T h 0 2 - U 0 2 

fuel r o d s and one Z i r c a l o y - 2 can that had b e e n o p e r a t e d in C o n s o l i d a t e d 

E d i s o n ' s Indian P o i n t R e a c t o r for 442 effect ive full p o w e r days ( E F P D ) . 

Dur ing th i s o p e r a t i n g p e r i o d , the fuel had a c h i e v e d p e a k b u r n u p s a s h igh 

a s 33,000 M W d / T , and the b o r a t e d type 304 s t a i n l e s s s t e e l c ladding and 

the Z i r c a l o y - 2 can r e c e i v e d peak fas t n e u t r o n f luences (E > 1 MeV) of 

abou t 3 X 10^^ nv t . 

The e x a m i n a t i o n s showed tha t a l l 13 fuel r o d s and the Z i r c a l o y - 2 

c a n had p e r f o r m e d v e r y s a t i s f a c t o r i l y . Nothing o b s e r v e d d u r i n g the 

e x a m i n a t i o n i nd i ca t ed tha t t h e s e c o r e c o m p o n e n t s could not o p e r a t e to 

a c o n s i d e r a b l y h i g h e r e x p o s u r e . 

The r e a c t o r e x p o s u r e c a u s e d no m a j o r m i c r o s t r u c t u r a l c h a n g e s 

in the fuel . The l a c k of m i c r o s t r u c t u r a l c h a n g e s ind ica t ed tha t the c e n -

t e r l i n e fuel t e m p e r a t u r e w a s p r o b a b l y l e s s than 1600 C. The a m o u n t 

of f i s s i o n g a s e s r e l e a s e d — 1 to 2% — is c o n s i s t e n t wi th r e s u l t s f r o m 

fuel t e m p e r a t u r e s in the 1600 C r a n g e . 

The ThOa-UOz fuel o p e r a t e d to e x p o s u r e s of 33,000 M W d / T w i t h ­

out i n t r o d u c i n g l o c a l i z e d o r g e n e r a l s t r a i n s in the c l a d d i n g . No r i d g i n g 

a t the p e l l e t i n t e r f a c e s w a s o b s e r v e d , even in the r o d of h i g h e s t e x p o ­

s u r e . E n t i r e p e l l e t s could be e a s i l y r e m o v e d f r o m a l l r o d s r e g a r d l e s s 

of the e n r i c h m e n t of the fuel o r the b u r n u p a c h i e v e d . T h e s e fuel r o d s 

w e r e f a b r i c a t e d w i th a d i a m e t r a l gap of 0.002 to 0.004 inch . The l a c k 

of p e l l e t d i s t o r t i o n and c ladd ing s t r a i n s and the fac t t ha t e n t i r e p e l l e t s 

could be renaoved f r o m the c l add ing i n d i c a t e d t h a t i r r a d i a t i o n - i n d u c e d 

fuel swe l l i ng w a s m i n i m a l . U r a n i a fuels o p e r a t e d u n d e r s i m i l a r c o n d i ­

t i ons would show s o m e i n c r e a s e in v o l u m e and p o s s i b l y s o m e r i d g i n g a t 

p e l l e t i n t e r f a c e s . 

P o r o s i t y w a s o b s e r v e d on t h e i n s i d e s u r f a c e of the b o r a t e d type 

304 s t a i n l e s s s t e e l c l a d d i n g . T h i s p o r o s i t y took a v a r i e t y of s h a p e s , 
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f r o m f ine , h a i r l i n e c r a c k s to s p h e r i c a l v o i d s . The e x a c t c a u s e of the 

p o r o s i t y was not d e t e r m i n e d , but it had no a p p a r e n t i l l e f fec ts on the 

p e r f o r m a n c e of the fuel r o d . 

I r r a d i a t i o n affected the t e n s i l e p r o p e r t i e s of the s t a i n l e s s s t e e l 

c ladd ing r a t h e r s ign i f i can t ly . The duc t i l i t y , a s d e t e r m i n e d by u n i f o r m 

and t o t a l e l o n g a t i o n s , w a s qui te low ( g e n e r a l l y l e s s than 1% excep t a t 

70 F w h e r e it was about 5%) a t a l l t e s t t e m p e r a t u r e s and for the r a n g e 

of c a l c u l a t e d f luences i n v e s t i g a t e d (5 X 10^° to 3 X 10^' nv t ) . Annea l ing 

the c l add ing for 1 h o u r a t 1000 C had l i t t l e effect on the duc t i l i ty of the 

c l add ing a t a l l t e s t t e m p e r a t u r e s , but a n n e a l i n g did r e d u c e the y ie ld and 

u l t i m a t e s t r e n g t h s to e s s e n t i a l l y the u n i r r a d i a t e d v a l u e s . F r o m t h e s e 

r e s u l t s , it a p p e a r s that h e l i u m in suff ic ient q u a n t i t i e s can r e d u c e the 

duc t i l i t y of a u s t e n i t i c s t a i n l e s s s t e e l s a t a l l t e s t t e m p e r a t u r e s . 

The i n - r e a c t o r p e r f o r m a n c e of the Z i r c a l o y - 2 can was i d e n t i c a l 

to that p r e d i c t e d f r o m o u t - o f - p i l e t e s t s . Al though the oxide f i lm was too 

thin to m e a s u r e , the weigh t gain was e s t i m a t e d to be l e s s than about 20 

m g / d m and the h y d r o g e n con ten t l e s s than 40 p p m . The naechan ica l 

p r o p e r t i e s of the i r r a d i a t e d Z i r c a l o y w e r e s i m i l a r to what one would 

p r e d i c t f r o m the a v a i l a b l e d a t a . The u n i f o r m e longa t ions of a l l s p e c i ­

m e n s , r e g a r d l e s s of the t e s t t e m p e r a t u r e , w e r e l e s s than 1%. 
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2. INTRODUCTION 

The objectives of this p rogram were to determine the isotopic 

content of severa l heavy elements and fission products in i r rad ia ted 

thor ia -uran ia fuels and to per form meta l lurg ica l examinations on the 

fuels, the s ta inless s teel cladding, and the Zi rca loy-2 fuel can. The 

specimens were taken frona core A of the Consolidated Edison Indian 

Point Reac tor . 

Thir teen fuel rods from six elements were selected for ana lys i s . 

The rods were gamma scanned and punctured for fission gas r e l e a s e . 

The resu l t s of the gamma scans were used in selecting samples for i s o ­

topic analyses and naetallurgical examination. 

The resu l t s of metal lographic examinations of the thor ia -uran ia 

fuel, s ta inless steel cladding, and Zircaloy fuel can a r e descr ibed in 

this r epo r t . The isotopic abundances of cer ta in t ransac t in ium and 

fission product elements were determined; the resu l t s of these exper i ­

ments a r e repor ted in BAW-3809-7. 

The following repor t s have been issued under this p rog ram: 

BAW-3809-1 P r o g r e s s Report No. 1 - March - August 1967 

BAW-3809-2 P r o g r e s s Report No. 2 - September - Novem­
ber 1967 

BAW-3809-3 P r o g r e s s Report No. 3 - December 1967 -
February 1968 

BAW-3809-4 P r o g r e s s Report No. 4 - March - May 1968 

BAW-3809-5 P r o g r e s s Report No. 5 - June - August 1968 

BAW-3809-6 Examination of Sta in less-Stee l -Clad Th02-UOz 
Fuel Rods and Zi rca loy-2 Can After Operation 
for 442 EFPD in The Indian Point Reactor 

BAW-3809-7 Pos t - I r rad ia t ion Examination of Thor ia-Urania 
Fuel Rods—Isotopic Analysis of the Fuel 
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3. CONCLUSIONS 

The fol lowing c o n c l u s i o n s w e r e m.ade a f t e r e v a l u a t i o n of the 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 s of 13 ThOz-UO2 fuel r o d s and one Z i r c a l o y - 2 

can f r o m the C o n s o l i d a t e d E d i s o n Ind ian P o i n t R e a c t o r : 

3 . 1 . G e n e r a l 

The ThOz-UOz fuel , the type 304 s t a i n l e s s s t e e l modif ied wi th 2 50 

p p m of bo ron , and the Z i r c a l o y - 2 can w e r e in e x c e l l e n t condi t ion a f t e r 

the 4 4 2 - E F P D o p e r a t i o n in the r e a c t o r . Nothing o b s e r v e d in the p o s t i r -

r a d i a t i o n exam.inat ion ind ica ted tha t t h e s e m a t e r i a l s could not o p e r a t e 

for a c o n s i d e r a b l y l onge r p e r i o d . 

3, 2 . T h 0 2 - U 0 2 F u e l 

The a m o u n t of f i s s i o n gas r e l e a s e d f r o m the Th02-U02 fuel w a s 

l e s s than 2.0% r e g a r d l e s s of e n r i c h i n e n t o r b u r n u p . A l ike a m o u n t of 

f i s s i o n g a s e s would be r e l e a s e d f r o m UO2 o p e r a t e d u n d e r s i m i l a r c o n ­

d i t i o n s . 

D i s t o r t i o n and swel l ing of the fuel d u r i n g o p e r a t i o n w e r e m i n i m a l , 

s i n c e e n t i r e fuel p e l l e t s could be r e m o v e d f r o m the r o d s r e g a r d l e s s of 

t h e i r e n r i c h m e n t o r b u r n u p . F u r t h e r m o r e , no r i d g i n g was o b s e r v e d a t 

the p e l l e t i n t e r f a c e s . It a p p e a r s tha t T h 0 2 - U 0 2 fuels a r e naore r e s i s ­

t an t to t h e r m a l c r a c k i n g , h o u r - g l a s s i n g , and i r r a d i a t i o n swe l l ing than 

a r e UO2 fuels o p e r a t e d u n d e r s i m i l a r c o n d i t i o n s . 

Some fuel of the w r o n g e n r i c h m e n t had been p l a c e d in s o m e of the 

fuel r o d s a c c i d e n t a l l y . In add i t ion , m e t a l l i c i n c l u s i o n s , which a p p a r e n t l y 

w e r e i n t r o d u c e d d u r i n g f a b r i c a t i o n , w e r e o b s e r v e d in m o s t of the fue l . 

T h e s e two a n o m a l i e s had no n o t i c e a b l e effect on the p e r f o r m a n c e of the 

fuel r o d s . 

3. 3. B o r a t e d S t a i n l e s s S tee l C ladd ing 

C r a c k i n g and p o r o s i t y w e r e o b s e r v e d on the in s ide s u r f a c e of the 

c l add ing f rom a l m o s t a l l of the fuel r o d s . T h i s p o r o s i t y a s s u m e d a 
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v a r i e t y of s h a p e s , r ang ing f rom f ine , h a i r l i n e c r a c k s to s p h e r i c a l v o i d s . 

A r c h i v e s a m p l e s of the u n i r r a d i a t e d c ladd ing did not con ta in the p o r o s i t y ; 

h o w e v e r , t h e r e i s s o m e doubt c o n c e r n i n g the o r ig in of t h e s e s a m p l e s . 

T h e r e f o r e , it canno t be d e t e r m i n e d c o n c l u s i v e l y w h e t h e r t h i s p o r o s i t y 

was p r e s e n t in the a s - f a b r i c a t e d c l add ing o r was p r o d u c e d by i r r a d i a t i o n . 

The depth of p e n e t r a t i o n , l e s s than 0.002 inch , was s m a l l enough so tha t 

i t would not be c a u s e for r e j e c t i o n of the a s - f a b r i c a t e d tub ing . R e g a r d ­

l e s s of the s o u r c e of th is p o r o s i t y , i t did not affect the p e r f o r m a n c e of 

the fuel r o d s . 

At t e s t t e m p e r a t u r e s be low 900 F , the s t r e n g t h of the c l add ing was 

i n c r e a s e d by i r r a d i a t i o n . At t e s t t e m p e r a t u r e s above 900 F , i r r a d i a t i o n 

had l i t t l e effect on c ladding s t r e n g t h . At a l l t e s t t e m p e r a t u r e s , h o w e v e r , 

the duc t i l i t y of the c ladd ing was qu i te low, and often it was l e s s than 0.5%. 

P o s t - i r r a d i a t i o n a n n e a l i n g for one hour a t 1832 F r e t u r n e d the s t r e n g t h 

to the u n i r r a d i a t e d condi t ion but had l i t t l e effect on the d u c t i l i t y . The 

p r e s e n c e of b o r o n in the s t e e l r e s u l t s in a s l igh t ly d i f fe ren t effect d u r i n g 

i r r a d i a t i o n than tha t o b s e r v e d with s t a n d a r d type 304 s t a i n l e s s s t e e l . 

I r r a d i a t i o n of the b o r a t e d s t a i n l e s s s t e e l a t 600 F a p p a r e n t l y i n t r o d u c e s 

enough h e l i u m into the s t e e l so that the duc t i l i t y at t e s t t e m p e r a t u r e s of 

900 F and be low is r e d u c e d s ign i f i can t ly , even a f t e r a p o s t - i r r a d i a t i o n 

a n n e a l i n g o p e r a t i o n . 

3 . 4 . Z i r c a l o y - 2 Can 

The c o r r o s i o n r e s i s t a n c e of the Z i r c a l o y - 2 can was e x c e l l e n t . The 

oxide f i lm was too thin to m e a s u r e , and the h y d r o g e n con ten t was l e s s 

than 40 p p m . T h e s e r e s u l t s a r e qu i te t y p i c a l of Z i r c a l o y - 2 e x p o s e d to 

525 F w a t e r for up to 20, 000 h o u r s . 

I r r a d i a t i o n had i n c r e a s e d the s t r e n g t h and r e d u c e d the duc t i l i t y 

of the Z i r c a l o y - 2 . The p r o p e r t i e s of the Z i r c a l o y - 2 a f t e r i r r a d i a t i o n 

to a f luence of 2,5 X 10^^ nvt w e r e c o n s i s t e n t w i th t hose r e p o r t e d by 

s o m e of the da ta in the l i t e r a t u r e . 
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4 . F U E L ROD EXAMINATION 

4 . 1. V i s u a l 

4, 1, 1. P u r p o s e 

The fuel r o d s w e r e v i s u a l l y e x a m i n e d to d e t e r m i n e t h e i r 

g e n e r a l a p p e a r a n c e and to l o c a t e a n y a r e a s of u n u s u a l a p p e a r a n c e . The 

v i s u a l e x a m i n a t i o n p r o v i d e d da ta for u s e in def ining s u b s e q u e n t e x a m i ­

n a t i o n s . A r e a s of spec i f i c i n t e r e s t inc luded c o r r o s i o n p a t t e r n s , i n t e g ­

r i t y of the b r a z e j o i n t s , and the p o s s i b i l i t y of c l add ing p e n e t r a t i o n s . 

4 . 1.2. Scope 

Al l 13 of the fuel r o d s w e r e v i s u a l l y e x a m i n e d in d e t a i l . 

4 . 1 . 3 . P r o c e d u r e 

E a c h rod w a s ind iv idua l ly e x a m i n e d wi th the hot c e l l 

p e r i s c o p e a t a magn i f i c a t i on of about 10 p o w e r . A r e a s of u n u s u a l a p ­

p e a r a n c e w e r e p h o t o g r a p h e d . 

4 . 1 . 4 . R e s u l t s 

The v i s u a l e x a m i n a t i o n i n d i c a t e d that a l l 13 fuel r o d s 

w e r e in e x c e l l e n t cond i t ion . The r o d s w e r e coa t ed with a d a r k g r a y 

oxide f i lm , and t h e r e w e r e no s i gns of d e t e r i o r a t i o n of the c l add ing o r 

the f e r r u l e s . The e x a m i n a t i o n did not r e v e a l tha t the c ladd ing on nine 

of the r o d s had been p e n e t r a t e d when the r o d s w e r e r e m o v e d f r o m the 

e l e m e n t s . The o v e r a l l a p p e a r a n c e of two fuel r o d s is shown in F i g u r e s 

4 - 1 and 4 - 2 , and the a p p e a r a n c e of one of the r o d s in the a r e a of a p e n e ­

t r a t i o n is shown in F i g u r e 4 - 3 . 

4 . 2 . P r o f i l o m e t e r M e a s u r e m e n t s 

4 . 2 . 1 . P u r p o s e 

The p r o f i l o m e t e r m e a s u r e m e n t s w e r e t a k e n to d e t e r m i n e 

the ex ten t of any l o c a l i z e d o r o v e r a l l changes in the d i a m e t e r of the fuel 
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r o d s . T h e s e m e a s u r e m e n t s a r e u s e d to e v a l u a t e the ex ten t of r idg ing 

at the p e l l e t i n t e r f a c e s and the swe l l ing of the fuel rod u n d e r i r r a d i a t i o n . 

4 . 2 . 2 . Scope 

Ten 7 - i n c h s e g m e n t s w e r e o b t a i n e d f r o m five d i f f e ren t 

fuel r o d s . The loca t ions of t h e s e s e c t i o n s a r e shown s c h e m a t i c a l l y in 

F i g u r e 5-1 and l i s t e d in T a b l e 4 - 1 . The ten s e g m e n t s r e p r e s e n t b u r n u p s 

f r o m about 3 G W d / T to 30 G W d / T . 

Tab le 4 - 1 . Loca t i on of P r o f i l o m e t e r S p e c i m e n s 

Rod N o . 

6 1 A 

105A 

105C 

105Di 

106A 

E g i t ima ted r o d 

b u r n u p , M W d / T 

30 

22 

15 

20 

8 

Hig 

Spei 

;h 

c i m e n loca t ion 

A v e r a g e 

1 

1 

0 

0 

0 

Low 

1 

1 

0 

0 

1 

4 . 2 . 3 . P r o c e d u r e 

The s e c t i o n s of the fuel r o d s which w e r e ob ta ined for the 

p r o f i l o m e t e r m e a s u r e m e n t s w e r e about 7 to 8 i n c h e s long . The 9 - i n c h 

s p a c i n g b e t w e e n the f e r r u l e s p r e c l u d e d the p o s s i b i l i t y of ob ta in ing s e c ­

t ions any l o n g e r than 8 - i n c h e s . While the s e c t i o n s of the fuel r o d s w e r e 

he ld in a s t a t i o n a r y pos i t i on they w e r e s c a n n e d by a p a i r of p r o b e s b e a r ­

ing on d i a m e t r i c a l l y oppos i t e s i d e s of the rod s e c t i o n s . The t r a v e l of 

the p r o b e , which was p e r p e n d i c u l a r to the ax i s of the fuel rod s e c t i o n , 

was c o n v e r t e d to an e l e c t r i c a l s i g n a l by l i n e a r v a r i a b l e d i f f e r en t i a l t r a n s ­

f o r m e r s . The output s igna l was con t inuous ly r e c o r d e d on a s t r i p c h a r t . 

Af ter the f i r s t d i a m e t r a l s c a n , the fuel rod s e c t i o n was 

r o t a t e d 45 d e g r e e s and the s c a n n i n g was r e p e a t e d . Th i s p r o c e d u r e was 

r e p e a t e d un t i l d i a m e t r a l m e a s u r e m e n t s w e r e ob ta ined at 0 -180 , 4 5 - 2 2 5 , 

9 0 - 2 7 0 , and 135-315 d e g r e e s . 

Bow m e a s u r e m e n t s w e r e ob ta ined us ing only one p r o b e 

and t r a v e l i n g the rod in the m a n n e r u sed for d i a m e t r a l m e a s u r e m e n t s . 
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T h u s bow m e a s u r e m e n t s w e r e ob t a ined a t 0, 45, 90 , 135, 180, 225 , 270, 

and 315 d e g r e e s . S p i r a l bow and s p i r a l d i a m e t e r m e a s u r e m e n t s w e r e 

ob t a ined by r o t a t i n g the s e c t i o n of the fuel rod a s the p r o b e o r p r o b e s 

t r a v e l e d in a d i r e c t i o n p a r a l l e l to the ax i s of the fuel rod s e c t i o n . 

4 . 2 . 4 . R e s u l t s 

The r e s u l t s of the d i a m e t e r m e a s u r e m e n t s at 0 and 90 

d e g r e e s for a l l ten s e c t i o n s a r e shown in F i g u r e s 4 - 4 t h r o u g h 4 - 9 . 

T y p i c a l bow, s p i r a l bow, and s p i r a l d i a m e t e r m e a s u r e m e n t s a r e shown 

in F i g u r e s 4 - 1 0 , 4 - 1 1 , and 4 - 1 2 , r e s p e c t i v e l y . T h e s e s c a n s i n d i c a t e 

that the d i a m e t e r of the fuel rod is e x t r e m e l y u n i f o r m and is wel l wi th in 

the a s - f a b r i c a t e d d i m e n s i o n a l t o l e r a n c e of 0.304 ± 0.001 i n c h . F u r t h e r ­

m o r e , t h e r e is no ev idence of r i dg ing o r c l add ing d i s t o r t i o n a t the p e l l e t 

i n t e r f a c e s . The m e a s u r e m e n t s of both the d i a m e t e r and the s p i r a l i n d i ­

ca t e t ha t t h e r e was l i t t l e o r no ova l i ty in the tub ing . 

S ign i f ican t rod bowing was o b s e r v e d , as shown in F i g u r e 

4 - 1 0 . H o w e v e r , it i s i m p o s s i b l e to d e t e r m i n e w h e t h e r th is bowing was 

p r e s e n t be fo re i r r a d i a t i o n , o c c u r r e d du r ing i r r a d i a t i o n , was i n t r o d u c e d 

d u r i n g r e m o v a l of the fuel r o d s f r o m the fuel b u n d l e s , o r was i n t r o d u c e d 

d u r i n g the s e c t i o n i n g of the fuel r o d s . 

4 , 3 . Gamnaa Scann ing 

4 . 3 . 1. P u r p o s e 

The g a m m a s c a n n i n g w a s p e r f o r m e d to d e t e r m i n e an 

a p p r o x i m a t e a x i a l d i s t r i b u t i o n of f i s s i on p r o d u c t a c t i v i t y and fas t f luence 

and to d e t e r m i n e w h e t h e r t h e r e was any u n u s u a l b e h a v i o r of the fuel r o d s . 

B e c a u s e the f i s s ion p r o d u c t a c t i v i t y is p r o p o r t i o n a l to f i s s ion power p r o ­

duc t ion , the g a m m a s c a n can be u s e d to l o c a t e the p e a k b u r n u p r e g i o n 

and to d e t e r m i n e the p e a k - t o - a v e r a g e b u r n u p rat iOj the r e l a t i v e b u r n u p , 

and the i n t e g r a t e d f luences a t v a r i o u s a x i a l p o s i t i o n s on the fuel r o d . 

4 . 3 . 2 . Scope 

All 13 fuel r o d s w e r e given a g r o s s g a m m a s c a n to d e t e r ­

m i n e the s h a p e of the b u r n u p p r o f i l e . S e v e r a l l o c a t i o n s on a l l 13 r o d s 

v /ere e x a m i n e d with the m u l t i c h a n n e l a n a l y z e r to d e t e r m i n e the s o u r c e 

of the g a m m a a c t i v i t y . 
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4 . 3 . 3 . P rocedure 

Gamma scans were obtained by moving a ver t ical ly s u s ­

pended fuel rod past a slit 0.50 inch wide and 0.025 inch high. The 

gamma rays were coUimated by the sli t over a distance of 42 inches . 

The coll imated beam was directed at a sodium iodide c rys ta l in a sc in­

tillation probe monitored by a count- ra te m e t e r . Readout was provided 

or a char t was recorded in which 1 inch of char t t rave l was equivalent 

to 1.862 inches on the fuel rod. 

4 . 3 . 4 . Results 

A typical gamma scan is shown in Figure 4 -13 . The 

gamma activity in the center third of rod 105F was very low because 

of the low fissioning rate in the pure Th02. The gamma scan of rod 105F 

is shown in Figure 4-14. 

During the gamma scanning it was observed that pel lets of 

a higher enr ichment were accidently inser ted into three fuel rods ; a 

typical example of this is shown in the gamnaa scan of rod 105F (Figure 

4-14). The a r ea s that contained fuel of the improper enr ichment a r e 

descr ibed briefly below. The presence of the fuel with enr ichments 

g rea te r than specified did not appear to produce any adverse effects 

during operation of the fuel rods . 

Wrong pellet 

Type of fuel, Type of fuel, 
Rod ^̂ Û "^U Location, 
No. enr ichment , % enrichment , % in. from top 

106B B - 4.2 C - 5.5 40 

105F F - Pu re ThOz A - 3.0 50 

106A A - 3".0 B - 4.2 47 

During the gamnaa scanning, it was observed that the fuel 

pellets were free to move within the fuel tube. An example of this is 

shown in the two gamma scans (Figures 4-15 and 4-16) of rod 105A, 

which was scanned before and after inverting the rod. The location of 

the in ternal voids shifted during the inversion as shown in Table 4 - 2 . 

The movement of fuel within the rods was not l imited solely to rod 105A 
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but occur red in pract ica l ly all other rods (as indicated in section 5.2, 

Sectioning). The fact that the fuel was able to move within the rods 

indicated that fuel swelling and distort ion during i r rad ia t ion was min i ­

mal , even in the high-burnup rods . 

The analyses of the g ross gamma scans indicated that 

the peak- to -average activity, which is also believed to be indicative of 

the burnup profile, was between 1,28 and 1.35 for al l rods except 105F. 

The p resence of the pure ThOz cent ra l section in this rod c rea ted a 

significantly different activity profile, as shown in Figure 4-14 . The 

P / A rat io m e a s u r e d by the gamma activity is in close ag reemen t w îth 

the number predicted by the nuclear physics calculat ions, 1.35. 

Gamma spect ra were recorded at various points along the 

r o d s . Many of the radioactive pieces had decayed below detection l imits 

in the three yea r s since reac tor shutdown. The p r i m a r y act ivi t ies were 

from ces ium-134 and -137 and ce r ium-144-praseodymium-144 produced 

from the fuel and cobalt-60 produced from the cladding. There was no 

significant variat ion in the rat io of ces ium-137 to ce r ium-144-p ra seodym­

ium-144 along the rods . 
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Table 4-2 . Locations of Gaps in Fuel Column in Rod 105A 

Location of voids, ^ 
in. from bottomi 

5-1/4 -

6-1/2 

9-3/8 -

10-1/4 

11-7/8 

12-1/8 

12-5/8 

18-1/2 

19-7/8 

20-1 /8 

20-3 /8 

27 -3 /4 

36-1 /4 

45-3 /4 

46 - 46-

5-1/2 

9-1/2 

- 12-3/4 

- 8-3/4 

- 20-3 /8 

- 28 

- 36-1/2 

- 46 

-1/4 

Type 

Scanned in 
upright position 

None 
Dip in 

Gap 

Dip in 

None 

Dip in 

Dip in 

Gap 

Dip in 

None 

Dip in 

Gap 

Gap 

None 

Gap 

scan 

scan 

scan 

scan 

scan 

scan 

of void 

Scanned in 
inverted position 

Gap 

None 

Gap 

None 

Dip in scan 

Dip in scan 

Gap 

Dip in scan 

None 

Gap 

None 

Gap 

Gap 

Gap 

None 
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Figure 4- 1, General Appearance of Surface of Fuel Rod 62A 
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Figure 4-2 . Genera l Appearance of Surface of Fue l Rod 195B 
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Figure 4 - 3 . Typical Appearance of Cladding Penet ra t ion That 
Occurred in Rod 62A During Its Removal F rom 
the Fuel Bundle 
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Figure 4-4. Prof i lometer Scans of Two Sections F r o m Fuel 
Rod 61A 
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Figure 4 -5 . Prof i lometer Scan F r o m Peak Flux Location of 
Fue l Rod 61A 
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Figure 4-6 . Prof i lometer Scans of Two Sections F rom Fuel 
Rod 105A 

Low Flux Region 

I 

(3 

0 Degrees 90 Degrees 

ro 

m 
u 
o 
© o 
Bo 

O o 
X 

2 

0 Degrees 
Average Flux Region 

90 Degree s 

Length, inches 



Figure 4-7 . Prof i lometer Scans F r o m Peak Flux Region of 
Fuel Rod 105A 
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Figure 4 -8 . Prof i lometer Scans of Sections F r o m Peak Flux 
Locations in Fuel Rods 105C and 105D 
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Figure 4-9 . Prof i lometer Scans of Two Sections Fronn Fuel 
Rod 106A 
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Figure 4-10. Typical Bow T ra c e s F r o m Section 6 of Fue l 
Rod 105C 
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Figure 4 - 1 1 . Typical Bow Spiral T r a c e s : Section 6, Fue l Rod 
61A and Section 14, Fue l Rod 105C 
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Figure 4-12. Typical Spiral Diameter T r a c e s : Section 6, 
Fuel Rod 61A and Section 14, Fuel Rod 105C 
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Figure 4- 14. G r o s s Gamma Profile of Fuel Rod 105F 
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Figure 4-15. G r o s s Gamma Profile of Fuel Rod 105A, 
Scanned Bottom to Top 
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Figure 4-15 . (Cont'd) 
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Figure 4-16. Gros s Gamma Profile of Fuel Rod 105A, 
Scanned Top to Bottom 
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5 . ThOz-UOz F U E L EXAMINATION 

5. 1. F i s s i o n Gas R e l e a s e 

5, 1. 1. P u r p o s e 

The p r e s s u r e c r e a t e d by the f i s s i o n g a s e s r e l e a s e d f r o m 

the fuel is a m a j o r c o n s i d e r a t i o n in the d e s i g n of the fuel r o d s . C o n ­

s e r v a t i v e l y high f i s s i o n gas r e l e a s e p e r c e n t a g e s w e r e g e n e r a l l y u sed 

b e c a u s e of the l a c k of a p p l i c a b l e da t a . B e c a u s e of th i s l a c k it w a s c o n ­

s i d e r e d a d v a n t a g e o u s to ob ta in t h e s e da ta on the a m o u n t of g a s e s r e ­

l e a s e d f r o m T h 0 2 - U 0 2 for the fuel r o d s e x a m i n e d . 

5 . 1 .2 . Scope 

In i t i a l l y , i t was p lanned to c o l l e c t and a n a l y z e the g a s e s 

wi th in a l l of the fuel r o d s . As m e n t i o n e d in s e c t i o n 4 . 1.4, n ine of the 

13 r o d s w e r e p u n c t u r e d du r ing renaova l f r o m the fuel b u n d l e s . Thus the 

f i s s i o n gas a n a l y s e s w e r e l i m i t e d to four fuel r o d s : 105D, lOSDj, 105E 

and 105F . 

5 . 1 . 3 . P r o c e d u r e 

The gas co l l ec t i ng s y s t e m c o n s i s t s of an i n - c e l l p u n c t u r e 

d e v i c e c o n n e c t e d to an ou t -o f~ce l l v a c u u m c o l l e c t i o n s y s t e m . One end 

of the rod w a s s e a l e d in a s e t of p u n c t u r e b locks l ined with n e o p r e n e 

g a s k e t s and the s y s t e m was e v a c u a t e d to a p r e s s u r e of l e s s than 1.0 

m i c r o n . The v a c u u m s y s t e m was shut off and the l e a k r a t e d e t e r m i n e d . 

If the m a x i m u m l eak r a t e was l e s s than 0.5 m i c r o n / m i n u t e , the rod was 

p u n c t u r e d with a s h a r p p i n . The g a s e s wi th in the fuel r o d (V ) w e r e 

a l l owed to diffuse into the e v a c u a t e d s y s t e m , vi^hich had a known volunae 

(Vi) . When the s y s t e m a c h i e v e d e q u i l i b r i u m , the gas p r e s s u r e (Pj) 

wi th in the s y s t e m w a s m e a s u r e d . The g a s e s wi th in the fuel rod (V ) 

and the known vo lume (Vj) -were a l lowed to diffuse into a n o t h e r s y s t e m 

of known voluine (V2). When the s y s t e m a c h i e v e d e q u i l i b r i u m , the gas 

p r e s s u r e (Pz) wi th in the s y s t e m w a s m e a s u r e d . By so lv ing the fol lowing 
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two e q u a t i o n s , the p r e s s u r e (P ) and v o l u m e (V ) in the fuel rod can be 

c a l c u l a t e d : 

^ x ^ x ^ Pi(Vi + V J . (1) 

V ^ P ^ = PzCVi + V2+ V^) . (2) 

V P = P i ( V i + V ) = P2(Vi + V2 + V ) . 

S ince P j , P2, Vi, and V2 a r e known, P V can be c a l c u l a t e d . 

A known quan t i ty of the c o l l e c t e d gas was r e m o v e d for 

a n a l y s e s by g a m m a count ing and m a s s s p e c t r o m e t r y . 

5 . 1 .4. R e s u l t s 

The r e s u l t s of the f i s s i on gas a n a l y s e s on the four r o d s 

a r e r e p o r t e d in T a b l e s 5-1 t h rough 5 - 3 . B e c a u s e of the s m a l l void 

v o l u m e wi th in the r o d s , c o m p a r e d wi th the to t a l v o l u m e of the s y s t e m , 

the m e a s u r e d void v o l u m e s v a r i e d c o n s i d e r a b l y wi th only m i n o r e r r o r s 

in the p r e s s u r e r e a d i n g . T h e r e f o r e , t h e s e r e s u l t s w e r e d i s c a r d e d . The 

a m o u n t of h e l i u m in the c o l l e c t e d g a s e s i s s o m e w h a t g r e a t e r than tha t 

i n i t i a l l y l o a d e d into the r o d s . This e x c e s s h e l i u m could have been gen ­

e r a t e d f r o m t e r t i a r y f i s s i o n s within the fuel o r r e l e a s e d f r o m the c l a d ­

d ing . About 27 cc of h e l i u m a r e g e n e r a t e d in the c l add ing of e a c h r o d 

by the n,a r e a c t i o n s wi th the b o r o n - 1 0 . B e c a u s e t h e r e a r e two p o s s i b l e 

s o u r c e s of th i s h e l i u m , i t i s i m p o s s i b l e to d e t e r m i n e the m a n n e r of i t s 

r e l e a s e . 

The Xe :Kr r a t i o v a r i e d a m o n g the four s p e c i m e n s f r o m 

a low of 5.1 to a h igh of 7 .2 . The a v e r a g e r a t i o of the four would be 

abou t 6 .2 , which is not i n c o n s i s t e n t wi th tha t o b s e r v e d in o t h e r t h e r m a l 

r e a c t o r s ; v a l u e s f r o m 6.5 to 7.4 w e r e r e p o r t e d for the VBWR, and 

v a l u e s f r o m 6.3 to 8.5 w e r e r e p o r t e d for the Yankee fuel r o d s . ^ 
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Table 5 - 1 . Results of F iss ion Gas Puncture 

Rod N o . 

105D 

105Di 

105E 

105F 

Gas con ten t , 
cc (STP) 

7.75 

9.45 

9.24 

5.46 

C a l c u l a t e d r o d , . 
p r e s s u r e , m m Hg 

1987 

2367 

2336 

1385 

(a) 
Based on calculated void volume of 3.02 cc . 

Table 5-2. Composition of Gases According to Mass Spect rometer 

Rod N o . 

105D 

105Di 

105E 

105F 

H e l i u m 

51 

40 

64 

80 

V o l u m e , 

Xenon 

4 1 

52 

31 

18 

% 

K ryp ton 

8 

8 

5 

2 5 

X e : K r 
r a t i o 

5 .1 

6 .5 

6.2 

7.2 

Table 5 -3 . Pe rcen t Fiss ion Gas Release 

R o d 
N o . 

105D 

105Di 

105E 

105F 

A v e r a g e rod 
b u r n u p , M W d / M T M 

11,000 

11,000 

15,500 

5,000 

F i s s i o n gas 

P r o d u c e d 

236 

2 3 6 

3 3 4 

110 

vol , cc 

R e l e a s e d 

3,8 

5.7 

3 ,3 

1.1 

Amoun t 
r e l e a s ed 

% 

1.6 

2 . 4 

1.0 

1.0 
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5 .2 . Fuel Rod Sectioning 

5 .2 . 1. Purpose 

The 13 fuel rods were sectioned to obtain specimens of 

the cladding for the tensi le t es t s , specimens for the metal lographic ex­

amination of the fuel and cladding, sections of the rods for the profi lo­

me te r m e a s u r e m e n t s , samples of the fuel for burnup and isotopic ana l ­

yses , and samples of the cladding for examination at Ohio State Univer­

sity and Battelle Memorial Inst i tute . 

5 . 2 . 2 . Scope 

The locations and types of specimiens obtained from all 

13 fuel rods a r e shown schematical ly in Figure 5 - 1 . 

5 . 2 . 3 . P rocedure 

Because of the close spacing of the fe r ru les (about 9 inches 

apar t ) , it was not possible to obtain sections of the fuel rods more than 

8 inches in length. The segments of the fuel rods between the fe r ru les 

were cut with a motor ized tubing cut te r . Individual specimens were 

then obtained fronn these short segments , using either a fine abras ive 

cutoff wheel or the motor ized tubing cu t te r . 

5 . 2 . 4 . Results 

The sectioning of the rods proceeded without any difficul­

ty. In some ins tances , however, ent i re fuel pellets came out of the rod 

segments . Figure 5-2 shows two views of a fuel pellet removed from 

rod 105C; this pellet achieved an es t imated burnup of 15 GWd/T. I r r a ­

diation a l te red neither the shape of the pellet nor the enr ichment identi­

fication m a r k ("C"). 

A side view of a s e r i e s of three pellets removed from 

another portion of rod 105C is shown in Figure 5 -3 . The ability to r e ­

move apparently undamaged pellets was not l imited to the " C " fuel, since 

it was possible to remove ent i re pellets from all fuel rods examined 

regard less of their enr ichment or burnup. The fact that fuel pellets 

could be removed from the cladding further substant iates the resu l t s of 

the gamma scanning, which indicated minimal dis tort ion of the pellets 

during i r radia t ion from cracking or swelling. 
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5 . 3 . Metallography 

5 . 3 . 1. Purpose 

The fuel and cladding were exanained to determine whether 

the re were any thermal ly , chemical ly, or radiat ion-induced changes in 

the m i c r o s t r u c t u r e . The cladding is d iscussed further in section 6. 

F r o m the resul t ing mic ros t ruc tu r e s and operat ional data, deductions 

can be made regarding the overal l the rmal performance of the fuel. In 

addition, it might be possible to co r re la te the amount of fission gas r e ­

lease ^with the pos t - i r rad ia t ion r a i c ro s t ruc tu r e . 

5 . 3 . 2 . Scope 

Samples of fuel from the fuel rods were meta l lographi -

cally examined in detai l . The si tes from which the samples were ob­

tained and the purpose of the examinations a re l is ted in Table 5-4. 

Table 5-4. Locations F r o m Which Samples Were Taken 

Rod Location o£ specimen, 
No. in. from bottom Purpose 

2 0 A 

6 1 A 

105A 

105B 

105C 

105D 

105E 

105F 

106A 

106B 

35 

15 
4 8 

13 
35 
47 
4 8 

15 
4 8 

15 
4 8 

15 
48 

15 
4 8 

30 
52 
53 

15 
4 5 
4 8 
51 

15 
4 ^ 

E x a m i n e 

E x a m i n e 
E x a m i n e 

E x a m i n e 
E x a m i n e 
E x a m i n e 
E x a m i n e 

E x a m i n e 
E x a m i n e 

E x a m i n e 
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5 . 3 . 3 . P r o c e d u r e 

The m e t a l l o g r a p h i c s p e c i m e n s w e r e v a c u u m - i m p r e g n a t e d 

with epoxy, m o u n t e d in cold se t t i ng compound , and finely p o l i s h e d . The 

fuel was then e x a m i n e d in the a s - p o l i s h e d condi t ion to d e t e r m i n e the gen­

e r a l a p p e a r a n c e and to l oca t e any a r e a s of u n u s u a l a p p e a r a n c e . A 250X 

p h o t o m o s i a c of the a s - p o l i s h e d fuel f r o m c e n t e r l i n e to c ladd ing s u r f a c e 

was p r e p a r e d . P h o t o m i c r o g r a p h s of a r e a s of u n u s u a l a p p e a r a n c e w e r e 

a l s o o b t a i n e d . 

B e c a u s e s t a n d a r d e t c h a n t s fa i led to b r i n g out the g r a i n 

s t r u c t u r e , s o m e effor t was devo ted to deve lop ing a s u i t a b l e e t c h a n t for 

th i s fue l . S a t i s f a c t o r y r e s u l t s w e r e ob ta ined us ing the fol lowing s o l u ­

t ion: 

90cc H2O, lOcc H2SO4, and 5 d r o p s 

H F at 150 F for 1 to 10 m i n u t e s 

Unfo r tuna t e ly , the funds for the p r o g r a m had been e x h a u s t e d by the t i m e 

a s a t i s f a c t o r y e t chan t had been deve loped , and only two s p e c i m e n s w e r e 

e x a m i n e d in the e t ched cond i t ion . 

5 . 3 . 4 . R e s u l t s 

The 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 i n d i c a t e d tha t t h e r e w e r e 

s o m e m e t a l l i c a p p e a r i n g i n c l u s i o n s in a l l t ypes of fue l . T y p i c a l e x a m ­

p l e s of v a r i o u s s i z e s and s h a p e s of i n c l u s i o n s a r e shown in F i g u r e 5 - 4 . 

It is b e l i e v e d tha t t h e s e i n c l u s i o n s w e r e i n t r o d u c e d d u r i n g f a b r i c a t i o n , 

s i n c e r e l a t i v e l y l a r g e a g g l o m e r a t e s w e r e found in the p u r e T h 0 2 . The 

low b u r n u p a c h i e v e d by the T h 0 2 ( 2 G W d / T ) e s s e n t i a l l y e l i m i n a t e s f i s s i o n 

p r o d u c t a c c u m u l a t i o n as the s o u r c e of i n c l u s i o n s . F u r t h e r m o r e , m o s t 

of the a v a i l a b l e da ta i nd i ca t e that f i s s ion p r o d u c t a g g l o m e r a t i o n beg ins 

to o c c u r a t t e m p e r a t u r e s s i m i l a r to that r e q u i r e d for void m i g r a t i o n . 

The fact tha t n e i t h e r c o l u m n a r g r a i n g r o w t h no r s ign i f i can t m i g r a t i o n 

o c c u r r e d in any of the fuel r o d s not only i n d i c a t e s tha t the c e n t e r l i n e 

t e m p e r a t u r e s w e r e c o n s i d e r a b l y below 1800 C, but a l s o p r e c l u d e s the 

p o s s i b i l i t y of the m i g r a t i o n of sol id f i s s i o n p r o d u c t s . F u n d i n g l i m i t a ­

t ions p r e v e n t e d p o s i t i v e iden t i f i ca t ion of the i n c l u s i o n s and of the low p r o b 

a b i l i t y tha t t hey w e r e c a u s e d by i r r a d i a t i o n . 
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Figures 5-5 through 5-10 a r e photomosiacs of typical 

i r r ad ia t ed fuels in the as-pol i shed condition. A significant amount of 

puUout of the fuel occur red during polishing. There were no major 

changes in the fuel m ic ros t ruc tu r e r ega rd l e s s of the burnup or the 

heat r a t e . F igure 5-8 is a photomosiac of the etched fuel (type A) taken 

15 inches from the bottom of fuel rod 6lA. One other etched sample 

(rod 105A, 35 inches from bottom) was examined, but meaningful r e ­

sults could not be obtained because of the sever i ty of pullout that occur ­

red during polishing and etching. 

Near the center of the fuel pellet shown in F igure 5-6 

some of the porosi ty migrated toward the grain boundar ies ; how^ever, 

even at the center of the fuel rod, some porosi ty st i l l exis ts within the 

g ra ins . There is an agglomerate of unusual-appear ing ma te r i a l p r e s ­

ent at this sample ; it is believed to be the remnants of a piece of p r e v i ­

ously s intered fuel. During fabrication, the fired density was controlled 

by mixing the active powder with powder obtained from crushing s in­

tered pe l l e t s . During subsequent s inter ing of this fuel mixture , the 

cha rac t e r i s t i c s of the previously s intered ma te r i a l apparent ly were not 

e r a sed . 

The s izes of the grains within the specimen shown in 

F igure 5-6 were determined at severa l different locat ions . These m e a ­

surements indicated that there was no significant change in grain size 

during i r rad ia t ion . Since there were no changes in the grain s ize , it 

is a lmos t impossible to de termine the peak center l ine t empera tu re 

achieved during i r rad ia t ion . 
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Figure 5 - 1 . Sectioning Diagram for Th i r t een Th02-U02 
Fuel Rods 
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F i g u r e 5 -2 . End and Side V i e w s of I r r a d i a t e d T h o r i a - U r a n i a 
P e l l e t 

End View Side View 

(Tubu la r p i e c e is a s u p p o r t , not ( P e l l e t D i a m e t e r : =0.Z60 inch; 
the c l a d d i n g . ) P e l l e t Leng th : - 0 . 7 5 0 inch) 

F i g u r e 5 - 3 . Side View of T h r e e I r r a d i a t e d T h o r i a - U r a n i a 
P e l l e t s 

( P e l l e t D i a m e t e r : - 0 . 2 6 0 inch; 
P e l l e t Leng th : =0 .750 inch) 
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F i g u r e 5-4 . M e t a l l i c I n c l u s i o n s m T h o r i a - U r a n i a F u e l 
( A s - P o l i s h e d , 250X) 
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Figure 5-5. Photomosaic of Fue l F r o m Peak Flux Location 
of Fuel Rod 61A 

Center o Fuel Pellet Th02 2 94"̂  UO 

As Pol shed OD of Fuel 



Figure 5-6. Photomosaic of Fuel F r o m Average Flux Location 
of Fue l Rod 61A 
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Figure 5-9. Photomosaic of Fuel F rom Low Flvtx Region of 
Fuel Rod 106A 
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Figure 5-10. Photomosaic of Fuel F r o m Peak Flux Location 
of Fue l Rod 105F 
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6. CLADDING EXAMINATION 

6. 1. Metallography 

6 . 1 . 1 . Purpose 

The cladding was examined metal lographical ly for the 

reasons descr ibed for the examination of the fuel in section 5 . 3 . 1. 

6. 1.2. Scope 

Both the fuel and the cladding were examined in all of the 

metal lographic spec imens , and the scope of the metal lographic exami­

nation of the cladding is the same as that descr ibed for the fuel in section 

5 . 3 . 2 . 

6 . 1 . 3 . P rocedure 

The cladding and fuel were examined in the as-pol i shed 

condition at the same t ime . After the fuel had been exarained in the 

etched condition, the specimens were repolished to remove any stains 

on the cladding caused by the etching of the fuel. After repolishing, the 

cladding was electrolyt ical ly etched using a 10% oxalic acid solution. 

During the etching, the voltage var ied from 8 to 15, amperage varied 

from 1.5 to 2.5, and the etching t ime varied from 6 to 15 seconds, de ­

pending on the par t icu la r sample . Throughout the examinations photo­

mic rographs and photomacrographs of typical and unusual-appear ing 

a r e a s were obtained. 

6. 1.4. Results 

6. 1.4. 1. Cladding 

The metal lographic examination confirmed the 

conclusion of the visual examination that the outside surface of the clad­

ding was unaffected by the exposure in the r e a c t o r . The dark gray oxide 

film observed in the visual examination could not be detected during the 

meta l lographic examination. 
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The examination did indicate that there was a 

large quantity of precipi ta tes in the grain boundaries of the cladding, as 

shown in Figure 6 - 1 , The large number of grain boundary prec ip i ta tes 

was not unexpected, since the cladding contained about 250 ppm of boron, 

which general ly precipi ta tes at the grain boundar ies . F u r t h e r m o r e , 

during the brazing operation, the cladding was at 800 to 1300 F for a 

considerable length of t ime . In this t empera tu re range, the carbon and 

boron have a strong tendency to precipi ta te at the grain boundaries as 

carbides and bo r ides . 

During the examination, considerable porosi ty 

was found on the inside surface of the cladding from most of the fuel rods . 

This porosi ty assumed a var ie ty of shapes , including smal l radial c r acks , 

i r r egu la r voids, and s p h e r e s . The zone of porosi ty was general ly l imited 

to about 0.001 inch in thickness, but occasionally penetrated as deep as 

0.002 inch. Typical examples of the types of voids observed in severa l 

samples a re shown in Figures 6-2 and 6-3 . 

There was no evidence of interact ion between 

the fuel and cladding that might have caused the voids. F u r t h e r m o r e , 

the type of fuel did not appear to have any effect on the formation of the 

voids. Voids were not observed in the cladding adjacent to the pure ThOa 

(rod 105F), as shown in Figure 6-4. The fast and thermal fluence for 

rod 105F a r e s imi la r to those received by other rods in fuel bundle 105. 

Voids were observed in fuel rod 106A but not in rod 61A, as shown in 

Figure 6-5 . 

Examination of archive specimens of cladding 

that was s imi la r to that used in the fuel rods did not reveal any voids 

(Figure 6-6). Unfortunately, there were no archive specimens available 

that were identical to the cladding in the bundles . The naaterial that was 

examined came from a dummy bundle of unknown origin which was used 

to develop brazing techniques; thus, p rec i se knowledge of the cladding in 

the unir radia ted condition is not avai lable . Most of the defects found in 

the i r rad ia ted cladding would not have been cause for rejection of the 

cladding during ul t rasonic inspection, since they were less than 0.002 

inch in depth, which is the specified l imi t . 

At this time there is no logical explanation for 

the void formation. Because good archive specimens a r e not available, 
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one is not c e r t a i n w h e t h e r the voids w e r e p r e s e n t in the u n i r r a d i a t e d 

c l add ing o r w h e t h e r they o c c u r r e d d u r i n g i r r a d i a t i o n . 

6 . 1 . 4 . 2 . F e r r u l e s 

Two f e r r u l e s w e r e s e l e c t e d for d e t a i l e d 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 . They c a m e f r o m l o c a t i o n s on rod 106A tha t had 

a c h i e v e d b u r n u p s of about 6 and 22 G W d / T . By e x a m i n i n g t h e s e two 

f e r r u l e s wi th wide v a r i a t i o n in to ta l f a s t and t h e r m a l f l u e n c e s , i t should 

be p o s s i b l e to d e t e r m i n e w h e t h e r the to ta l f luence r e c e i v e d by the f e r r u l e 

had any s ign i f i can t effect on the p e r f o r m a n c e of the b r a z e j o i n t . 

A p h o t o n n a c r o g r a p h of the c r o s s s e c t i o n of a 

fuel rod 106A a s the f e r r u l e is shown in the l e f t - hand p o r t i o n of F i g u r e 

6 - 7 . Two a r e a s wi th in one of the b r a z e j o in t s a r e a l s o shown . F i g u r e 

6-8 is a p h o t o m o s i a c of an e n t i r e b r a z e j o i n t . T h e s e t'wo f i g u r e s a r e 

r e p r e s e n t a t i v e of the i n f o r m a t i o n ob ta ined f r o m fuel r o d s 106A and 105A. 

In m o s t of the b r a z e j o in t s t h e r e is s o m e c r a c k ­

ing and p o r o s i t y in the v ic in i ty of the m e n i s c u s . Th i s c r a c k i n g and p o ­

r o s i t y i s o b s e r v e d in the a s - f a b r i c a t e d b r a z e jo in t s and i s c a u s e d by 

s h r i n k a g e of the m o l t e n b r a z e a l loy d u r i n g s o l i d i f i c a t i o n . F i g u r e 6-9 is 

a p h o t o m i c r o g r a p h of an u n i r r a d i a t e d b r a z e jo in t showing even m o r e 

s e v e r e c r a c k i n g . 

The e x a m i n a t i o n of t h e s e two f e r r u l e s i n d i c a t e d 

tha t the b r a z e j o i n t s w e r e not a f fec ted by o p e r a t i o n in the r e a c t o r . T h e r e 

w a s no e v i d e n c e of e x c e s s i v e c o r r o s i o n o r d e t e r i o r a t i o n of the j o in t s d u r ­

ing o p e r a t i o n . F u r t h e r m o r e , t h e r e w e r e no v i s i b l e d i f f e r e n c e s in the 

a p p e a r a n c e of the b r a z e jo in t s in r o d s 106A and 105A, in which the to ta l 

f l uences r e c e i v e d v a r i e d by a f ac to r of a t l e a s t 3 . 

6. 1 . 4 . 3 . S p a c e r 

I n t e r n a l s p a c e r s w e r e i n s e r t e d in to the fuel r o d s 

to s e g m e n t the fuel c o l u m n and the f i s s i o n gas p l e n u m . By s e g m e n t i n g 

the fuel c o l u m n , the p r o b l e m of r a t c h e t i n g and fuel s l u m p i n g could be 

m i n i m i z e d . T h e s e s p a c e r s ( type 304 s t a i n l e s s s t e e l ) w e r e abou t 0.125 

inch long and w e r e s p a c e d a t i n t e r v a l s of about 16 i n c h e s a long the l eng th 

of the fuel r o d . The s p a c e r s w e r e he ld in p o s i t i o n by r o l l i n g the c l add ing 

into a c i r c u m f e r e n t i a l g r o o v e m a c h i n e d in to the s p a c e r and by b r a z i n g the 

s p a c e r to the c l a d d i n g . 
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One spacer from the peak heat flux location of 

fuel rod 20A was examined to de te rmine the condition of both spacer and 

cladding after operat ion in the r e a c t o r . Photomicrographs of the spacer 

and of selected a r e a s of the cladding in the vicinity of the spacer a re 

shown in Figure 6-10, and a photomosiac of half of the spacer is shown 

in Figure 6 -11 . The outside surface of the cladding at the spacer loca­

tion was in excellent condition, as shown in Figure 6 -11 . There was no 

evidence of cracking, excessive cor ros ion , or crud buildup in the d e p r e s ­

sion crea ted by rolling the cladding into the s p a c e r . 

Poros i ty was found on the inside surface of the 

cladding and voids at a shor t distance from the space r . This porosi ty 

was s imi la r to that descr ibed in section 6. 1.4. 1. Other cladding a r ea s 

near the spacer were coated with b raze alloy. It was hoped that the 

examination of the cladding beneath the b raze might help to de termine 

whether the voids and porosi ty were crea ted by i r rad ia t ion or were p r e s ­

ent in the uni r radia ted cladding. Because of the great solubility of the 

cladding in the b raze , it was impossible to de termine whether the heavy 

penetrat ion of the b raze meta l into the grain boundaries was caused by 

a chemical react ion or occur red because of porosi ty in the a s - rece ived 

cladding. Thus, the examination of the spacer did not aid in determining 

the cause of the porosi ty in the cladding. 

The examination of the spacer did indicate that 

their p resence did not advers ly affect the operat ion of the fuel rod. The 

effectiveness of the spacer for minimizing ratcheting and slumping was 

not determined, because there was little mechanical interact ion between 

the fuel and cladding and because fuel melting did not occur . 

6 .2 . Tensile P rope r t i e s 

6 .2 . 1. Purpose 

The tensile testing of the borated s ta in less s teel cladding 

was performed to investigate the effects of i r rad ia t ion on its s t rength 

and ductil i ty. Within the past few yea r s it has been theorized that the 

loss of ductility in i r rad ia ted austenit ic s ta in less s teel at t empera tu res 

above 500 C was caused by the accumulation of helium at the grain bound­

a r i e s . This helium is produced by the n , a react ion between boron-10 

and various elements in s ta inless s teel—part icular ly i ron, nickel, and 
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n i t r o g e n . The h igh b o r o n con t en t (about 2 50 ppm) in the c l add ing f r o m 

t h e s e r o d s shou ld he lp to d e t e r m i n e w h e t h e r the l o s s in high t e m p e r a t u r e 

duc t i l i t y c a n , i ndeed , be r e l a t e d to the h e l i u m o r is c a u s e d by s o m e o t h e r 

f a s t n e u t r o n r e a c t i o n . T h e r e f o r e , s p e c i m e n s of the c l add ing w e r e t e s t e d 

a t a n u m b e r of t e m p e r a t u r e s to d e t e r m i n e t h e i r d u c t i l i t y . 

6 . 2 . 2 . Scope 

The s c o p e of the t e n s i l e t e s t i n g p r o g r a m is shown in T a b l e 

6 - 1 . The da ta ob t a ined f r o m the t e s t s conduc t ed a t 70 and 600 F p r o v i d e 

i n f o r m a t i o n on the p r o p e r t i e s of the c l add ing tha t a r e of i n t e r e s t to t h e r ­

m a l r e a c t o r d e s i g n e r s . The o t h e r da ta w e r e o b t a i n e d to d e t e r m i n e the 

effects of the h igh h e l i u m con ten t on the 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 the s t e e l . Some of the i r r a d i a t e d s p e c i m e n s w e r e a n n e a l e d a t 1832 F 

for one hou r to e l i m i n a t e e s s e n t i a l l y a l l d i s p l a c e m e n t - t y p e de fec t s and 

thus e v a l u a t e m o r e p r e c i s e l y the c o n t r i b u t i o n of the h e l i u m to the l o s s in 

d u c t i l i t y . The u n i r r a d i a t e d s p e c i m e n s , both a s - r e c e i v e d and a n n e a l e d , 

p r o v i d e a b a s e l ine for the i n t e r p r e t a t i o n of the d a t a . 

6 . 2 . 3 . P r o c e d u r e 

F o u r - i n c h s e c t i o n s of the fuel r o d s w e r e ob t a ined by 

cu t t ing the r o d s wi th a m o t o r i z e d tubing c u t t e r . S e m i - c y l i n d r i c a l s e c ­

t ions of the c l add ing w e r e o b t a i n e d by s l i t t i ng the s e c t i o n s of the fuel rod 

in the a x i a l d i r e c t i o n . T h e s e s l i t t i ng o p e r a t i o n s w e r e p e r f o r m e d with a 

fine a b r a s i v e cutoff w h e e l . The s e m i - c y l i n d r i c a l s e c t i o n s of c l add ing 

w e r e d e b u r r e d and the gage l eng th m a c h i n e d u s i n g a T e n s i l e Kut m a c h i n e 

with a s p e c i a l j ig a d a p t e d for th is s i z e tub ing . F i g u r e 6-12 show^s a 

f in i shed t e n s i l e s p e c i m e n . 

The t e n s i l e s p e c i m e n s tha t w e r e a n n e a l e d w e r e s o a k e d for 

one hou r a t 1832 F and then w a t e r q u e n c h e d . Oxida t ion of the s p e c i m e n s 

d u r i n g a n n e a l i n g and quench ing was m i n i m i z e d by pack ing the s p e c i m e n s 

in S e n - P a k e n v e l o p e s which a r e e s p e c i a l l y d e s i g n e d to p r e v e n t o x i d a t i o n . 

Su i t ab le g r i p s and e x t e n s o m e t e r s had to be d e v e l o p e d for 

t h e s e s u b s i z e d and s e m i - c y l i n d r i c a l s p e c i m e n s . F i g u r e s 6-13 and 6-14 

a r e p h o t o g r a p h s of the g r i p s con ta in ing a s p e c i m e n and of the e x t e n s o -

m e t e r . All s p e c i m e n s w e r e t e s t e d a t a s t r a i n r a t e of 0.02 p e r m i n u t e , 

the e x t e n s o m e t e r be ing a t t a c h e d to the s p e c i m e n th roughou t the t e s t . 

T y p i c a l load def lec t ion c u r v e s for u n i r r a d i a t e d and i r r a d i a t e d s p e c i m e n s 
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a r e shown in F i g u r e s 6-15 and 6 - 1 6 . Typ i ca l p h o t o g r a p h s of the f r a c ­

t u r e d s p e c i m e n s a r e shown in F i g u r e s 6-17 and 6 - 1 8 . 

6 . 2 . 4 . R e s u l t s 

6 . 2 . 4 . 1 . U n i r r a d i a t e d Cladd ing 

The r e s u l t s of the t e n s i l e t e s t s conduc ted on 

u n i r r a d i a t e d s p e c i m e n s tha t w e r e a n n e a l e d a r e shown g r a p h i c a l l y in F i g ­

u r e s 6-19 t h rough 6 - 2 2 , After a n n e a l i n g , the y ie ld and t e n s i l e s t r e n g t h s 

( F i g u r e s 6-19 and 6-20) of a s - r e c e i v e d , 3000- and 6 0 0 0 - h o u r t h e r m a l l y 

a g e d s p e c i m e n s d e c r e a s e a s the t e n n p e r a t u r e i n c r e a s e s f r o m 70 to 750 F . 

L i t t l e d i f f e rence is o b s e r v e d in the y ie ld s t r e n g t h of the s p e c i m e n s t e s t e d 

in the r a n g e f r o m 750 to 1000 F . The y ie ld s t r e n g t h , r e g a r d l e s s of the 

p r e v i o u s t h e r m a l h i s t o r y of the m a t e r i a l , i n c r e a s e d wi th i n c r e a s i n g t e m ­

p e r a t u r e f r o m 1000 to 1300 F . The p e a k in the y ie ld s t r e n g t h - v e r s u s -

t e m p e r a t u r e c u r v e s i s m o r e p r o n o u n c e d for the 6 0 0 0 - h o u r t h e r m a l l y aged 

m a t e r i a l than for the 3 0 0 0 - h o u r t h e r m a l l y aged o r the a s - r e c e i v e d m a t e ­

r i a l . The n o r m a l sof tening t r e n d , a s i n d i c a t e d by the d e c r e a s e in s t r e n g t h 

with i n c r e a s i n g t e m p e r a t u r e , is r e g a i n e d above 1300 F , and a t 1450 F 

(the m a x i m u m t e s t t e m p e r a t u r e u s e d in this p r o g r a m ) the y ie ld s t r e n g t h 

is a p p r o x i m a t e l y the s a m e as that at 900 F . The u l t i m a t e t e n s i l e s t r e n g t h -

v e r s u s - t e m p e r a t u r e c u r v e s for t h e s e m a t e r i a l s do not show a p e a k . T h e r e 

is l i t t l e d i f f e rence in the t e n s i l e s t r e n g t h of m a t e r i a l t e s t e d a t t e m p e r a ­

t u r e s f r o m 750 to 1200 F . 

The to t a l e longa t ion of the a s - r e c e i v e d , 3000-

and 6 0 0 0 - h o u r t h e r m a l l y aged m a t e r i a l ( F i g u r e s 6-21 and 6-22) r a p i d l y 

d e c r e a s e s a s the t e s t t e m p e r a t u r e i n c r e a s e s f r o m 70 to 600 F . At 600 F , 

the to ta l e longa t ion beg ins to i n c r e a s e wi th i n c r e a s i n g t e m p e r a t u r e un t i l 

a p e a k in the to ta l e longa t ion o c c u r s a t 850 F . The to ta l e longa t ion then 

d e c r e a s e s a s the t e m p e r a t u r e i n c r e a s e s f r o m 850 to 1450 F . 

F i g u r e s 6-23 t h rough 6-26 r e p r e s e n t the s t r e n g t h 

and duc t i l i ty of a s - r e c e i v e d , 3000- and 6 0 0 0 - h o u r t h e r m a l l y aged m a t e r i ­

a l s tha t w^ere not a n n e a l e d . S ince da t a for th i s m a t e r i a l w e r e ob ta ined 

only a t 70, 600, and 1200 F , insuf f ic ien t da ta a r e a v a i l a b l e to d r a w c u r v e s 

l ike those in F i g u r e s 6-19 t h r o u g h 6 - 2 2 . 

The y ie ld and t e n s i l e s t r e n g t h s of t h e s e m a t e r i ­

a l s d e c r e a s e as the t e s t t e m p e r a t u r e i n c r e a s e s f r o m 70 to 1200 F (the 
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maximum tempera tu re used in test ing this m a t e r i a l ) . The total elonga­

tion dec r ea se s as the t empera tu re i nc r ea se s from 70 to 600 F . F r o m 

600 to 1200 F , the total elongation i nc rea se s with increas ing t e m p e r a ­

t u r e . It is in teres t ing to note that the tensi le s t rengths and total elonga­

tions of the a s - r e c e i v e d and thermal ly aged m a t e r i a l s a r e identical at 

1200 F . 

F r o m these r e s u l t s , it can be concluded that 

annealing (1 hour at 1832 F) of the uni r rad ia ted specimens before test ing 

has essent ia l ly no effect on the s t rength or the ductility of the a s - r e c e i v ­

ed or thermal ly aged cladding. 

Table 6 - 1 . Tensile Testing of Stainless Steel Cladding 

Fluence 

Peak 

Minimum 

A s - r e c e i v e d 

Aged 3000 h 

Aged 6000 h 

BA 

2 

2 

2 

2 

2 

70 

AA 

2 

2 

2 

2 

2 

600 

BA 

2 

2 

2 

2 

2 

AA 

2 

2 

2 

2 

2 

750 

BA 

2 

0 

0 

2 

0 

Tes t t empera 

900 

AA 

2 

0 

0 

2 

0 

BA 

2 

0 

0 

0 

0 

t u r e , F 

1050 

AA 

2 

0 

0 

2 

0 

1200 

BA 

2 

2 

2 

2 

2 

AA 

2 

2 

2 

2 

2 

1300 

AA 

2 

0 

0 

2 

2 

1450 

AA 

0 

0 

0 

2 

0 

BA ~ before annealing 
AA after annealing 

6 . 2 . 4 . 2 . I r rad ia ted Cladding 

The resu l t s of the tensi le tes ts on the i r r a d i ­

ated cladding before and after annealing a r e shown in Table 6-2 . The 

fluence received by the specimens ranged from about 5 X 10^ to about 

2.5 X 10^^ (E > 1 MeV). The data shown in Table 6-2 a r e plotted in F ig ­

u res 6-27 through 6-42. All the data points on these figures r e p r e s e n t 

the average of the two specimens tested at any one condition. 

The tensi le p roper t i e s of the a s - i r r a d i a t e d 

cladding a r e shown in F igures 6-27 through 6-30. The data shown in 

Table 6-2 and F igures 6-27 and 6-28 indicate that the yield and ultinnate 

s t rengths a r e about equal and that variat ions in fluence have lit t le or no 
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effect on the yield and ult imate s t r eng ths . The uniform and total elon­

gations a r e about equal for any given specimen. One would expect, when 

the yield and ult imate s t rengths a r e equal, that the uniform elongation 

would be essent ia l ly zero and all elongation would be nonuniform; how­

ever , this was not always the case , as indicated by the data in Table 6-2. 

The uniform and total elongations for the specimens from the low-fluence 

regions of the rods were slightly g rea te r than those for the specimens 

from the high-fluence reg ions . 

The tensi le p roper t i es of the i r rad ia ted clad­

ding after annealing a r e show^n in F igures 6-31 through 6-34. As in the 

case of the i r rad ia ted specimens that were not annealed, the tensi le and 

ult imate s t rength did not vary with fluence, although there was cons ider ­

able difference in the yield and ul t imate s t rengths at test t empera tu re s 

below 1000 F . The uniform elongation in mos t ins tances was a lmost 

equal to the total elongation, r ega rd l e s s of the tes t t e m p e r a t u r e . 

The data for the a s - i r r a d i a t e d cladding before 

and after annealing a re compared in Figures 6-35 through 6-38. Anneal­

ing reduces the tensile and ul t imate s t rength of the ma te r i a l significantly 

at tes t t empera tu res below 800 F . At tes t t empera tu re s above 800 F , the 

strength of the a s - i r r a d i a t e d cladding is generally lower than that of the 

i r rad ia ted cladding after annealing. Apparently, the annealing operation 

produces some secondary hardening that does not occur in the a s - i r r a d i ­

ated cladding. It is also possible that many of the defects introduced by 

i r radia t ion began to move rapidly during testing at t empera tu res above 

800 F . The movement of defects causes the specimens to rupture at a 

lower load than that required to rupture specimens in which there is 

little defect movement . 

Annealing for one hour at 1832 F r e s to red some 

of the ductility to the specimens at tes t t empera tu re s below 1000 F; the 

res tora t ion of ductility was far from complete, how^ever. At tes t t e m p e r ­

a tures above 1000 F, there was essent ia l ly no difference between the 

elongation of the a s - i r r a d i a t e d cladding and that of the i r rad ia ted clad­

ding that had been annealed. 

The data for the uni r radia ted and i r rad ia ted 

cladding after annealing a re compared in F igures 6-39 through 6-42. 

There a r e some minor differences in s t rength of the uni r radia ted and 
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i r r a d i a t e d m a t e r i a l s , p a r t i c u l a r l y in the shape of the c u r v e s above 

800 F . It a p p e a r s tha t i r r a d i a t i o n m a y have shi f ted the i n i t i a t i on of the 

s e c o n d a r y h a r d e n i n g p r o c e s s to a s l i gh t ly l o w e r t e m p e r a t u r e o r m a y 

have a l t e r e d the p r o c e s s . B e c a u s e the u n i r r a d i a t e d c l add ing m a y not be 

t r u l y r e p r e s e n t a t i v e of the m a t e r i a l i r r a d i a t e d ( d i s c u s s e d in s e c t i o n 5.2), 

it i s i m p o s s i b l e to d e t e r m i n e w h e t h e r t h e s e d i f f e r e n c e s a r e c a u s e d by 

i r r a d i a t i o n o r by d i f f e r e n c e s in m a t e r i a l s . 

The da ta a l s o i n d i c a t e tha t the a n n e a l i n g o p e r a ­

tion h a s e l i m i n a t e d e s s e n t i a l l y a l l of the s t r e n g t h e n i n g p r o d u c e d by d i s ­

p l a c e m e n t - t y p e d e f e c t s i n t r o d u c e d d u r i n g i r r a d i a t i o n . E v e n though the 

s t r e n g t h s a r e r e t u r n e d to the u n i r r a d i a t e d cond i t ion , the e l o n g a t i o n s of 

the i r r a d i a t e d c l add ing a f t e r a n n e a l i n g a r e s t i l l c o n s i d e r a b l y be low those 

for the u n i r r a d i a t e d c l a d d i n g . This would s u g g e s t tha t s o m e f ac to r o t h e r 

than po in t de f ec t s i s the c a u s e of the low e l o n g a t i o n s . 

A s e r i e s of t e s t s to d e t e r m i n e the effect of 

i r r a d i a t i o n a t 545 F on the t e n s i l e p r o p e r t i e s of AISI type 304 s t a i n l e s s 

s t e e l w e r e conduc ted by B e m e n t . The r e s u l t s of t h e s e t e s t s wi th r e l a ­

tion to the 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 the m a t e r i a l a r e s u m m a ­

r i z e d in F i g u r e s 6-43 and 6 - 4 4 . The g e n e r a l t r e n d shown in t h e s e f ig ­

u r e s i s s i m i l a r to t hose shown in F i g u r e s 6-27 and 6 -29 , e x c e p t for the 

fo l lowing: 

1. S ign i f ican t d i f f e r e n c e s in both s t r e n g t h and e longa t ion 

w e r e o b s e r v e d with the s t a n d a r d type 304 s t a i n l e s s s t e e l when the f luence 

v a r i e d f rom 1.5 X 10^° to 6 X 10^^, w h e r e a s only m i n o r e f fec t s of f luence 

w e r e o b s e r v e d for the b o r a t e d m a t e r i a l when the f luence v a r i e d f rom 

about 5 X 1020 to 2.5 X ig^i . 

2 . The u n i r r a d i a t e d type 304 s t a i n l e s s s t e e l did not exh ib i t 

s e c o n d a r y h a r d e n i n g , w h e r e a s the b o r a t e d m a t e r i a l did exh ib i t s o m e 

s e c o n d a r y h a r d e n i n g . 

At t e s t t e m p e r a t u r e s b e l o w 900 F , the t e n s i l e 

s t r e n g t h of the i r r a d i a t e d type 304 s t a i n l e s s s t e e l w a s c o n s i d e r a b l y h i g h ­

e r than the s t r e n g t h of the i r r a d i a t e d b o r a t e d s t a i n l e s s s t e e l . The b o ­

r a t e d c l add ing w a s s o m e w h a t m o r e s u s c e p t i b l e to i r r a d i a t i o n e m b r i t t l e -

m e n t than w a s the s t a n d a r d type 304 m a t e r i a l . The u n i f o r m e longa t ion 

of the b o r a t e d c l add ing for f l uences a s low a s 6 X 10^° nv w^as no g r e a t e r 
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t h a n tha t of the s t a n d a r d type 304 s t a i n l e s s s t e e l t ha t r e c e i v e d a f luence 

of 6 X 10^^ nv . T h u s , it a p p e a r s tha t the add i t ion of b o r o n to the type 304 

s t a i n l e s s s t e e l r e d u c e s both the s t r e n g t h and duc t i l i t y of the i r r a d i a t e d 

m a t e r i a l . 

At a l l t e s t t e m p e r a t u r e s , the y ie ld s t r e n g t h of 

type 304 s t a i n l e s s s t e e l i r r a d i a t e d a t t e m p e r a t u r e s above 750 F i s only 

s l igh t ly g r e a t e r than tha t of the u n i r r a d i a t e d m a t e r i a l . ^ F u r t h e r m o r e , 

type 304 s t e e l i r r a d i a t e d at t e m p e r a t u r e s above 750 F exh ib i t s c o n s i d e r ­

ab le duc t i l i t y a t t e s t t e m p e r a t u r e s be low 900 F . At t e s t t e m p e r a t u r e s 

above 900 F , the duc t i l i t y d e c r e a s e s r a p i d l y and i s e s s e n t i a l l y z e r o % 

a t t e s t t e m p e r a t u r e s b e t w e e n 1100 and 1300 F . By i r r a d i a t i n g a t t e m ­

p e r a t u r e s above 750 F i t i s r e p o r t e d tha t the d i s p l a c e m e n t de fec t s a r e 

a n n e a l e d out a s r a p i d l y a s they a r e i n t r o d u c e d . 

It i s ev iden t tha t , wi th s t a n d a r d type 304 s t a i n ­

l e s s s t e e l , the i r r a d i a t i o n t e m p e r a t u r e i s a f a i r l y s ign i f i can t f a c t o r in 

d e t e r m i n i n g the effect of i r r a d i a t i o n on the m e c h a n i c a l p r o p e r t i e s . I r ­

r a d i a t i o n of the b o r a t e d type 304 s t a i n l e s s s t e e l a t about 600 F a p p e a r s 

to p r o d u c e a s l igh t ly d i f fe ren t effect than with the s t a n d a r d t y p e . I r r a ­

d ia t ion of the b o r a t e d type 304 s t a i n l e s s s t e e l h a s the fol lowing e f f ec t s : 

1. It r e d u c e s the duc t i l i t y a t t e m p e r a t u r e s above 900 F ; 

th i s effect i s a t t r i b u t e d to h e l i u m . 

2 . It i n t r o d u c e s s o m e d i s p l a c e m e n t - t y p e de fec t s and s o m e 

o t h e r p r o d u c t which affects the p r o p e r t i e s be low 900 F . Annea l ing the 

b o r a t e d s t a i n l e s s s t e e l r e t u r n s i t s s t r e n g t h to the u n i r r a d i a t e d condi t ion 

but does not affect the duc t i l i t y s i g n i f i c a n t l y . If d i s p l a c e m e n t de fec t s 

w e r e the only f a c t o r af fect ing the p r o p e r t i e s a t t e s t t e m p e r a t u r e s be low 

900 F , then the a n n e a l i n g o p e r a t i o n shou ld r e s t o r e the s t r e n g t h and d u c ­

t i l i t y . It is p o s s i b l e tha t h e l i u m in suf f ic ien t q u a n t i t i e s not only af fec ts 

the e l e v a t e d - t e m p e r a t u r e duc t i l i t y , but a l s o a f fec t s the duc t i l i t y both 

be fo re and a f t e r a n n e a l i n g a t t e s t t e m p e r a t u r e s be low 900 F . 

B e c a u s e of the high b o r o n - 1 0 con t en t of the 

c l add ing , about 280 a t o m p p m of h e l i u m a r e i n t r o d u c e d by i r r a d i a t i o n . 

It a p p e a r s l i ke ly tha t h e l i u m m a y be the f a c t o r a f fec t ing the p r o p e r t i e s 

of the s t a i n l e s s s t e e l a t a l l t e s t t e m p e r a t u r e s . No da t a a r e a v a i l a b l e to 

s u b s t a n t i a t e th i s c o n c l u s i o n a t t e s t t e m p e r a t u r e s be low 900 F . W o r k a t 

O R N L i n d i c a t e d t h a t the duc t i l i t y of a u s t e n i t i c s t a i n l e s s s t e e l a t 1300 F 
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is reduced with increas ing hel ium. ' ' Unfortunately, s imi la r data were 

not obtained for lower tes t t e m p e r a t u r e s . 

Table 6-2. Resul t s of Tensi le Test ing of I r rad ia ted Stainless 
Steel Cladding 

S p e c . ( ^ ' 

P A l 

P A 3 

P A S 

P A 6 

P A 7 

P A 9 

PAIO 

P A U 

P B l 

P B 2 

P B 3 

P B 4 

P B S 

P B 6 

P B 7 

P B S 

P B 9 

P B I O 

M A I 

M A 2 

M A 3 

M A 4 

M A 9 

MAIO 

M B l 

M B 2 

M B 7 

M B S 

M B S 

M B 6 

Rod N o . 

62A 

6 2 A 

105A 

2 0 A 

105D, 

2 0 A 

6 2 A 

lOSDi 

2 0 A 

lOSE 

105E 

lOSE 

6 1 A 

2 0 A 

105C 

6 2 A 

105E 

105A 

105B 

2 0 A 

105E 

lOSPi 

105B 

105F 

2 0 A 

105C 

IO5D2 

IO5D2 

lOSDi 

105F 

F a s t f luence 
(E > 1 MeV) , 

nvt X lO^J 

1.72 

1.75 

1.72 

2.32 

1.78 

2 .43 

1.72 

1.78 

2.49 

1.6S 

1.65 

1.65 

2 . 5 

2.32 

1.79 

1.72 

1.65 

1.76 

0.433 

0 .703 

0.935 

1.08 

0.655 

0.575 

1.88 

0.97 

0.895 

1.79 

1.64 

0.92 

T e s t t e m p , F 

70 

6 0 0 

9 0 0 

9 0 0 

!050 

1200 
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1300 

70 

70 

6 0 0 

6 0 0 

7 5 0 

7 5 0 
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9 0 0 

1200 

1200 

70 

7 0 

6 0 0 

6 0 0 

1200 

1200 

70 

70 

6 0 0 

6 0 0 

1200 

1200 

Strenf 

Yie ld 

5 0 , 8 0 0 

3 0 , 0 0 0 

26 , 700 

3 4 , 9 0 0 

3 3 , 9 0 0 

2 3 , 9 0 0 

2 3 , 3 0 0 

11 ,900 

--
124 ,000 

7 7 , 4 0 0 

7 4 , 4 0 0 

4 4 , 3 0 0 

40 ,700 

16, 500 

16 ,400 

3 6 , 1 0 0 

--
5 4 . 4 0 0 

45 , 800 

4 1 , 700 

3 0 , 4 0 0 

19 ,500 

--
127 ,500 

117 ,500 

7 8 , 8 0 0 

7 5 , 5 0 0 

2 4 , 0 0 0 

2 2 , 8 0 0 

i t h , p s i 

U l t i m a t e 
t e n s i l e 

8 2 , 6 0 0 

5 5 , 9 0 0 

6 1 , 8 0 0 

6 7 , 4 0 0 

5 1 , 4 0 0 

2 7 . 0 0 0 

2 6 . 4 0 0 

14 ,500 

122 ,400 

127. 000 

8 0 . 3 0 0 

75, 000 

4 6 . 8 0 0 

4 2 . 2 0 0 

19 ,900 

18 ,500 

37, 100 

3 1 , 9 0 0 

8 5 , 7 0 0 

77, 300 

6 5 , 1 0 0 

6 4 , 1 0 0 

28 , 700 

2 8 , 9 0 0 

128 ,600 

120 ,500 

86, 800 

7 7 , 8 0 0 

3 0 , 2 0 0 

2 7 , 9 0 0 

E l o n g a t i 

U n i f o r m 

6.15 

6.15 

11.10 

7.40 

3.30 

0.40 

0.73 

0.97 

1.70 

2 .61 

0.50 

0.32 

0.36 

0.08 

1.18 

0.15 

0.36 

--
10.50 

10.50 

8.25 

8.75 

0 .33 

0.06 

2.45 

4.70 

2 .30 

2.80 

1.64 

1.10 

on. % 

T o t a l 

6.40 

6.20 

11.50 

7.50 

3.30 

0.46 

1.15 

3.97 

3.80 

3.30 

2 .90 

2.40 

0.36 

0.19 

1.30 

0.32 

0.39 

. . 
10.51 

10.51 

8.40 

8.80 

0.70 

0.06 

3.05 

5.40 

4.80 

3.95 

1.74 

1.93 

P : peak exposure 
A: after annealing 
B: not annealed 
M: minimum exposure 
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Figure 6 - 1 . Mic ros t ruc tu re of I r rad ia ted Cladding 
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Figure 6-2. Poros i ty m I r radia ted Stainless Steel Cladding 
(As-Pol ished, 250X) 
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F i g u r e 6 - 3 . A s - P o l i s h e d and E t c h e d A p p e a r a n c e of Cladding 
F r o m Rod 105C 

A s - P o l i s h e d 250X 

V-JSi 

Etch : Oxal ic Acid 
E l e c t r o l y t i c 
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Figure 6-4. As-Pol i shed Appearance of Cladding F r o m 
Rod 105F 
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Figure 6 - 5 . Compar i son of Inside Surfaces of Cladding in 
Fue l Rods 106A and 6 l A 

Rod 106A Rod 61A 

I 

o^ As Polished 250X As Polished 250X 

o 
o 
9° 

O o 
X 

Etched Etched 250X 



Figure 6-6. As-Po l i shed and Etched Appearance of 
Unirradia ted Cladding 
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Figure 6-7. F e r r u l e F r o m Fuel Rod 106A 
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Figure 6-8. Cladd ing- to -Fer ru le Kannigen Braze Joint 
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Figure 6-9. Unir radia ted Braze Joint 
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Figure 6-10. Spacer From Fuel Rod 20A, About 35.5 Inches 
F r o m Bottom of the Rod 
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Figure 6 -11 . Photomosaic of a Por t ion of the Spacer Shown in 
Figure 6-10 
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Figure 6-12. Tensile Specimen for Stainless Steel Cladding 

Split Tubular Specimen 
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Figure 6-13. Tensi le Gr ips for Sta in less Steel Cladding 
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Figure 6-14. Extensometer Used in the Tensile Testing of 
Stainless Steel Cladding 

I 

: & 

1 

^ 

-,^^^*?';^-^S'^>V^ - s ^ * . ^ ^ ' - --P 

ff 

8 
X 

i l l ! !si . : '... f.i I i ! miHi III i l l i l i i lH III (II l i l i 

f ^ f i 
:>;'. n. )u ., ! < III it! : : i . . . i.i l i ! miHI III i l l i l i | i i 

¥ r 
THE S.-2 ,OCK 6- WILCOX COMPANY 



Figure 6-15. Typical Load Deflection Curves for Unirradiated 
Stainless Steel at Three Test Tempera tu r e s 

70 i Test Temperature 600 F Tefot Temperature 1200 F Test Teniperatur 
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Figure 6-16. Load Deflection Curves for I r radia ted Stainless 
Steel at Three Test Tempera tu res 
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Figure 6-17. Appearance of Tensi le Specimens P B - 1 and PA-6 
After Test ing 
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Figure 6- 18. Appearance of Tensi le Specimens P B - 9 and PA-10 
After Test ing at 1200 F 
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Figure 6- 19. Tensi le Tes t s of Uni r rad ia ted Stainless Steel 
Cladding — Yield Strength After Annealing 
for 1 Hour at 1832 F 
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Figure 6-20. Tensi le Tes ts of Unirradiated Stainless Steel 
Cladding — Tensile Strength After Annealing 
for 1 Hour at 1832 F 

100 

! 

^ 

go 

8 

to 

M 
C 
0) 
!H 

-i-J 

Ui 
0) 

(-H 

d 

H 

600 800 1000 

Test Temperature, F 

1200 1600 



F i g u r e 6 - 2 1 . T e n s i l e T e s t s of U n i r r a d i a t e d S t a i n l e s s S tee l 
C ladd ing — U n i f o r m E l o n g a t i o n Af te r A n n e a l ­
ing for 1 Hour at 1832 F 
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F i g u r e 6 -22 . T e n s i l e T e s t s of U n i r r a d i a t e d S t a i n l e s s S t ee l 
Cladd ing — To ta l E longa t i on After Annea l ing 
for 1 Hour at 1832 F 
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F i g u r e 6 - 2 3 . T e n s i l e T e s t s of U n i r r a d i a t e d S t a i n l e s s S t e e l 
Cladd ing — Yield S t r e n g t h B e f o r e A n n e a l i n g 
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F i g u r e 6 -24 . T e n s i l e T e s t s of U n i r r a d i a t e d S t a i n l e s s S t ee l 
C ladd ing — T e n s i l e S t r e n g t h B e f o r e A n n e a l i n g 
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Figure 6-25. Tensile Tes ts of Unir radia ted Stainless Steel 
Cladding — Uniform Elongation Before Annealing 
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F i g u r e 6 -26 . T e n s i l e T e s t s of U n i r r a d i a t e d S t a i n l e s s S t ee l 
C ladd ing — T o t a l E l o n g a t i o n B e f o r e A n n e a l i n g 
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Figure 6-27. Yield Strength of I r rad ia ted Stainless Steel 
Cladding Before Annealing 
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Figure 6-28. Ultimate Strength of I r rad ia ted Stainless Steel 
Cladding Before Annealing 
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Figure 6-29. Uniform Elongation of I r rad ia ted Stainless Steel 
Cladding Before Annealing 
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Figure 6-30. Total Elongation of I r rad ia ted Stainless Steel 
Cladding Before Annealing 
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Figure 6-31. Yield Strength of I r rad ia ted Stainless Steel 
Cladding After Annealing 
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Figure 6-32. Ultimate Strength of I r rad ia ted Stainless Steel 
Cladding After Annealing 
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Figure 6-33. Uniform Elongation of I r rad ia ted Stainless Steel 
Cladding After Annealing 
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Figure 6-34. Total Elongation of I r rad ia ted Stainless Steel 
Cladding After Annealing 
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Figure 6-35. Yield Strength of I r rad ia ted Stainless Steel 
Cladding Before and After Annealing 
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Figure 6-36. Ultimate Strength of I r rad ia ted Stainless Steel 
Cladding Before and After Annealing 
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Figure 6-37. Uniform Elongation of I r rad ia ted Stainless Steel 
Cladding Before and After Annealing 
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Figure 6-38. Total Elongation of I r rad ia ted Stainless Steel 
Cladding Before and After Annealing 

w 

o 

400 600 800 

Test T e m p e r a t u r e , F 

1200 1400 

6-49 Babcock & Wilcox 



Figure 6-39. Yield Strength of I r rad ia ted and Unir radia ted 
Stainless Steel Cladding After Annealing 
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Figure 6-40. Ult imate Tensile Strength of I r rad ia ted and 
Unir radia ted Stainless Steel Cladding 
After Annealing 
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Figure 6-41 . Uniform Elongation of I r rad ia ted and Uni r rad ia ted 
Stainless Steel Cladding After Annealing 
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Figure 6-42. Total Elongation of I r rad ia ted and Unir radia ted 
Stainless Steel Cladding After Annealing 
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F i g u r e 6 - 4 3 . The Effect of T e s t T e m p e r a t u r e and F l u e n c e 
L e v e l on the 0.2% Yie ld S t r e n g t h of A n n e a l e d 
A l S l Type 304 S t a i n l e s s S t ee l 
( I r r a d i a t e d at 290 C) 
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F i g u r e 6 -44 . T h e Effect of T e s t T e m p e r a t u r e on the Un i fo rm 
E l o n g a t i o n of A n n e a l e d A l S l Type 304 S t a i n l e s s 
S t e e l ( I r r a d i a t e d at 290 C) 
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7. Z I R C A L O Y - 2 F U E L CAN EXAMINATION 

7. 1. T e n s i l e T e s t i n g 

7 . 1 . 1 . P u r p o s e 

This s u b t a s k w a s c a r r i e d out to d e t e r m i n e the p o s t -

i r r a d i a t i o n t e n s i l e p r o p e r t i e s of the Z i r c a l o y - 2 can a f t e r o p e r a t i o n for 

442 effect ive full p o w e r days in the Indian P o i n t R e a c t o r . 

7. 1.2. Scope 

The scope of th is t e s t i n g p r o g r a m is shown in Table 7 - 1 . 

S p e c i m e n s f r o m both the long i tud ina l and t r a n s v e r s e d i r e c t i o n s w e r e 

t e s t e d a t 70, 525, and 750 F . The 525 F t e s t was a t the a p p r o x i m a t e 

i r r a d i a t i o n t e m p e r a t u r e . 

7 . 1 . 3 . P r o c e d u r e 

The Z i r c a l o y can s e l e c t e d for e x a m i n a t i o n was ob ta ined 

f r o m e l e m e n t 6 1 . This e l e m e n t was p r e d i c t e d to have the h i g h e s t f lu­

ence— about 3 X 10^^ nvt (E > 1 MeV)—of the s i x e l e m e n t s s e l e c t e d for 

the p r o g r a m . The t e n s i l e b l anks w e r e ob ta ined by s e c t i o n i n g the can 

with an a b r a s i v e cutoff "wheel and a m o t o r i z e d band s a w . The gage 

l eng ths w e r e m a c h i n e d u s ing a T e n s i l Kut m a c h i n e with a s p e c i a l j ig 

a d a p t e d for th is type of s p e c i m e n . F i g u r e 7-1 i s a s e c t i o n i n g d i a g r a m 

for the Z i r c a l o y - 2 can showing the l o c a t i o n s f r o m which the long i tud ina l 

and t r a n s v e r s e s p e c i m e n s w e r e t a k e n . D i m e n s i o n s of the t e n s i l e s p e c i ­

m e n s u s e d in th i s p r o g r a m a r e shown in F i g u r e 7 - 2 . The to ta l f a s t f lu ­

ence of the t e n s i l e s p e c i m e n s t aken f r o m the v a r i o u s p o s i t i o n s a long the 

can l eng th was d e t e r m i n e d f r o m a g a m m a s c a n of a fuel pin r e m o v e d 

f r o m e l e m e n t 6 1 , and a r a t i o of the r e l a t i v e ac t i v i t y to the p e a k a c t i v i t y 

for e a c h s p e c i m e n loca t ion was o b t a i n e d . 

The t e n s i l e p r o p e r t i e s w e r e d e t e r m i n e d with an I n s t r o n 

t e n s i o n t e s t m a c h i n e . In a l l i n s t a n c e s , a s t r a i n r a t e of 0.020 i n . / i n . - m i n 
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was used. An Instron extensometer modified to fit these Zircaloy spec i ­

mens was used for all three test t e m p e r a t u r e s . Representa t ive s t r e s s -

s t ra in d iagrams obtained from the room tempera tu re and 525 and 750 F 

tes ts a re shown in Figures 7-3 , 7-4, and 7-5, respec t ive ly . 

7. 1.4. Results 

The pos t - i r rad ia t ion tensile p roper t i es for the r o o m - t e m ­

pe ra tu re , 525 F, and 750 F tes ts a r e presented in Tables 7-2 through 

7-4 and a r e shown graphically as a function of fast fluence in Figures 

7-6 through 7-9. For all test t e m p e r a t u r e s , the ul t imate tensi le and 

0.2% yield s t rengths continue to inc rease with total fluence for fast 

fluences up to 2.6 X 10^^ (E > MeV). The fluence values given in this 

repor t were calculated and not determined by dos imet ry . The s t rength 

values in the longitudinal direct ion were g rea te r than in the t r a n s v e r s e 

direct ion; however, the ra te of change as a function of fast fluence ap­

pears to be the same in both d i rec t ions . This was t rue for all three of 

the pos t - t es t t e m p e r a t u r e s . P r e i r r ad i a t i on tensi le data a r e not available 

for this ma te r i a l ; therefore , the change in tensi le and yield s t rengths as 

a function of fast fluence and specimen orientat ion could not be evaluated. 

However, the absolute values have been repor ted by Irvin for Zi rca loy-2 

p r e s s u r e tubing i r rad ia ted at 540 F.® After an exposure of 2 .2 X 10^\ 

Irvin repor ted tensile and yield s t rength values of 107,000 ps i . This 

compares well with the 100,000 to 110,000 psi range obtained from the 

ma te r i a l in this investigation. 

The inc reases in tensile and yield s t rengths a re accom­

panied by a decrease in ductility, as shown in Figure 7-9. For all three 

pos t - t e s t t e inpera tu res , the total elongation is g r ea t e r in the t r a n s v e r s e 

direction than in the longitudinal d i rect ion. However, for both d i rec t ions , 

the absolute values of ductility were lower for the 525 F tes t than for the 

room tempera ture and 750 F t e s t s . This resu l t coincides with the appar ­

ent g rea te r ra te of inc rease in s t rength as a function of fast fluence for 

the 525 F tes t , compared with the room tempera tu re and 750 F t e s t s . 

There is no difference in the uniform elongation values, r ega rd les s of 

the fast fluence or specimen or ientat ion. All of the uniform elongation 

values were 1% or l e s s . For these reasons the uniform elongation val­

ues a re not presented graphical ly. The lower ductility at 525 F is not 
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i n c o n s i s t e n t wi th r e s u l t s r e p o r t e d in W C A P - 3 2 6 9 - 1 4 w h e r e a m i n i m u m 

in duc t i l i t y o c c u r s a t 500 to 800 F . ' ' 

Tab le 7 - 1 . T e n s i l e T e s t i n g of Z i r c a l o y - 2 C a n 

F l u e n c e 

M i n i m u m 

1/2 p e a k 

3 / 4 p e a k 

P e a k 

L = longitudi 

T. 

70 

L 

2 

3 

3 

3 

Lnal 
T = t r a n s v e r s e 

s s t 

T 

3 

5 

3 

3 

t e m p e ra tu : 

525 

L 

3 

3 

3 

3 

T 

3 

3 

2 

2 

r e , F 

750 

L T 

2 2 

2 2 

2 3 

2 2 
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Table 7-2. Effect of I r radia t ion at 525 F on the 70 F Tensile 
P rope r t i e s of Zi rca loy-2 

TT] n p n r" p' 

X 10-2i(a) 

0,14 

0.14 

0.14 

0.14 

0,14 

1.5 

1.5 

1.5 

1.5 

1.5 

1,5 

1.5 

1.5 

2 .2 

2 .2 

2 . 2 

2 . 2 

2 .2 

2 .2 

2 . 6 

2 . 6 

2 . 6 

2 . 6 

2 . 6 

2 . 6 

Type of 
spec imen^ ' 

L 

L 

T 

T 

T 

L 

L 

L 

T 

T 

T 

T 

T 

L 

L 

L 

T 

T 

T 

L 

L 

L 

T 

T 

T 

S t r e n g t h , k s i 

Yie ld 

101.2 

101.2 

98.1 

95.4 

99.0 

97 .4 

101.5 

101.2 

100.1 

95 .3 

95.6 

102.2 

91 .3 

101.8 

102.5 

109.4 

99.0 

94.9 

99.8 

103.0 

109.2 

109.0 

105.8 

105,8 

97 .8 

U l t i m a t e 

105.8 

105.8 

100.9 

97 .8 

102.8 

104.0 

105.7 

108.6 

105.9 

109.5 

102.8 

109.3 

96 .6 

109.0 

114.8 

113.8 

104,8 

104.4 

101.5 

113.2 

113.1 

111.2 

108,2 

108,9 

104.1 

Elonga t io : 

U n i f o r m 

1.3 

1.3 

0 .1 

0 .5 

0 . 4 

1.1 

0 .6 

1.0 

1.3 

1.2 

0 .9 

0 .7 

0 . 8 

0 .7 

0 . 6 

0 .9 

0 . 8 

0 .6 

0 . 4 

0 .7 

0 .7 

0 .5 

0 .5 

0 . 4 

0 .5 

n, % 

To ta l 

6 .4 

5 ,7 

5 .8 

10.6 

10.4 

1.9 

0 , 8 

5 . 4 

2 . 6 

3 .6 

5 .6 

7 .7 

7 .7 

4 .2 

4 , 4 

5 .4 

6 .5 

7 .3 

4 . 3 

4 . 8 

5.9 

4 . 1 

9 . 0 

9 . 5 

8 .8 

(a) 

(b) 
E > 1 MeV 

L = longitudinal 
T = t r a n s v e r s e 
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Table 7-3 . Effect of I r radia t ion at 525 F on the 525 F Tensile 
P rope r t i e s of Zi rca loy-2 

TTl n «̂  n P P 

X 1 0 - 2 i f a ) 

0.14 

0.14 

0.14 

0.14 

0.14 

0.14 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

2.2 

2.2 

2.2 

2.2 

2.2 

2 .6 

2 ,6 

2 .6 

2 .6 

2 .6 

Type of 
specimen' ' 

L 

L 

L 

T 

T 

T 

L 

L 

L 

T 

T 

T 

L 

L 

L 

T 

T 

L 

L 

L 

T 

T 

Strength, ksi 

Yield 

54.9 

52.4 

57.6 

48.4 

37„9 
„ _ 

64.2 

66.4 

64.0 

57.3 

56.5 

53.8 

68.3 

53.3 

63.4 

51.5 

49.0 

66.1 

58.3 

60.9 

55.6 

54,3 

Ultimate 

59.8 

54.6 

58.0 

48.8 

46.7 

56.1 

64.7 

67.5 

64.3 

57.6 

56.5 

54.4 

69.0 

53.5 

63.8 

52.6 

53.0 

67.8 

62.9 

63.8 

56.3 

56.3 

Elongation, % 

Uniform 

0.3 

0.6 

0.2 

0.1 

1.2 

__ 

0,0 

0.0 

0.1 

0.1 

0.0 

0.3 

0.1 

0.1 

0.0 

0.2 

0.8 

0.4 

0.5 

0.4 

0.2 

0.3 

Total 

3.5 

1.3 

4 .8 

3.1 

4.9 

7.4 

2 .8 

3.3 

1.3 

2 .1 

9.2 

10.2 

1.9 

4.3 

1.2 

6.3 

7.3 

1.8 

0,9 

0.7 

8.4 

7.9 

^^^F > 1 MeV 

L = longitudinal 
T = t r a n s v e r s e 
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Table 7-4. Effect of I r radia t ion at 525 F on the 750 F Tensile 
P roper t i e s of Zircaloy-2 

Fluence 
X 10-25(a) 

0.14 

0.14 

0.14 

0.14 

1.5 

1.5 

1.5 

1.5 

2.2 

2.2 

2.2 

2.2 

2.2 

2 .6 

2 .6 

2 .6 

2 .6 

Type 
specim 

L 

L 

T 

T 

L 

L 

T 

T 

L 

L 

T 

T 

T 

L 

L 

T 

T 

^^^E > 1 MeV 

L = longitudinal 
T = t r a n s v e r s e 

Strength, ksi 

Yield 

50,3 

48.8 

46.6 

46.4 

49.2 

51.6 

38.8 

42.6 

52.0 

51.6 

46.6 

54.4 

45.5 

57,0 

58,9 

48.4 

48.1 

Ultimate 

50.8 

48.8 

46.8 

46.4 

49.2 

51.6 

42.5 

42.7 

54.5 

54.5 

46.6 

54.7 

45.5 

57.3 

58,9 

48.6 

48.7 

Elongation, % 

iform 

0.1 
„ _ 

0.0 

_-

._ 

- -

0.2 

0.1 

0.1 

0.6 
„ _ 

0.0 

__ 

0.0 

__ 

0.1 

0.2 

Total 

8.0 

7.5 

11.6 

10.9 

5.1 

7.0 

8.3 

9.1 

6.0 

6.6 

10.7 

3,7 

9.3 

5.8 

5.2 

10.3 

9.9 
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7 . 2 . M e t a l l o g r a p h y 

7 . 2 . 1. P u r p o s e 

S e c t i o n s of the Z i r c a l o y - 2 can w e r e e x a m i n e d m e t a l l o -

g r a p h i c a l l y to d e t e r m i n e the t h i c k n e s s of the oxide f i lm and the i n c r e a s e 

in h y d r o g e n p r o d u c e d by the c o r r o s i o n r e a c t i o n b e t w e e n the Z i r c a l o y and 

w a t e r . 

7 . 2 . 2 . Scope 

S p e c i m e n s f r o m four d i f fe ren t l o c a t i o n s a long the a x i a l 

l eng th of the can w e r e e x a m i n e d . S p e c i m e n s w e r e ob ta ined f r o m s e c t i o n s 

1, 2 , 3, and 7, a s d e s c r i b e d in F i g u r e 7 - 1 . 

7 . 2 . 3 . P r o c e d u r e 

The m e t a l l o g r a p h i c s p e c i m e n s v^ere v a c u u m - i m p r e g n a t e d 

with epoxy and m o u n t e d in a cold s e t t i n g c o m p o u n d . F i n e AI2O3 povi^der 

was m i x e d with the epoxy to p r e s e r v e the thin ox ide f i lm d u r i n g g r ind ing 

and p o l i s h i n g . The s u r f a c e of the c h a n n e l was e x a m i n e d in the a s - p o l ­

i s h e d cond i t ion , and an a t t e m p t was m a d e to m e a s u r e the t h i c k n e s s of 

the oxide f i l m . Af ter the t h i c k n e s s of the f i lm had b e e n m e a s u r e d , the 

s p e c i m e n s w e r e e t ched for 5 to 15 s e c o n d s (in a so lu t ion of 25 p a r t s 

l a c t i c , 15 p a r t s n i t r i c , and 1 p a r t h y d r o f l u o r i c ac id ) to ou t l ine the h y ­

d r o g e n p l a t e l e t s . The a m o u n t of h y d r o g e n in the Z i r c a l o y - 2 was e s t i ­

m a t e d by c o m p a r i n g the d e n s i t y of the h y d r o g e n p l a t e l e t s wi th tha t of 

s p e c i m e n s of known h y d r o g e n c o n t e n t . 

7 . 2 . 4 . R e s u l t s 

F i g u r e s 7-10 and 7-11 a r e p h o t o m i c r o g r a p h s of the s p e c i ­

m e n s in the a s - p o l i s h e d and e t ched c o n d i t i o n s . The oxide f i lm on a l l 

s p e c i m e n s was too thin to m e a s u r e ; thus i t was i m p o s s i b l e to d e t e r m i n e 

the c o r r o s i o n r a t e for the c a n . A c c o r d i n g to L u s t m a n and K e r z e , °̂ the 

ox ide f i lm on Z i r c a l o y - 2 e x p o s e d to 550 F w a t e r for 800 days would be 

abou t 1.5 m i c r o n s t h i ck . An oxide f i lm 1.0 m i c r o n s th i ck w^ould be p r o ­

duced by e x p o s u r e to 500 F w a t e r for 800 d a y s . ^̂  T h u s , the a v a i l a b l e 

da ta i n d i c a t e tha t the oxide f i lm would be l e s s than 1,5 m i c r o n s t h i ck 

u n l e s s i r r a d i a t i o n e n h a n c e d the c o r r o s i o n b e h a v i o r . The i nab i l i t y to 
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m e a s u r e the very thin film on the can suggest that the cor ros ion of the 

Zirca loy-2 channel was not enhanced by i r rad ia t ion . 

Assuming that a 1.5 micron oxide film was produced on 

each surface , then a total of 6.0 mg/dm^ of hydrogen would be produced. 

If the Zircaloy-2 channel absorbed 100% of the hydrogen produced, then 

the hydrogen content of the can would be inc reased by about 40 ppm, and 

its total hydrogen content would be less than 65 ppm. The hydrogen con­

tent of the can was es t imated to be less than 40 ppna. 

Because the oxide film could not be measu red and because 

the hydrogen content of the can in the uni r rad ia ted condition was not 

knov/n, it was impossible to de termine what percentage of the hydrogen 

was absorbed . Because the hydrogen content after i r rad ia t ion was e s t i ­

mated to be less than 40 ppm, it is apparent that i r rad ia t ion did not en­

hance the hydrogen uptake. 
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Figure 7 - 1 . Sectioning Diagram for Zi rca loy-2 Can 
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Figure 7-2 . Dimensions of Tensile Specinaens for 
Z i rca loy-2 Can 
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Figure 7 - 3 . Load Deflection Curve for a Specimen Tested 
at 70 F 
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Figure 7 -5 . Load Deflection Curve for a Specimen Tested 
at 7 50 F 
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Figure 7-6. Effect of I r radia t ion at 525 F on the Strength of 
Zi rca loy-2 at 70 F 
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Figure 7-7. Effect of I r radia t ion at 525 F on the Strength of 
Zi rca loy-2 at 525 F 
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Figure 7-8 . Effect of I r radia t ion at 525 F on the Strength of 
Zi rcaIoy-2 at 750 F 
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Figure 7-9. Effect of I r radia t ion at 525 F on the Total 
Elongation of Z i rca loy-2 
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Figure 7-10, Appearance of Z i rca loy-2 Channel at Section 1 
(See F igure 7-1 for Location) 
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Figure 7 -11 . Appearance of Zi rca loy-2 Channel at Section 7 
(See Figure 7-1 for Location) 
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