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UNCLASSI FI ED 

TRG R e p o r t  1 2 7 9  ( C )  
S u b - r e f :  JNPC-MWP(GSG)/P( 6 6 ) 6 9  

THE EFFECT OF A TENSILE RESTRAINT ON GRAPHITE 

SPECIMENS IRRADIATED I N  BR-2 
~~ 

by 

J. E.  B r o c k l e h u r s t ,  A .  A .  McFar l ane  and B. S. Gray  

SUWRY 

The a b i l i t y  o f  g r a p h i t e  t o  a b s o r b  s t r a i n  by p l a s t i c  
d e f o r m a t i o n  unde r  i r r a d i a t i o n  i s  i m p o r t a n t  t o  t h e  d e s i g n  o f  
t h e  c o r e  i n  g r a p h i t e  modera ted  r e a c t o r s ,  a s  i t  d e t e r m i n e s  t h e  
e x t e n t  o f  s e l f - s t r e s s i n g  d u e  t o  t h e  d i f f e r e n t i a l  i r r a d i a t i o n  
growth  caused  by f l u x  and t e m p e r a t u r e  g r a d i e n t s .  

Spec imens  o f  n e a r - i s o t r o p i c  g r a p h i t e s ,  i n  t h e  form o f  
r i n g s  r e s t r a i n e d  from s h r i n k i n g  a t  t h e  i n n e r  b o r e  by a mandre l  
h a v e  been i r r a d i a t e d  i n  BR-2, a t  a b o u t  4 a ° C .  
s t r a i n  r a t e  depended  on t h e  r a t e  o f  i r r a d i a  t i o n - i n d u c e d  
s h r i n k a g e  and t h e  t e m p e r a t u r e  changes  d u r i n g  each  r e a c t o r  
c y c l e .  

I t  i s  shown t h a t  a t  l e a s t  O*@ p l a s t i c  s t r a i n  may be 
a b s o r b e d  i n  t e n s i o n  w i t h o u t  c r a c k i n g ,  even .when s t r a i n  i s  
a p p l i e d  f o r  p a r t  o f  t h e  time a t  r a t e s  2 t o  3 times t h e  normal  
s h r i n k a g e  r a t e .  The s t r e n g t h  o f  s u c h  spec imens  i s  n o t  
r e d u c e d  below t h e  u n i r r a d i a t e d  v a l u e  by t h e  p r e s e n c e  o f  c r e e p  
s t r a i n .  Tempera tu re  t r a n s i e n t s  d u e  t o  o p e r a t i o n a l  d i f f i c u l t i e s  
caused  t h e  deve lopmen t  of r a d i a l  c r a c k s  i n  some s p e c i m e n s ,  o f  
which a few f a i l e d  c o m p l e t e l y .  Thus t e n s i l e  f a i l u r e  a p p e a r s  
t o  be  p receded  by t h e  deve lopmen t  o f  s u c h  f i n e  c r a c k s .  

The n e t  spec imen 
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INTRODUCTION 

1 ,  A knowledge o f  t h e  p l a s t i c  b e h a v i o u r  o f  g r a p h i t e  unde r  s tress and f a s t  
n e u t r o n  i r r a d i a t i o n  is-iiiiijorfant-to t h e  c o r e  d e s i g n  o f  t h e  c i v i  1 Advanced Gas- 
Coo led  R e a c t o r l ' )  i n  o r d e r  t o  e s t i m a t e  t h e  d i f f e r e n t i a l  s t ress  induced  i n  t h e  
m o d e r a t o r  by f l u x  and t e m p e r a t u r e  g r a d i e n t s .  

2. Expe r imen t s  on g r a p h i t e  i r r a d i a t e d  unde r  c o n s t a n t  c o m p r e s s i v e  and t e n s i l e  
s t r e s s e s  i n  t h e  r e a c t o r  BR-2 a t  Mol, Belg ium,  have  been d e s c r i b e d  by Gray ,  
B r o c k l e h u r s t  and McFar lane .  ( 2 ,  

3. T h i s  R e p o r t  g i v e s  t h e  r e su l t s  o f  a n  a d d i t i o n a l  e x p e r i m e n t  i n  &R=L i n  which 
t n e  , c r e e p  behav iour  was s t u d i e d  by r e s t r a i - Q i n g  t h e  i r r a d i a t i o n - i n d u c e d  
shrinkagg<.- 
g r a p h i t g  t o  a b s o r b  p l a s t i c  s t r a i n  unde r  more ex t r eme  c o n d i t i o n s  t h a n  t h o s e  
exi s t i  n g r t h e  c o n s t a n t - s  tress e x p e r i m e n t s .  

.-------..-.-- T f e - b e r i m e n t  was p r i m a r i l y  i n t e n d e d  t o  i n d i c a t e  t h e  a b i l i t y  o f  .. -.,----- 
_I_ 

4. 
nominal  t e m p e r a t u r e  o f  &IO C and were i r r a d i a t e d  t o  peak f a s t  n e u t r o n  d o s e s  o f  
a b o u t  18 and 37 x lo2' n cm 

Specimens  were i n c l u d g d  i n  two c r e e p  r i g s  ( 4 6 4 2  and 4635) o p e r a t i n g  a t  a 

-2 . c 

DESCRIPTION OF THE EXPERIMENT 

5. 
t h i s  e x p e r i m e n t  was d e s i g n e d  t o  f i t  a s t a n d a r d  c a p s u l e .  F i g .  1 shows t h e  
c o n v o l u t e d  s t e e l  b e l l o w s  c a p s u l e  c o n t a i n i n g  spec imens  i n  t h e  form o f  r i n g s  
which a r e  r e s t r a i n e d  from s h r i n k i n g  by a c l o s e - f i t t i n g  c e n t r a l  Nimonic 8 0 A  
mandre l .  

The BR-2 c r e e p  r i g s  have  been d e s c r i b e d  by G r e e n s l a d e  and W i l l i a m s ( 3 )  and 

6 . .  
0.d. 0.23 i n .  i . d .  The mandre l  i s  i n  t h e  form o f  a t u b e  0.23 i n .  o.d., 
0.20 i n .  i . d .  c a r r y i n g  8 such  spec imens  e a c h  0 4 9  i n .  l ong ,  and  l i e s  on t h e  
a x i s  o f  t h e  c a p s u l e .  The t u b e  s u p p o r t s  t h e  end  compress ive  l o a d  a r i s i n g  from 
c o o l a n t  p r e s s u r e  on t h e  c a p s u l e .  The b o r e s  o f  t h e  spec imens  were reamed, and 
t h e  Nimonic t u b e s  were c e n t r e l e s s  ground.  Thermocouples  and n e u t r o n  d o s e  
m o n i t o r s  a r e  a l s o  i n c l u d e d  i n  t h e  c a p s u l e .  

The s i z e  o f  t h e  c a p s u l e  l i m i t e d  t h e  d i a m e t e r  o f  t h e  spec imens  t o  0.38 i n .  

7. and a r e  i n  d i r e c t  
c o n t a c t  w i t h  t h e  r e a c t o r  c o o l a n t .  The mean spec imen t e m p e r a t u r e  i s  d e t e r m i n e d  
by t h e  g a s  g a p  between a g r a p h i t e  s l e e v e  s u r r o u n d i n g  t h e  spec imens  and t h e  
w a l l  o f  t h e  c a p s u l e ,  t h e  g a s  c o m p o s i t i o n ,  and  t h e  mean l e v e l  o f  n u c l e a r  h e a t i n g  
i n  t h e  g r a p h i t e .  
w i t h  time d u r i n g  a n  i r r a d i a t i o n  c y c l e  a s  t h e  d i s t r i b u t i o n  o f  n u c l e a r  h e a t i n g  
v a r i e s ,  i . e .  i t  i s  a f u n c t i o n  o f  c o n t r o l  r o d  p o s i t i o n .  

The c a p s u l e s  a r e  f i l l e d  w i t h  a he l ium/neon  g a s  m i x t u r e  

A t  c o n s t a n t  r e a c t o ;  power t h e  spec imen t e m p e r a t u r e  v a r i e s  

8. A s  t h e  g r a p h i t e  spec imens  s h r i n k  o n t o  t h e  r e s t r a i n t  mandre l  unde r  f a s t  
n e u t r o n  i r r a d i a t i o n ,  t e n s i l e  c i r c u m f e r e n t i a l  s t resses  b u i l d  up  w i t h  a maximum 
v a l u e  a t  t h e  i n n e r  d i a m e t e r  o f  t h e  spec imen.  A s m a l l e r  c o m p r e s s i v e  r a d i a l  
stress a l s o  d e v e l o p s ,  h a v i n g  a maximum v a l u e  a t  t h e  i n n e r  r a d i u s  and f a l l i n g  
t o  z e r o  a t  t h e  o u t e r  r a d i u s .  

9. The c a p s u l e s  were l o c a t e d  i n  t h e  t o p  h a l f  a f  t h e  i r r a d i a t i o n  r i g  s o  t h a t  
t h e  spec imen t e m p e r a t u r e  was e i t h e r  s u b s t a n t i a - l l y  c o n s t a n t  o r  was r i s i n g  
d u r i n g  e a c h  c y c l e .  T h i s  a v o i d s  t h e  sudden  t h e r m a l  s t r a i n  d u e  t o  d i f f e r e n t i a l  
e x p a n s i o n  which would o c c u r  on r e a c t o r  s t a r t - u p  i f  t h e  c a p s u l e  was i n  a 
p o s i t i o n  where t h e  spec imen t e m o e r a t u r e  f e l l  d u r i n g  a n  i r r a d i a t i o n  p e r i o d .  

1 



However, a r i s e  i n  t e m p e r a t u r e  d u r i n g  i r r a d i a t i o n  imposes  a n  a d d i t i o n a l  s t r a i n  
on t h e  spec imens ,  and i t  was c o n s i d e r e d  t h a t ,  i n , v i e w  o f  t h e  t e m p e r a t u r e  
changes  a n t i c i p a t e d ,  t h e  e x p e r i m e n t  would p r o v i d e  a s e v e r e  t e s t  o f  t h e  t e n s i l e  
c r e e p  b e h a v i o u r  o f  g r a p h i t e .  F ig .  2 shows t h e  t e m p e r a t u r e  h i s t o r y  o f  each  
c a p s u l e .  

ANALYSIS OF STRESSES 

10 .  The stress d i s t r i b u t i o n  i n  t h i c k - w a l l e d  c y  1 d e r s  u n d e r  i n t e r n a l  o r  

d e s i g n ,  a l t h o u g h  it i s  r e a l i s e d  t h a t  t h e  n o n - l i n e a r  s t r e s s / s t r a i n  
b e h a v i o u r  o f  g r a p h i t e  may s i g n i f i c a n t l y  a f f e c t  t h e  s t ress  d i s t r i b u t i o n  i n  t h e  
spec imen.  Thus t h e  e l a s t i c  e q u a t i o n s  may n o t  a p p l y  i n  t h e  s u b s e q u e n t  a n a l y s i s  
o f  r e s u l t s ,  b u t  t h e  e x p e r i m e n t  i s  o f  c o u r s e  p r i m a r i l y  conce rned  w i t h  t h e  
mea s u r  em en  t o f s t r  a i n . 

e x t e r n a l  p r e s s u r e  o b t a i n e d  u s i n g  e l a s t i c  t h e o r y  t ;r was used  a s  a b a s i s  f o r  

1 1 .  F o r  t h e  s i z e  o f  spec imen c o n s i d e r e d  h e r e ,  e l a s t i c  t h e o r y  y i e l d s  a 
c i r c u m f e r e n t i a l  t e n s i l e  s t ress  a t  t h e  o u t e r  r a d i u s  which i s  54% o f  t h a t  a t  t h e  
i n n e r  r a d i u s  and a v a r i a t i o n  a c r o s s  t h e  w a l l  a s  shown i n  F i g .  3. The r a d i a l  
c o m p r e s s i v e  stress i s  a p p r o x i m a t e l y  h a l f  t h e  c i r c u m f e r e n t i a l  stress a t  t h e  
i n n e r  r a d i u s ,  and f a l l s  t o  z e r o  a t  t h e  o u t e r  s u r f a c e .  

12. Compress ive  hoop s t resses  d e v e l o p  i n  t h e  Nimonic r e s t r a i n t  t u b e  and t h e  
maximum v a l u e  i s  3.5 times t h e  maximum t e n s i l e  s tress i n  t h e  g r a  h i t e .  Thus ,  
f o r  a maximum a n t i c i p a t e d  t e n s i l e  b r e a k i n g  stress of  ,!+COO l b  in-' i n  t h e  
g r a p h i t e ,  t h e  c o m p r e s s i v e  stress i n  t h e  Nimonic w i l l  h a v e  a maximum v a l u e  o f  
I 4 , O O  l b  i n -2  which i s  n o t  e x p e c t e d  t o  p roduce  permanent  d e f o r m a t i o n s  i n  t h i s  
m a t e r i a l .  ( L i m i t  o f  p r o p o r t i o n a l i t y  i n  t e n s i o n  - 38,000 l b  i n - 2  a t  @O0C). 

13.  The maximum l o a d  a p  l i e d  l o n g i t u d i n a l l y  t o  t h e  Nimonic t u b e  by t h e  
b e l l o w s  i s  a b o u t  55 l b ( 2 P  g i v i n g  a s m a l l  a x i a l  c o m p r e s s i v e  s t ress  o f  5500 
l b  i n - 2 .  

14.. Thus ,  e s s e n t i a l l y ,  a b i a x i a l  s t ress  s y s t e m  i s  b u i l t  up  i n  r e s t r a i n e d  
spec imens  and t h e  m a j o r  s t ress  i s  t e n s i l e .  I n  spec imens  which d o  n o t  f r a c t u r e ,  
i .e.  i n  which t h e  s t resses  a r e  r e l i e v e d  by c r e e p ,  d i a m e t e r  measurements  w i l l  
g i v e  t.he amount o f  s h r i n k a g e  r e s t r a i n e d ,  and t h i s  w i l l  be a maximum a t  t h e  
i n n e r  d i a m e t e r .  

GRAPHITES EXAMINED 

1 5 .  With t h e  e x c e p t i o n  o f  t h e  normal  P.G.A. g r a p h i t e  (L lL , , ) ,  t h e  g r a p h i t e s  
were improved i s o t r o p i c  m a t e r i a l s  d e s i g n a t e d  by code  l e t t e r s .  ( 5 ,  
were i r r a d i a t e d  i n  g r o u p s  o f  4 i n c l u d i n g  o n e  c o n t r o l  which had s u f f i c i e n t  
c l e a r a n c e  t o  r ema in  u n r e s t r a i n e d .  T a b l e  I shows t h a t  each  i r r a d i a t i o n  c a p s u l e  
c o n t a i n e d  2 g r o u p s ,  a t o t a l  o f  8 spec imens .  Of t h e  3 r e s t r a i n e d  spec imens  o f  
e a c h  g r o u p  i n  r i g  No. 4635, two had t h e i r  a x e s  i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  
o r i a i n a l  b l o c k  e x t r u s i o n ,  and  t h e  t h i r d  i n  a p e r p e n d i c u l a r  d i r e c t i o n .  The 
c o n t r o l  spec imens  and a l l  spec imens  i n  r i g  No. 4642 had t h e i r  a x e s  i n  t h e  
p a r a  1 1 e 1 d i r e c t  i on. 

Spec imens  

~ 16 .  
i n  a d i r e c t i o n  p a r a l l e l  t o  e x t r u s i o n ,  t h e  t e n s i l e  hoop s t ress  a lways  a c t s  i n  a 
d i r e c t i a n  p e r p e n d i c u l a r  t o  e x t r u s i o n .  

T h e s e  q r a p h i t e s  were a l l  e x t r u d e d  a n d , i n  spec imens  w i t h  c y l i n d r i c a l  a x e s  

2 



EXPERIMENTAL MEASUREMENTS 

D IMEN S I ON AL M EA S UR EM EN TS 

17. I n s i d e  d i a m e t e r  measurements  were made w ’ t  t h e  i n t e r n a l  c a l i p e r  a s  
d e s c r i b e d  by B r o c k l e h u r s t ,  McFar lane  and Hal l .  1 6 7  S e v e r a l  measurements  were 
t a k e n  a s  t h e  spec imen was r o t a t e d ,  and r e s u l t s  o b t a i n e d  a t  b o t h  e n d s  o f  t h e  
spec imen.  S e t t i n g s  c o u l d  be made t o  - i n .  b u t  t h e  a c c u r a c y  was l i m i t e d  
by t h e  u n i f o r m i t y  o f  t h e  spec imen bore .  

18. O u t s i d e  d i a m e t e r s  were measured w i t h  a mic romete r  on  a l l  s p e c i m e n s ,  b u t  a 
more a c c u r a t e  e x t e r n a l  c a l i p e r  me thod(6 )  was a l s o  used  f o r  spec imens  i n  
r i g  No.4.642, f o r  which t h e  i r r a d i a t i o n  p e r i o d  was s h o r t e r  and t h e  d i a m e t e r  
changes  s m a l l e r .  

19 .  
and  on  t h e  o u t e r  g r a p h i t e  s l e e v e s  u s i n g  a normal  compara to r  t e c h n i q u e  w i t h  
s l i p  gauges .  

Leng th  measurements  were a l s o  made on some o f  t h e  a n n u l a r  r i n g  spec imens  

20. Diamete r  measurements  w i t h  t h e  c a l i p e r s  a r e  e x p r e s s e d  a d i f f e r e n c e s  from 
a s t a n d a r d  v a l u e  b u t  were c a l i b r a t e d  t o  g i v e  a b s o l u t e  v a l u e s S 6 )  which a r e  
n e c e s s a r y  when c o n s i d e r i n g  t h e  s p e c i m e n / r e s t r a i n t  gap. 
d e p e n d s  on t h e  i n i t i a l  c l e a r a n c e  gap  a t  t h e  o p e r a t i n g  t e m p e r a t u r e ,  and owing t o  
a d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  between g r a p h i t e  and Nimonic o f  
a b o u t  l f 5  de$-’, a t e m p e r a t u r e  change  o f  100  de$ i s  e q u i v a l e n t  t o  0.1% s t r a i n .  
T h i s  i s  a p p r o x i m a t e l y  t h e  b r e a k i n g  s t r a i n  o f  g r a p h i t e ,  and h e n c e  t h e  i n i t i a l  
c h o i c e  o f  gap  i s  i m p o r t a n t .  

The s h r i n k a g e  r e s t r a i n e d  

S TRENG TH MEASUREMENTS 

21. 
r u b b e r  t u b e  and i n t e r n a l l y  p r e s s u r i s i n g  e i t h e r  p n e u m a t i c a l l y ,  u s i n g  t h e  
a p p a r a t u s  d e s c r i b e d  by B r o c k l e h u r s t  e t  a l .  , ( 6 )  o r  h d r a u l i c a l l y ,  u s i n g  a n  

f r a c t u r e  i n  t h e  r i n g  spec imens  was deduced  from resul ts  o b t a i n e d  o v e r  a 
l i m i t e d  r a n g e  o f  spec imen s i z e s ,  and h a s  now been  shown t o  b r e a k  down beyond 
t h i s  r a n g e .  
s t r a i n  b e h a v i o u r  o f  g r a p h i t e  h a s  a s i g n i f i c a n t  e f f e c t  on t h e  stress 
d i s t r i b u t i o n  i n  t h e  r i n g  unde r  i n t e r n a l  p r e s s u r e ;  
f u r t h e r .  
o f  c r e e p  s t r a i n  on t e n s i l e  s t r e n g t h .  

22. 

l oaded  d i a m e t e r .  

A number o f  t e s t s  were made on t h e  r i n g  spec imens  by t h r e a d i n g  them on  a 

a p p a r a t u s  o f  improved d e s i g n .  The i n t e r p r e t a t i o n  ( 6Y o f  t h e  c o n d i t i o n  f o r  

Recen t  u n p u b l i s h e d  work (7 )  h a s  shown t h a t  t h e  n o n - l i n e a r  stress- 

t h i s  i s  b e i n g  examined 
However, i n  t h i s  Report, t h e  t e s t  i s  used  a s  a g u i d e  t o  t h e  e f f e c t  

I n  a n o t h e r  c o m p a r a t i v e  t e s t ,  a few r i n g s  were b roken  u n d e r  d i a m e t r a l  
compress ion  whic  n i t i a t e d  l o c a l i s e d  t e n s i l e  f a i l u r e  a t  t h e  i n n e r  b o r e  on t h e  

RESULTS 

EXAMINATION FOR CRACKS 

23. 
g i v e s  t h e  comments on  c r a c k  f o r m a t i o n  f o r  e a c h  g r o u p  o f  spec imens .  

A l l  spec imens  were examined f o r ’ c r a c k s  on t h e  p o l i s h e d  end f a c e s .  T a b l e  I1 
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24. F i g u r e  4 i s  a r a d i o g r a p h  showing t h a t  a t  l e a s t  t h r e e  spec imens  had c r a c k s  
p a s s i n g  t h r o u g h  a t  o n e  p o i n t  i n  t h e  w a l l .  The spec imens  were i d e n t i f i e d  by 
r e f e r e n c e  s c r a t c h e s  on t h e  o u t e r  s u r f a c e  where  t h e  hoop s t r e s s  i s  a minimum, 
b u t  t h e s e  r e f e r e n c e  marks may h a v e  caused  some s t ress  c o n c e n t r a t i o n  and 
c o n t r i b u t e d  t o  t h e  f o r m a t i o n  o f  c r a c k s  s i n c e  i n  two o f  t h e s e  spec imens  t h e  
c r a c k  c o i n c i d e d  w i t h  a r e f e r e n c e  mark. 

25. M i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  end f a c e s  showed t h e  deve lopmen t  o f  r a d i a l  
c r a c k s  i n  o t h e r  spec imens  w i t h  3 o r  4 f i n e  c r a c k s  on  each  f a c e ,  and most  o f  
t h e s e  a p p e a r e d  t o  s t a r t  a t  t h e  i n n e r  d i a m e t e r  and u s u a l l y  a t  a f l a w  on t h e  
c i r c u l a r  bore .  I n  some c a s e s  t h e s e  f i n e  c r a c k s  appea red  t o  c r o s s  t h e  w a l l .  
The d e p t h  o f  t h e  f i n e  c r a c k s  was n o t  d e t e r m i n e d ,  b u t  t h e i r . e f f e c t  on t h e  
s t r e n g t h  o f  t h e  r i n g s  was examined. F i g s  5 a ,  b ,  c and d a r e  p h o t o g r a p h s  o f  a 
PI -3  g r a p h i t e  spec imen w i t h  a ma jo r  c r a c k ,  a t y p i c a l  spec imen w i t h  a d e v e l o p e d  
c r a c k  p a t t e r n  (0*6@ s h r i n k a g e  r e s t r a i n e d  a t  i . d . ) ,  a r e s t r a i n e d  spec imen w i t h  
no c r a c k s  (0054% r e s t r a i n e d  a t  i . d . )  and  a c o n t r o l  spec imen.  
r i n g s  a r e  s h a l l o w  s c r a t c h e s  on t h e  p o l i s h e d  spec imen s u r f a c e  which were 
o r i g i n a l l y  i n t e n d e d  f o r  u s e  a s  measurement  r e f e r e n c e s .  

The c o n c e n t r i c  

DIMENSIONAL. CHANGES 

26. T a b l e  I g i v e s  measurements  o f  l e n g t h  and d i a m e t e r  b e f o r e  and a f t e r  
i r r a d i a t i o n ,  t h e  d i a m e t e r  measurements  w i t h  t h e  c a l i p e r s  b e i n g  e x p r e s s e d  a s  
d i f f e r e n c e s  from a s t a n d a r d  v a l u e .  The a c c u r a c y  o f  t h e  u n i r r a d i a t e d  d i a m e t e r  
measurements  i s  i n d i c a t e d  by t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  mean o f  s e v e r a l  
r e a d i n g s  t a k e n  a s  t h e  spec imen i s  r o t a t e d  ( a  t y p i c a l  s t a n d a r d  d e v i a t i o n  f o r  
t h e  i . d .  measurements  i s  +_ 40 x i n .  o r  + 0.0%). I n s i d e  d i a m e t e r  
measurements  a t  bo th  ends  o f  t h e  spec imen g i v e  t h e  amount o f  t a p e r ,  which i n  
some c a s e s  was a b o u t  301%. 

2'7. T a b l e  I11 g i v e s  t h e  d i m e n s i o n a l  c h a n g e s ,  i r r a d i a t i o n  d o s e s ,  and t h e  amount 
o f  s h r i n k a g e  r e s t r a i n e d  (measu red  a t  room t e m p e r a t u r e )  when t h e  s h r i n k a g e  o f  
r e s t r a i n e d  s p e c i n e n s  i s  compared w i t h  t h a t  o f  t h e  c o r r e s p o n d i n g  c o n t r o l .  The 
i r r a d i a t i o n  t e m p e r a t u r e  f o r  each  g roup  o f  spec imens  i s  i n c l u d e d  i n  T a b l e  11. 

STRENGTH TESTS 

28. T a b l e  I V  g i v e s  t h e  i n t e r n a l  p r e s s u r e  a t  f r a c t u r e  o f  i n d i v i d u a l  i r r a d i a t e d  
s p e c i m e n s ,  and mean v a l u e s  f o r  u n i r r a d i a t e d  spec imens  f o r  which t h e  s p r e a d  
i s  i n d i c a t e d  by t h e  s t a n d a r d  d e v i a t i o n .  D i f f e r e n c e s  i n  d i m e n s i o n s  between t h e  
spec imens  s h o u l d  n o t  p roduce  more t h a n  a 5% v a r i a t i o n  i n  t h e  i n t e r n a l  
p r e s s u r e  r e q u i r e d  f o r  f r a c t u r e ,  and t h i s  i s  s m a l l e r  t h a n  t h e  q u o t e d  s t a n d a r d  
d e v i a t i o n s  . 
29. T a b l e  I V  a l s o  i n c l u d e s  t h e  r e s u l t s  o f  t h e  d i a m e t r a l  compress ion  t e s t ;  
t h e s e  a r e  e x p r e s s e d  a s  t h e  p r o d u c t  o f  t h e  d i a m e t r a l  l o a d  p p e r  u n i t  spec imen 
l e n g t h  and a g e o m e t r i c a l  f a c t o r  K t o  a l l o w  f o r  s m a l l  v a r i a t i o n s  i n  spec imen 
s ize . ( ' )  T h i s  t e s t  was o n l y  done  on spec imens  which d i d  n o t  c o n t a i n  v i s i b l e  
c r a c k s  s i n c e  t h e  p o i n t  o f  f a i l u r e  i s  p r e d e t e r m i n e d .  

30. Mean v a l u e s  f o r  t h e  t e n s i l e  s t r e n g t h  and  s t r a i n  t o  f r a c t u r e  o f  
u n i r r a d i a t e d  c y l i n d r i c a l  spec imens  o f  t h e s e  g r a p h i t e s  a r e  a l s o  g i v e n  f o r  
compar ison .  



D ISCUS S ION 

D I MEN S I O  NA L CHANGES 

31. F i g u r e  6 shows a g r e e m e n t  between t h e  l e n g t h  c h a n g e s  o f  o u t e r  s l e e v e s  and 
u n r e s t r a i n e d  r i n  s o f  i s o t r o p i c  g r a p h i t e  ( g i v i n g  changes  p a r a l l e l  t o  e x t r u s i o n )  
and o t h e r  d a t a ( 2 q  from BR-2 c r e e p  c a p s u l e s  i r r a d i a t e d  a t  t h e  same nominal  
t e m p e r a t u r e .  
show a s m a l l e r  s h r i n k a g e  a t  h i g h  d o s e s .  

R ing  d i a m e t e r  measurements  ( p e r p e n d i c u l a r  t o  e x t r u s i o n )  t e n d  t o  

32. F i g u r e  7 shows t h e  s h r i n k a g e  o f  r e s t r a i n e d  i s o t r o p i c  g r a p h i t e  spec imens  a t  
t h e  i n n e r  d i a m e t e r  i n  compar i son  w i t h  t h e  c o r r e s p o n d i n g  c o n t r o l s ,  and F i g .  8 
shows t h e  s h r i n k a g e  r e s t r a i n e d  a t  b o t h  t h e  i n n e r  and o u t e r  d i a m e t e r s .  Some 
s c a t t e r  i s  i n e v i t a b l e  b e c a u s e  o f  v a r i a t i o n s  i n  t h e  i n i t i a l  s p e c i m e n / r e s t r a i n t  
gap. 
s p e c i m e n s  show a n  i n c r e a s e  i n  i n t e r n a l  d i a m e t e r  d u e  t o  t h e r m a l  s t r a i n i n g .  I n  
p a r t i c u l a r ,  f o r  t h e  h igh-dose  i s o t r o p i c  g r a p h i t e  spec imens  which d i d  n o t  show 
a n y  c r a c k  f o r m a t i o n ,  t h e  s h r i n k a g e  r e s t r a i n e d  a t  t h e  i n n e r  d i a m e t e r  was 0.54 - 
oe6@. The s h r i n k a g e  r e s t r a i n e d  a t  t h e  o u t e r  d i a m e t e r ,  which i s  less  a c c u r a t e  
owing t o  t h e  s u r f a c e  f i n i s h ,  i s  a b o u t  h a l f  t h a t  a t  t h e  i n n e r  d i a m e t e r ;  t h i s  i s  
n e a r l y  t h e  same r a t i o  a s  t h a t  o f  t h e  c o r r e s p o n d i n g  hoop s t resses  c a l c u l a t e d  from 
e l a s t i c  t h e o r y  ( F i g .  3 ) .  

I t  i s  s e e n  t h a t  > 0 - 6  s h r i n k a g s  i s  r e s t r a i n e d  a t  t h e  i n n e r  b o r e  and some 

33. The a x i a l  s h r i n k a g e  o f  r e s t r a i n e d  i s o t r o p i c  g r a p h i t e  s p e c i m e n s  i s  g r e a t e r  
t h a n  t h a t  o f  t h e  c o n t r o l s ,  and t h e  d i f f e r e n c e  i n  some c a s e s  a p p e a r s  t o  be 
g r e a t e r  t h a n  c a n  be a c c o u n t e d  f o r  by a P o i s s o n ’ s  r a t i o  e f f e c t .  

34. F i g u r e  9 shows t h a t  t h e  l e n g t h  measurements  on t h e  P.G.A. g r a p h i t e  c o n t r o l  
s p e c i m e n s  a g r e e  w i t h  p r e v i o u s  d a t a ( 2 )  on p a r a l l e l - c u t  P.G.A. g r a p h i t e  from BR-2 
c r e e p  c a p s u l e s .  D i a m e t e r  measurements  on t h e s e  two s p e c i m e n s  a r e ,  however ,  
i n c o n s i s t e n t .  The i n s i d e  d i a m e t e r  a p p a r e n t l y  s h r i n k s  c o n s i d e r a b l y  more t h a n  
t h e  o u t s i d e ,  b u t  T a b l e  I shows t h a t ,  f o r  t h e  lower-dose s p e c i m e n ,  t h e  non- 
u n i f o r m i t y  o f  t h e  spec imen  g i v e s  r i s e  t o  a l a r g e  u n c e r t a i n t y  i n  t h e s e  measure-  
men t s  and t h e  e r r o r  i s  s u f f i c i e n t  t o  e x p l a i n  t h e  d i s c r e p a n c y .  The r e a s o n  f o r  
t h e  d i f f e r e n c e  .between t h e  d i a m e t e r  measurements  on t h e  h i g h e r - d o s e  P.G.A. 
spec imen  i s  n o t  c l e a r ,  and f o r  b o t h  t h e s e  s a m p l e s  t h e  mean o f  t h e  two d i a m e t e r  
r e a d i n g s  h a s  been t a k e n  a s  t h e  u n r e s t r a i n e d  s h r i n k a g e  and i s  shown i n  F i g .  9 
w i t h  p r e v i o u s  P.G.A. p e r p e n d i c u l a r  d a t a (  2 ,  from BR-2 c r e e p  c a p s u l e s .  F ig .  10 
shows t h e  i n n e r - d i a m e t e r  s h r i n k a g e  o f  t h e  r e s t r a i n e d  P.G.A. compared w i t h  t h e  
u n r e s t r a i n e d  d a t a  and F i g .  11  shows t h e  amount o f  s h r i n k a g e  r e s t r a i n e d  a t  b o t h  
d i a m e t e r s ,  w h i c h  a g a i n  i s  > 0-6$ a t  t h e  i n n e r  d iameter  w i t h  a lower v a l u e  a t  t h e  
o u t e r  d i a m e t e r .  

STRENGTH 

35. From t h e  r e s u l t s  o f  t h e  i n t e r n a l  p r e s s u r e  t e s t ,  T a b l e  I V  shows t h a t  c r e e p  
s t r a i n s  u p  t o  a b o u t  $ a t  t h e  i n n e r  bore o f  s p e c i m e n s  f o r  which t h e r e  were no 
v i s i b l e  c r a c k s ,  do  n o t  p r o d u c e  1 a r g e . r e d u c t i o n s  i n  s t r e n g t h .  The most  
n o t i c e a b l e  e f f e c t  i s  o b s e r v e d  i n  s p e c i m e n s  c o n t a i n i n g  f i n e  r a d i a l  c r a c k s  
( s i m i l a r  t o  F ig .  5 b )  which c a n ,  b u t  d o  n o t  n e c e s s a r i l y ,  r e d u c e  t h e  s t r e n g t h  
below t h e  u n i r r a d i a t e d  v a l u e .  The low r e s u l t  f o r  t h e  c o n t r o l  spec imen  2K i s  
p r o b a b l y  d u e  t o  a f l a w  i n  t h e  specimen.  
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36. 
w i t h o u t  v i s i b l e  c r a c k s ,  a g a i n  showing t h a t  c r e e p  s t r a i n s  up  t o  3*% a t  t h e  i n n e r  
b o r e  h a v e  no d r a s t i c  e f f e c t  on s t r e n g t h .  

These  c o n c l u s i o n s  a r e  s u p p o r t e d  by t h e  d i a m e t r a l  t e s t  on a few spec imens  

n 

CRACK FORMATION 

37. The p r e s e n c e  o f  a f i n e  c r a c k  s t r u c t u r e  s u g g e s t s  t h a t ,  a t  some s t a g e ,  t h e  
g r a p h i t e  was s u b j e c t e d  t o  s t r a i n s  such  t h a t  t h e  spec imen was o n l y  m a r g i n a l l y  
below t h e  p o i n t  o f  c o m p l e t e  f r a c t u r e .  Thus comple t e  f a i l u r e  a p p e a r s  t o  be 
p r e c e d e d  by a n  i n c r e a s e  i n  t h e  number and/or  l e n g t h  o f  such  f i n e  c r a c k s ,  and 
t h i s  h a s  more r e c e n t l y  been  s u p p o r t e d  by t h e  work o f  T a y l o r  e t  a l . ( 9 )  We must ,  
however ,  c o n s i d e r  why t h e  c r a c k s  d e v e l o p  and i n  p a r t i c u l a r  why t h e  spec imens  i n  
g r o u p  4 show no c r a c k s ,  w h i l e  t h o s e  o f  t h e  same g r a p h i t e  i n  g r o u p  5 ,  a t  a 
s l i g h t l y  h i g h e r  d o s e ,  b u t  a p p a r e n t l y  more s t a b l e  t e m p e r a t u r e  c o n d i t i o n s ,  show 
t h e  deve lopmen t  o f  a c r a c k  s t r u c t u r e .  

38. One d i f f e r e n c e  between t h e  spec imens  o f  g roups  4 and 5 i s  t h e  i n i t i a l  
s p e c i m e n / r e s t r a i n t  gap ,  g i v e n  i n  T a b l e  111. 
and  h i g h e r  o p e r a t i n g  t e m p e r a t u r e  o f  g r o u p  5 spec imens ,  a l a r g e r  f r a c t i o n  o f  t h e  
i r r a d i a t i o n - i n d u c e d  s h r i n k a g e  would meet r e s t r a i n t .  Howevel; t o  a r g u e  t h a t  t h i s  
e x p l a i n s  t h e  d i f f e r e n c e  between spec imens  i n  g roups  4 and 5 s u g g e s t s  a s t r a i n  
l i m i t  < 0.G and i t  h a s  a l r e a d y  been  shown ( 2 ' 1 0 )  t h a t  s i m i l a r  g r a p h i t e s  w i l l  
a b s o r b  > 0.G t e n s i l e  s t r a i n  by i r r a d i a t i o n - i n d u c e d  c r e e p  w i t h o u t  any  s i g n s  
o f  f r a c t u r e .  I t  seems l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  s t r a i n  r a t e  i s  t h e  i m p o r t a n t  
f a c t o r  and t h e  f o l l o w i n g  argument  s u p p o r t s  t h i s .  

Owing t o  t h e  s m a l l e r  i n i t i a l  gap  

39. The s t r a i n  r a t e  o f  t h e  spec imens  was c o n s i d e r a b l y  i n c r e a s e d  above  t h e  
normal  g r a p h i t e  s h r i n k a g e  r a t e  by t h e  r i s e  i n  t e m p e r a t u r e  d u r i n g  t h e  i r r a d i a t i o n ,  
owing t o  t h e  d i f f e r e n t i a l  t h e r m a l  e x p a n s i o n  a t  t h e  g r a p h i t e / r e s t r a i n t  i n t e r f a c e  
( a b o u t  0.1% p e r  1s) degC) .  F i g .  2 shows t h e  t e m p e r a t u r e  h i s t o r y  o f  t h e  c a p s u l e s ,  
b u t  i t  s h o u l d  be n o t e d  t h a t  d i f f i c u l t i e s  w i t h  c o n t r o l  r o d  o p e r a t i o n  caused  
t e m p e r a t u r e  t r a n s i e n t s ,  g i v i n g  i n s t a n t a n e o u s  changes .  I n  o n e  c a s e ,  t h e  t r a n s i e n t  
was p a r t i c u l a r l y  s e v e r e ,  g i v i n g  a t e m p e r a t u r e  i n c r e a s e  o f  63 d e &  t o  spec imens  
i n  g r o u p s  1 and 2 ,  40 d e @  t o  t h o s e  i n  g roups  3 and 4 ,  and 23 d e &  t o  t h o s e  i n  
g r o u p s  5 and 6 .  F i g .  12 summar ises  t h e  t e m p e r a t u r e  t r a n s i e n t s  d u r i n g  t h e  l a t t e r  
h a l f  o f  t h e  i r r a d i a t i o n  o f  r i g  No. 4635 and t h e s e  c o u l d  make a n  i m p o r t a n t  
c D n t r i b u t i o n  t o  t h e  f o r m a t i o n  o f  c r a c k s ,  d e p e n d i n g  on t h e  e l a s t i c  s t r a i n  i n  t h e  
s p e c i m e n s  immedia t e ly  p r i o r  t o  t h e  t r a n s i e n t .  

43. By c o n s i d e r i n g  t h e  g r a p h i t e  s h r i n k a g e  r a t e ,  and t h e  t e m p e r a t u r e  changes  a t  
d i f f e r e n t  s t a g e s  i n  each  c a p s u l e ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  t o t a l  s t r a i n  
r a t e  a p p l i e d  t o  t h e  spec imens .  Hence,  a s suming  t h a t  e q u i l i b r i u m  c o n d i t i o n s  
e x i s t ,  and a v a l u e  o f  t h e  c r e e p  c o n s t a n t  from c o n s t a n t - s t r e s s  e x p e r i m e n t s J 2 )  
i s  p o s s i b l e  t o  e s t i m a t e  t h e  s t ress  and e l a s t i c  s t r a i n  i n  t h e  g r a p h i t e .  

i t  

4 .1 .  Thus ,  a f t e r  a n  i n i t i a l  p e r i o d  t h e  s h r i n k a g e  r a t e  o f  c o n t r o l  spec imens  i s  
00025% p e r  IO2' n cm-2 and we w i l l  assume t h a t  a l l  s h r i n k a g e  a t  t h e  b o r e  i s  
r e s t r a i n e d .  F i g .  7 shows t h a t  t h i s  g e n e r a l  a s sumpt ion  i s  r e a s o n a b l e  f o r  
spec imens  i n  r i g  No. 4635. 

42. C o n s i d e r  t h e  t e m p e r a t u r e  changes  i n  F i g .  2 d u r i n g  t h e  l a t e r  s t a g e s  o f  t h e  
i r r a d i a t i o n  o f  r i g  No.4635. 
i r r a d i a t i o n  t e m p e r a t u r e  o f  spec imens  i n  c a p s u l c s  21 and 22 ( g r o u p s  1-4) i s  
a b o u t  133 dec& lower  t h a n  a t  t h e  end o f  t h e  p r e v i o u s  c y c l e ,  and t h e s e  spec imens  
t h e r e f o r e  have  a t h e r m a l  s t r a i n  r e l i e f  o f  - 001%; 
r e q u i r e d  d u r i n g  t h e  i n i t i a l  p a r t  o f  each  c y c l e  t o  b u i l d  u p  t h e  e l a s t i c  s t r a i n  

A t  t h e  b e g i n n i n g  o f  each  r e a c t o r  c y c l e ,  t h e  

some time i s  t h e r e f o r e  
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a g a i n .  Spec imens  i n  c a p s u l e  23 ( g r o u p s  5 and 6 )  s t a r t  each  c y c l e  a t  t h e  same 
t e m p e r a t u r e  a s  a t  t h e  end o f  t h e  p r e v i o u s  o n e ;  hence  t h e r e  i s  no t h e r m a l  r e l i e f  
and t h e  n e t  t h e r m a l  and s h r i n k a g e  s t r a i n  r a t e  h a s  t o  be accommodated by c r e e p  
a lmo s t immed i a t e 1 y . 
43. Now t h e  r a t e  o f  t h e r m a l  s t r a i n  i n  t h e  i n i t i a l  s t a g e s  of e a c h  c y c l e  i n  
c a p s u l e  23 i s  s i m i l a r  t o  t h a t  d u r i n g  t h e  l a t e r  s t a g e s  o f  each  c y c l e  f o r  c a p s u l e  
22, v i z .  
s i m i l a r ,  0-0654g p e r  160 
a l . ( 2 )  o f  3-17 x 13- 
st ress ,  t h e  e q u i l i b r i u m  c i r c u m f e r e n t i a l  stress a t  t h e  i n n e r  d i a m e t e r  o f  t h e  
spec imen = 4CO3 l b  i n -2  and must  be n e a r  t h e  f r a c t u r e  s t ress .  
c o n s i d e r e d  e x i s t  d u r i n g  t h e  i n i t i a l  p a r t  o f  a c y c l e  f o r  spec imens  i n  g r o u p  5 
and d u r i n g  t h e  f i n a l  p a r t  o f  t h e  c y c l e  f o r  spec imens  i n  g r o u p  4 ;  h e n c e  t h e  
e f f e c t  o f  a t r a n s i e n t  t e m p e r a t u r e  r i s e  w i l l  depend on t h e  p o s i t i o n  i n  t h e  c y c l e  
a t  which  i t  o c c u r s .  

O*O& p e r  I!:' n cm-2. Hence,  t h e  n e t  s t r a i n  r a t e s  a r e  a l s o  
n cm-2, and u s i n g  a c r e e p  c o n s t a n t  g i v e n  by Gray  e t  

(lo2' n cm'2)-' ( l b  i n -2 ) - '  and a s suming  l i n e a r i t y  w i t h  

The c o n d i t i o n s  

44.. I n  t h e  i n i t i a l  s t a g e s  o f  a c y c l e ,  t h e  a d d i t i o n a l  t h e r m a l  s t r a i n  d u e  t o  a 
t r a n s i e n t  w i l l  h a v e  a g r e a t e r  e f f e c t  on c a p s u l e  2 3  t h a n  c a p s u l e  22 ,  and a t r a n s i e n t  
a t  t h e  end o f  a c y c l e  would have  a g r e a t e r  e f f e c t  on c a p s u l e  22  t h a n  c a p s u l e  23. 

45. F i g .  1 2  shows t h a t  t h e  m a j o r  t r a n s i e n t s  i n  t h e  l a t t e r  h a l f  of t h e  
i r r a d i a t i o n  o c c u r r e d  i n  t h e  f i r s t  few d a y s  o f  each  c y c l e  and t h e r e f o r e  a f f e c t e d  
t h e  spec imens  i n  g r o u p  5 more t h a n  t h o s e  i n  g r o u p  4 ,  even  though  t h e  t h e r m a l  
change  was s m a l l e r ,  i . e .  t h e  a d d i t i o n a l  3-0$ migh t  be s u f f i c i e n t  t o  i n i t i a t e  
c r a c k s  i n  spec imens  i n  g r o u p  5 i f  a p p l i e d  i n s t a n t a n e o u s l y  when t h e  e l a s t i c  
s t r a i n  i s  a l r e a d y  h i g h ,  b u t  a h i g h e r  t h e r m a l  s t r a i n  imposed on g r o u p  4 
s p e c i m e n s  a t  t h e  same t ime would n o t  have  an  i m p o r t a n t  e f f e c t ,  s i n c e  t h e  
e l a s t i c  s t r a i n  i n  t h e s e  spec imens  would be c o m p a r a t i v e l y  low. 

46. From t h e  3 spec imens  which showed a c o m p l e t e  c r a c k  t h r o u g h  t h e  w a l l  
( F i g .  4 ) ,  a n  e s t i m a t e  o f  t h e  c r a c k  w i d t h  s u g g e s t s  t h a t  t h e s e  spec imens  f a i l e d  
a p p r o x i m a t e l y  4-6 c y c l e s  b e f o r e  t h e  end o f  t h e  i r r a d i a t i o n ;  t h e  l a r g e s t  
t r a n s i e n t  shown i n  F i g .  1 2  and d i s c u s s e d  p r e v i o u s l y  o c c u r r e d  4 c y c l e s  from t h e  
end. 

47. The e v i d e n c e  s u g g e s t s ,  t h e r e f o r e ,  t h a t  t h e  o b s e r v e d  c r a c k s  were i n i t i a t e d  
d u r i n g  a t e m p e r a t u r e  t r a n s i e n t ,  t h i s  b e i n g  t h e  o n l y  way o n e  can  e x p l a i n  why 
g r o u p  4 spec imens  r ema in  unc racked .  Thus ,  p r o v i d e d  t h a t  i n s t a n t a n e o u s  s t r a i n s  
a r e  n o t  supe r imposed ,  t h e  spec imens  c a n  a b s o r b  s t r a i n  which on a v e r a g e  i s  
e q u a l  t o  t h e  n a t u r a l  s h r i n k a g e  ( a l s o  d e m o n s t r a t e d  by Gray  e t  a l . ( ' )  f o r  
spec imens  u n d e r  c o n s t a n t  t e n s i l e  l o a d )  b u t  t h i s  e x p e r i m e n t  a l s o  shows t h a t  t h e  
g r a p h i t e  can  w i t h s t a n d ,  a t  l e a s t  f o r  p a r t  o f  t h e  t ime,  a s t r a i n  r a t e  2-3 t imes 
g r e a t e r  t h a n  t h e  n a t u r a l  s h r i n k a g e  r a t e  o f  t h e  u n s t r e s s e d  g r a p h i t e .  

CONCLUSIONS 

48. A number of  p o l y c r y s t a l l i n e  i s o t r o p i c  g r a p h i t e s  i n  t h e  form o f  r i n g s  
r e s t r a i n e d  from s h r i n k i n g  a t  t h e  i n n e r  bore h a v e  been i r r a d i a t e d  a t  = 400 C.  
I t  i s  shown t h a t  a t  l e a s t  3.6 p l a s t i c  s t r a i n  may be  a b s o r b e d  i n  t e n s i o n  
w i t h o u t  c r a c k i n g ,  even  when s t r a i n  i s  a p p l i e d  f g r  p a r t  o f  t h e  time a t  r a t e s  
2 t o  3 times t h e  normal  s h r i n k a g e  r a t e .  The p r s s e n c e  o f  c r e e p  s t r a i n  a l o n e  a t  
t h i s  l e v e l  d o e s  n o t  s e r i o u s l y  r e d u c e  t h o  t e n s i i e  s t r e n g t h  o f  g r a p h i t e  ( v a l u e s  
a r e  c e r t a i n l y  s t i l l  above  t h e  u n i r r a d i a t e d  v a l u e ) .  

0 
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49. C r a c k s  o b s e r v e d  i n  some spec imens  a l m o s t  c e r t a i n l y  d e v e l o p e d  d u r i n g  
t e m p e r a t u r e  t r a n s i e n t s  when a n  a d d i t i o n a l  i n s t a n t a n e o u s  s t r a i n  was imposed on 
t h e  spec imens .  The p r e s e n c e  o f  f i n e  c r a c k s  d o e s  n o t  n e c e s s a r i l y  r e d u c e  t h e  
s t r e n g t h  o f  t h e  g r a p h i t e  below t h e  u n i r r a d i a t e d  v a l u e ,  and c o m p l e t e  t e n s i l e  
f a i l u r e  a p p e a r s  t o  be p r e c e d e d  by t h e  deve lopmen t  o f  such  c r a c k s .  

1. 

2. 

3. 

4.. 

5. 

6. 

7. 

8. 

9. 

13 .  
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TABLE I1 

Group 

1 

2 

3 

4 
5 

6 

7 
8 

9 
10 

Graphite 

Crack Formation i n  Restrained Specimens 

Mean fast 
neutron dose, 

n.cm- 2 

20 22.5 x 10 

24*5 
31.8 

33.2 
36.6 

36.9 

15.1 
15.7 
17.4 
47.7 

I r rad ia t  ion 
temperature 

C 0 

340 f. 70 

370 2 40 

11 

11 

420 - + 20 

11 

320 2 40 

360 - + 20 

I1  

11 

Comments on rad ia l  crack formation 

~ 

Fine cracks observed 
I1 11 11 

I 1  11 
11 1 specimen with 

large crack * 
No cracks observed 

Fine cracks observed, 1 specimen with 
large crack 

large crack * 
I 1  I 1  I 1  1 specimen w i t h  

No cracks observed 

No cracks observed 
11  I t  1 1  

V I  11  11 

* lIFtjor crack coincides with reference mark on outside of  specimens 
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STEEL PLUG. 

TCIERMOCOUPLES. 

GRAPH IT€ 

SLEEVE, 

PLUG. 

W II 

NIMONIC 

I RESTRAINT 

MANDREL. 

4 

(42 CONVOLUTIONS) 

DOSE 

MONITORS. 

FIC.I.0R-2 CREEP CAPSULE CONTAINING GRAPHITE RING SPECIMENS UNDER 
TENSILE RESTRAINT. 
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1.0. 0. D 

I 

- 
RIG 

464 2 

4635 

I 

I I 
01 0.23 0 . 3 0  0.38 

Z r  in 
FG.3. TENSILE HOOP STRESS DI STRIBLITION ACROSS 
THE WALL OF THE GRAPHITE ANNULUS.(ASSUMINC - 

ELASTIC BEHAVI CUR 1. 

PP 

PIS 

L.14 

L.14 

PI. 3 

- 

PO 

PH. 3. 

PH. 2 .  

P1.3, 

Pt-l.2. 

- 

FIC.4. %-RADIOGRAPH OF GRAPHITE RING SPECIMENS FROM 

6 R - 2  RIGS 4635 AND4642 SHOWING 3 R ' E S T R A I N E D  

SPECIM€NS WITH MAJOR CRACKS. 



\ 
\ 

MAJOR CRACK 

a / 

3 A .  RfVERSE 

3 A ,  TOP 

A 

FIG.5a.  SURFACES OF RESTRAINED PI, 3.  SPECIlMEN 5 H C W I N G  A M A J O R  

CRACK PASSNG THROilGH THE WALL, ( I  OF 3 SUCH SPCCI.MENS], 



A 

3 8 .  
II 

T 
I 

OP - 

REVIERSE 
, ._ .... .” 

FlG-Sb. SURFACES OF A RESTRAINED P l . 3  SPECIMEN (0 .60%AT l.Ol) 

SHOWING A T Y P I C A L  FINE CRACK PATTERN. 



A 

TOP 

REV - ERSE 

A 

FIG, 5 c .  SURFACES O F A  RESTRAIN€D P l . 3  SPECIMEN (0.54 % A T  1.0) 

WITH NO CRACKS. 



A 

x I I  

A 

2K. TOP 

2K.  - REVERSE 

FIG.5d.SURFACES OF A N  UNRESTRAINED P1.3 CONTROL SP€CIMEN. 



FAST NEUTRON DOSE, ncm-' 

IO 2 0  30 40 * IO" 
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a 2  

ui u 
Z 
4 
I 
V 

-I 0 - 5  d: z 
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VI 
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I 
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0 PI. 3 SLEEVE // 
@ PI .  5 SLEEVE N 
x 1.0 RINGS I 
+ 0.D RINGS 1. 

LENGTHRINGS N 
(2) -DATA OF GRAY e t  01 I 1.0 

/ \  
P1.3 PH.2 

FIG.6.MEASUREMENTS ON UNRESTRAINED ISOTROPIC GRAPHITE RINGS AND OUTER 

SLEEVES COMPARED WITH OTHER BR-2 DATA. 

FAST NEUTRON DOSE, ncm" 

2 0  30 A 40xlOZ0 
' 0  o\o 0 a v 

RE STPAI NED 
SPECiMZhiS (1.0) 

0 U N RESTRAIN ED 
SHRINKAGE 

cn z 
- 

I d -  

FIG IO DIMENSIONAL CHANGE AT THE INNER DIAMETER OF 
RESTR4NED Pf \.G?APHtTE SPECIMENS (PERPENDICULAR 
TO EXTRJSION) COMPARED M T H  UNRESTRAINED CONTROLS 
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