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A b s t r a c t  

T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  p o s t -  
i r r a d i a t i o n  mechan ica l  t e s t i n g  of  Type 
347 s t a i n l e s s  s t e e l  specimens  machined 
from an E n g i n e e r i n g  T e s t  Reac to r  i n - p i l e  
p r e s s u r e  t u b e .  T e s t s  i n c l u d e d  t e n s i l e  
and f r a c t u r e  toughness  a t  room tempera- 
t u r e ,  600°F, 800°F, and 1 0 0 o O ~ ,  room 
t e m p e r a t u r e  f a t i g u e ,  and d e l a y e d  f a i l u r e  
s t r e s s  r u p t u r e  w i t h  s t r e s s e s  approach ing  
t h e  y i e l d  s t r e s s .  Immersion d e n s i t y  
measurements were a l s o  made. S p e c i  e n  
f l u e n c e s  v a r i e d  up t o  4  x n/cm 9 
(>1 Mev) . A 1  though i r r a d i a t i o n  i n c r e a s e d  
t h e  s t r e n g t h ,  t h e  m a t e r i a l  remained 
d u c t i l e  and showed no e v i d e n c e  of  no tch  
o r  s t r a i n  r a t e  s e n s i t i v i t y ,  o r  e m b r i t t l e -  
ment.  S t a t i c  and dynamic f r a c t u r e  tough-  
n e s s  v a l u e s  were  w e l l  above t h e  minimum 
f a i l u r e  c r i t e r i o n  r e q u i r e m e n t s .  A t  
h i g h e r  f  l u e n c e s  a 1  1 of  t h e  mechanica 1 
p r o p e r t i e s  appear  c o n s t a n t ,  i n d i c a t i n g  
s a t u r a t i o n  of  t h e  i r r a d i a t i o n  damage. 
Extended i n - p i l e  s e r v i c e  of  such  i n - p i l e  
p r e s s u r e  t u b e s  t o  4  x n/cm2 (>1 Mev) 
was j u s t i f i e d .  



EVALUATION OF THE MECHANICAL PROPERTIES OF AN IRRADIATED TYPE 347 STAINLESS 
STEEL IN-PILE TUBE WITH A PEAK FLUENCE OF 4  x '  lo2Z n/cmZ. (>1 Mev) 

I .  I n t r o d u c t i o n  

I n - p i l e  p r e s s u r e  t u b e s  ( I P T ' s )  a r e  used i n  t e s t  r e a c t o r s  f o r  t h e  purpose  
o f  c o n t a i n i n g  specimens  of  f u e l  o r  o t h e r  t e s t  m a t e r i a l s  d u r i n g  i r r a d i a t i o n .  
Because o f  t h e  p r o x i m i t y  o f  t h e  I P T ' s  t o  t h e  c o r e ,  they  a r e  i r r a d i a t e d  t o  
e x t r e m e l y  h i g h  f l u e n c e s .  The E n g i n e e r i n g  T e s t  ~ e a c t o r  (ETR) , now shutdown, 
c o n t a i n e d  Type 347 s t a i n l . e s s  s t e e l  I P T ' s ,  w h i l e  t h e  c u r r e n t l y  o p e r a t i n g  
Advanced T e s t  R e a c t o r  (ATR) u s e s  Type 348 m a t e r i a l .  Numerous inves t iga . t i0n . s  
have c h a r a c t e r i z e d  t h e  e f f e c t s  of  n e u t r o n  i r r a d i a t i o n  on many e n g i n e e r i n g  
m a t e r i a l s ,  b u t  d a t a  o n  Type 347 s t a i n l e s s  s t e e l  i r r a d i a t e d  t o  v e r y  h i g h  f l u e n c e s  
a r e  l i m i t e d .  Although a  w o r s t  c a s e  ( c a t a s t r o p h i c ) ,  i n - s e r v i c e  f a i l u r e  due  t o  
i n t e r n a l  p r e s s u r e  of  a n  IPT would n o t  r e s u l t  i n  d e g r a d a t i o n  o f  p u b l i c  h e a l t h  
and s a f e t y  ( a  h a z a r d  a n a l y s i s  h a s  been  pe r fo rmed) ,  such a n  e v e n t  is c l e a r l y  
u n d e s i r e a b l e  . Any e x p e r i m e n t a l  specimens  i n  t h e  tube  would p robab ly  be  r u i n e d ,  
making such  a n  o c c u r r e n c e  e v e n  more c o s t l y  and u n d e s i r e a b l e .  The premature  
removal and rep lacement  of  t h e  t u b e s  is t ime consuming and e x t r e m e l y  e x p e n s i v e .  
Thus ,  maximum l i f e t i m e  f o r  each  tube  is  d e s i r e a b l e .  ~ s s e s s m e n t  o f  t h e  i n t e g r i t y  
o f  t h e  IPT' s f o r  c o n t i n u e d  s e r v i c e  h a s  r e q u i r e d  t h a t ,  p e r i o d i c a l l y ,  i r r a d i a t e d  
p r e s s u r e - t u b e s  b e  s u b j e c t e d  t o  v a r i o u s  d e s t r u c t i v e  t e s t s  a t  s u c c e s s i v e l y  h i g h e r  
f  l u e n c e s .  R e s u l t s  o f  t h e s e  t e s t s  have been used t o  j u s t i f y  i n c r e m e n t a l  i n c r e a s e s  
i n  t h e  i n - p i l e  t u b e  f l u e n c e  l i m i t s ;  

I n  t h e  Advanced T e s t  Reac to r  (ATR) , t h e  f  luence  1 i m i t  f o r  t h e  Type 348 
. s t a i n l e s s  s t e e l  IPT was 3 x  n/cm2 (>1  Mev) . I n  t h e  Eng ineer ing  T e s t  

R e a c t o  (ETR) I P T ' s  were  p e r m i t t e d .  exposure  t o  a  maximum f l u e n c e  o f  approx imate ly  
52 4  x  10 n/cm2 (>1  Hev) and were  a v a i l a b l e  f o r  d e s t r u c t i v e  t e s t i n g .  D i f f e r e n c e s  

i n  t h e  o p e r a t i n g  c o n d i t i o n s  and m a t e r i a l s  of t h e  ETR and ATR IPTs a r e  n o t  con-  
s i d e r e d  s i g n i f i c a n t  ' i n  e v a l u a t i n g  t h e  e f f e c t s  o f  i r r a d i a t i o n .  Thus ,  d a t a  from 
a n  ETR t u b e  a r e  judged t o  b e  d i r e c t l y  a p p l i c a b l e  t o  ATR and can  be  u s e d ,  i f  
f a v o r a b l e ,  t o  e x t e n d  t h e  IPT f l u e n c e  l i m i t s  i n  ATR. To t h i s  e n d ,  a  program was 
i n i t i a t e d  t o  d e s t r u c t i v e l y  test one Type 347 s t a i n l e s s  e e l  IPT from ETR 
i r r a d i a t e d  t o  a  maximum f  luence  o f  a p p r o x i m a t e l y  4  x  10" n/cm2 (>1  Mev) , and 
t o  u s e  t h e  r e s u l t s ,  i f  f a v o r a b l e ,  t o  j u s t i f y  a n  e x t e n s i o n  of  t h e  c u r r e n t  ATR IPT 
f l u e n c e  l i m i t s .  T h i s  r e p o r t  p r e s e n t s  t h e  mechan ica l  t e s t  r e s u l t s  of  t h e  Type 
347 s t a i n l e s s  s t e e l  IPT performed from 1975-1976. 

11. Background 

A .  ETR and ATR IPT D e t a i l s  

A schemat ic  i l l u s t r a t i o n  of  t h e  ETR Type 347 s t a i n l e s s  s t e e l  IPT i s  shown 
i n  F i g u r e  1. The h o t  segment l a y  w i t h i n  t h e  c o r e  o f  t h e  r e a c t o r  w i t h  t h e  c o l d  
segment a d j a c e n t  t o  t h e  c o r e .  The c r o s s  s e c t i o n a l  d imens ions  of  t h e s e  segments 
a r e  2 .530  i n .  OD by 2 .125 i n .  I D .  The ATR I P T ' s  a r e  o f  t h e  same s i z e  as t h o s e  
o f  ETR. The i n s i d e  o f  t h e  p r e s s u r e  tube  is p r e s s u r i z e d  t o  p r e v e n t  b o i l i n g  w i t h  
p u r i f i e d  w a t e r  c o n t a i n i n g  < 0 . 1  ppm c h l o r i d e  and < 0 . 1 4  ppm oxygen s o  a s  t o  
minimize  c o r r o s i o n  problems.  P r e s s u r e s ,  as w e l l  a s  o p e r a t i n g  t e m p e r a t u r e s  f o r  
t h e  ETR and ATR h i g h  f l u e n c e  r e g i o n s ,  a r e  a s  f o l l o w s :  
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P r e s s u r e ,  p s i  
D e  s i g n  
O p e r a t i n g  

0 Temper a  t u r e  , F 
I D  
OD 
Mean 

ETR 

Not A v a i l a b l e  
Not A v a i l a b l e  

703 

ATR 

A t h e r m a l l y  i n s u l a t i n g  g a s  j a c k e t  s u r r o u n d s  t h e  IPT.  T h i s  j a c k e t  p r o v i d e s  
w a t e r  c o n t a i n m e n t  i n  t h e  e v e n t  o f  a  t u b e  f a i l u r e .  The a n n u l a r  s p a c e  be tween 
j a c k e t  and  t u b e  c o n t a i n s  i n e r t  h e l i u m  g a s  a t  s l i g h t l y  above  a t m o s p h e r i c  p r e s s u r e .  
Maximum t e m p e r a t u r e s  o f  a p p r o x i m a t e l y  8 5 0 9  c o u l d  o c c u r  somewhere w i t h i n  t h e  
ETR and ATR t u b e  w a l l s .  I t  c a n  b e  s e e n  t h a t  t h e  o p e r a t i n g  c o n d i t i o n s  f o r  b o t h  
t h e  ETR and ATR t u b e s  are q u i t e  s i m i l a r .  Peak f l u x e s  o f  3 .3  x  1014 n/cm2-sec 
(>1 Mev) f o r  ETR and 1 . 7 5  x 1014 n /cm2-sec .  f o r  ATR are  a l s o  r e a s o n a b l y  similar 
and n o t  e x p e c t e d  t o  i n f l u e n c e  r e s u l t s .  

The i n - p i l e  t u b e s  a r e  s t r e s s e d  by i n t e r n a l  p r e s s u r e .  Assuming a  t h i n  
w a l l e d  t u b e  s o l u t i o n ,  t h e  l o n g i t u d i n a l  stress ( rL)  is 

where P  = . p r e s s u r e ,  2250 p s i  
R = t u b e  r a d i u s ,  1 .0625  i n  
t = w a l l  t h i c k n e s s ,  0 .2025  i n  

and t h e  hoop stress (r~) i s  

CH = PR = 11 ,800  p s i  
t 

Thus ,  t h e  l P T 1 s , . w h i l e  i n  s e r v i c e ,  a r e  c o n s t a n t l y  exposed  t o  a p r i n c i p a l  hoop 
stress o f  1 1 , 8 0 0  p s i  a t  a p p r o x i m a t e l y  700°F. A h i g h e r  s tress,  15 ,500  p s i ,  
o c c u r s  i n  b r i e f  e x c u r s i o n s  f o r  l e a k  tes ts .  

B .  P r e v i o u s  IPT L i f e t i m e  E x t e n s i o n  S t u d i e s  

P r e v i o u s  IPT l i f e t i m e  e x t e n s i o n  j u s t i f i c a t i o n s  were  b a s e d  on d a t a  from 
t h e  l i t e r a t u r e  (Ref s .  (1-3))  o r  b u r s t  test d a t a .  P u b l i s h e d  l i t e r a t u r e  on  Types  
3471348 s t a i n l e s s  s tee l  have  been  b a s e d  o n  spec imens  made d i r e c t l y  f rom expended 
t u b e s  (Ref .  (2) )  and spec imens  which  were  i r r a d i a t e d  w h i l e  s t o r e d  w i t h i n  t h e  
t u b e ,  R e f s .  (1 and 3) . Types o f  d a t a  s h o u l d  be  d i s t i n g u i s h e d  s i n c e  t h e  p r o t o -  
t y p i c  m a t e r i a l  was i r r a d i a t e d  w h i l e  unde r  a  s t a t e  o f  s tress,  a c o n d i t i o n  which  
c o u l d  i n f l u e n c e  r e s u l t s ,  a l t h o u g h  t o  what  e x t e n t  h a s  n o t  y e t  been  d e t e r m i n e d .  
T e n s i l e  d a t a  from t h e  l i t e r a t u r e  g i v e  a  p r e l i m i n a r y  i n d i c a t i o n  o f  c o n s t a n t  o r  
s a t u r a t e d  i r r a d i a t i o n  damage by l e v e l ' i n g  o f f  o f  t h e  y i e l d  and  u l t i m a t e  s t r e n g t h  
a f t e r  i n i t i a l  i n c r e a s e s .  However, d a t a  are l i m i t e d  a t  h i g h e r  test  t e m p e r a t u r e s  
and are n o n e x i s t e n t  a t  f l u e n c e s  a p p r o a c h i n g  t h e  l e v e l  s e e n  b y  t h e  m a t e r i a l  
d e s c r i b e d  i n  t h i s  r e p o r t .  A f u r t h e r  l i m i t a t i o n  w i t h  some d a t a  is d u e  t o  d i f f e r -  
i n g  i r r a d i a t i o n  ' t e m p e r a t u r e s  which i n f l u e n c e  t e r e s u l t s .  I t  s h o u l d  b e  n o t e d  
t h a t  f l u e n c e  v a l u e s  are o f t e n  r e p o r t e d  i n  n/c> (>0 .1  Mev)b. To compare w i t h  t h e  
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f  l u e n c e s  (E > 1 Mev) u s e d '  i n  t h i s  work, f  l u e n c e s  w i t h  E > 0 . 1  Mev were d i v i d e d  
b y  t h e  f a c t o r  1 . 9 2 ,  a  B e t t i s  e s t i m a t e .  

B r i t t l e  f r a c t u r e  of h i g h l y  i r r a d i a t e d  I P T ' s  i s  a  major c o n c e r n .  Longi-  
t u d i n a l l y  no tched  b u r s t  t e s t  r e s u l t s  were used t o  p rov ide  p l a n e  s t r a i n  f r a c t u r e  
t o u g h n e s s  KIC d a t a .  From t h e  s e m i - i n f i n i t e  p l a t e  s o l u t i o n ,  KIC v a l u e s  were 
c a l c u l a t e d .  f o r  a  p a r t - t h r o u g h  c r a c k  normal t o  t h e  hoop s t r e s s  : in  t h e  tube  
(Ref . 

w h e r e ,  r f ( t )  = nominal  ( ' unper tu rbed)  hoop s t r e s s  a t  f a i l u r e  
a = crack deprh 

r y s  = y i e l d  s t r e s s  

and t h e  h a l f - l e n g t h  o f  t h e  d e f e c t  on t h e  s u r f a c e  i s  assumed t o  be much g r e a t e r  
t h a n  a .  Such KIC v a l u e s  were  t h e n  used t o  compare w i t h  a  l e a k - b e f o r e - b r e a k  
c r i t e r i o n ,  a c c o r d i n g  t o  which ,  a  tube  can  s u s t a i n  a  th rough-wal l  c r a c k  a t  t h e  
o p e r a t i n g  load  w i t h o u t  danger  of  c a t a s t r o p h i c  f a i l u r e  p rov ided  KIC is  g r e a t e r  
t h a n  t h a t  d e f i n e d  by t h e  c r i t e r i o n  

where  r ( t )  = nominal  (unper tu rbed)  hoop s t r e s s  = PR 
a 4 t h e  c r a c k  l e n g t h  2 t  

Using t h i s  f o r m u l a ,  assuming a  p r e s s u r e  of  3750 p s i  (ATR o p e r a t e s  a t  2200 p s i ) ,  
a mean t u b e  d i a m e t e r  of  2.3225 i n ,  a  w a l l  t h i c k n e s s  of 0 . 2  i n ,  a  c r a c k  l e n g t h  
t w i c e  t h e  w a l l  t h i c k n e s s ,  and O'(t) << lmYs, 

A similar v a l u e ,  2 2 . 6  k s i  6, was e s t i m a t e d  based on a c r i t e r i o n  f o r  
c r a c k  a r r e s t  toughness  u s i n g  dynamic f r a c t u r e  toughness  v a l u e s  which a r e  more 
c o n s e r v a t i v e  t h a n  s t a t i c  v a l u e s  and s i m u l a t e  h i g h  s t r a i n  r a t e s  t y p i c a l  of  a  
r u n n i n g  c r a c k  o r  e x p l o s i v e  f a i l z r e  . 

P r e v i o u s  f l u e n c e  e x t e n s i o n s  were based  on b u r s t  d a t a  r e s u l t i n g  i n  KIC 
v a l u e s  g r e a t e . r  than  t h e  f a i l u r e  c r i t e r i o n .  However, t h e  e x t e n t  o f  i r r a d i a t i o n  
damage a  t u b e  might  w i t h s t a n d  b e f o r e  becoming b r i t t l e  is  u n c e r t a i n .  F u r t h e r ,  
e m b r i t  t le rnent '  e f f e c t s  a t  e l e v a t e d  t e m p e r a t u r e s  were  even l e s s  known, p a r t i c u l a r l y  
a f t e r  long  e x p o s u r e s  a t  t e m p e r a t u r e  and s t r e s s  ( t h e ' i n - s e r v i c e  c o n d i t i o n s  of  
t h e  t u b e ) .  Although e m b r i t t l e m e n t  is  known t o  occur  a t  h i g h  t e m p e r a t u r e s  
(> lOOoO~)  , t h e  p o s s i b i l i t i e s  o f  i t s  o c c u r r i n g  a t  lower t e m p e r a t u r e s  . a £  t e r  e x -  
posure  t o  v e r y  h i g h  f l u e n c e s  had n o t  been s t u d i e d .  



WAPD-TM- 1425 

C .  T e s t  O b j e c t i v e s  

Four t y p e s  o f  t e s t s  were .used i n  t h i s  work. 

1. T e n s i l e  t e s t s  were performed t o  d e f i n e '  t h e  s t r e n g t h  p r o p e r t i e s  a s  a  
f u n c t i o n  of  f l u e n c e .  Thus ,  any l o s s  of  d u c t i l i t y  f o r  t h e  peak f l u e n c e  a n d / o r  " 

d i f f e r e n t  i r r a d i a t i o n  t e m p e r a t u r e s  c o u l d  be  d e t e r m i n e d .  Also ,  e l e v a t e d  tempera- 
t u r e  t e s t i n g  was performed t o  d e t e r m i n e  t h e  s t r e n g t h  p r o p e r t i e s  beyond t h e  
i n - s e r v i c e  t e m p e r a t u r e  r a n g e  and f o r  a  base  w i t h  which t o  compare d e l a y e d  r u p t u r e  
t e s t s .  

2 .  Smooth specimen f a t i g u e  t e s t s  were a t  room t e m p e r a t u r e  t o  
a s s e s s  any changes  i n  f a t i g u e  p r o p e r t i e s  caused  by i r r a d i a t i o n .  

3 .  F r a c t u r e  toughness  t e s t s  a t  room t e m p e r a t u r e  were performed on notched 
. f a t i g u e  p rec racked  specimens t o  d e t e r m i n e  b r i t t  l e  f r a c ' t u r e  p r o p e r t i e s  i n  t h e  
IPT m a t e r i a l .  I n  a d d i t i o n ,  e l e v a t e d  t e m p e r a t u r e  t e s t i n g  was performed t o  f u r t h e r  
s t u d y  e m b r i t t l e m e n t  i n  t h e  p r e s e n c e  o f  a  notch a t  and beyond s e r v i c e  t e m p e r a t u r e s .  

0 Dynamic t e s t s  a t  800 F were r u n  t o  s i m u l a t e  h i g h  s t r a i n  r a t e s  t y p i c a l  of  a  
runn ing  c r a c k  o r  e x p l o s i v e  f a i l u r e .  

4 .  Delayed f a i l u r e  c o n s t a n t  s t r e s s  r u p t u r e  t e s t s  w e r e . r u n  t o  i n v e s t i g a t e  
' t h e  t ime dependent  e f f e c t s  o f  e m b r i t t l e m e n t .  Smooth t e n s i l e  tests were  used t o  
check on t h e  p o s s i b l e  d e c r e a s e  i n  s t e a d y  s t a t e  c r e e p . a n d  p remature  t e r t i a r y  
f a i l u r e .  Notched and p r e c r a c k e d  specimens  were t e s t e d  t o  s t u d y  c r a c k  growth 
,and notch s e n s i t i v i t y .  

111..  Exper imenta l  Procedure  

A .  P l a t e r i a l  

The IPT from t h e  H- 10 p o s i t  ion  ( S e r i a l  Number K- 17) was removed from ETR 
i n  1972 and was used i n  t h i s  i n v e s t i g a t i o n .  The tube was f a b r i c a t e d  from 
consrlmable e l e c t r o d e  vacuum m e l t e d ,  compos i t ion  Type 347 s t a i n l e s s  s t e e l ,  c o n d i -  
t i o n  A .  i n  accordance  w i t h  MIL-S-23195 and c e r t i f i e d  e q u i v a l e n t  t o  ASME Code 
A-276 B o i l e r  Code Case 1310 from m a t e r i a l  per ASTM A182-61. 

The i n g o t  was h o t .  r o l l e d  w i t h  f i n a l  a n n e a l i n g . a t  1 8 0 0 ~ ~  f o r  3 hours  and 
wa te r  quenched.  The room t e m p e r a t u r e  p r o p e r t i e s  were:  (1) t e n s i l e  y i e l d  3 8 . 4  
t o  4 5 . 6  k s i ;  (2)  u l t i m a t e  8 5 . 1  t o  8 9 . 1  k s i ,  (3)  p e r c e n t  e l o n g a t i o n  6 0 . 0  t o  6 2 . 0 ,  
'(4) p e r c e n t  r e d u c t i o n - i n - a r e a  7 7 . 5  t o  7 8 . 5 ,  and (5) h a r d n e s s  Rg 8 2 / 8 3 .  The h o t  

0 t e n s i l e  p r o p e r t i e s  a t  800 F  were:  (1) y i e l d  3 0 . 0  t o  3 4 . 9  k s i ,  (2) u l t i m a t e  
5 5 . 0  t o  5 6 . 3  ks i . ,  (3) p e r c e n t  e l o n g a t i o n  2 9 . 6  t o  3 7 . 0 .  and (4) p e r c e n t  r e d u c t i o n -  
i n - a r e a  7 7 . 3  t o  8 1 . 0 .  The chemical  compos i t ion  of t h e  H-10 IPT is g i v e n  i n  
Table I .  

A f t e r  removnl from s e r v i c e ,  t h e  H-10 IPT was i n s p e c t e d  and s e c t i o n e d  i n t o  
c y l i n d e r s  approx imate ly  f o u r  i n c h e s  h i g h  ( s e e  F i g u r e  2 ) .  V i s u a l  and dye  pene- 
t r a n t  examina t ion  f o r  c r a c k i n g  o r  o t h e r  d e f e c t s  showed t h e  tube  i n  good c o n d i t i o n  
w i t h  no e v i d e n c e  of  c r a c k i n g .  Specimens were machined from t h e  s e c t i o n e d  
c y l i n d e r s  t o  one of  t h e  two c o n f i g u r a t i o n s  used f o r  t e s t i n g  i n  t h i s  work, t e n s i l e  
and f a t i g u e  specimens  ( F i g u r e  3) and f r a c t u r e  toughness  specimens  ( F i g u r e  4 ) .  
Each f o u r - i n c h  c y l i n d e r  was s l i t  p a r a l l e l  t o  t h e  tube  a x i s  t o  y i e l d  s i x  specimens  
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a s  shown i n  F i g u r e  5 .  The s e c t i o n e d  c y l i n d g r  coded specimens  and r e s p e c t i v e  
specimen c o n f i g u r a t i o n s  used  f o r  t h i s  work a r e  l i s t e d  i n  T a b l e  XI. I n c l u d e d  i n  
t h i s  t a b l e  a r e  t h e  f l u e n c e  d a t a  used t o  a r r i v e  a t  t h e  f l u e n c e  v a l u e s  r e p o r t e d  
f o r  t h i s  work.  D i f f e r e n c e s  i n  t h e ' f l u e n c e  d a t a  a r e  p a r t l y  due t o  d i f f e r e n t  
c o r r e c t  i o n  f a c t o r s  a p p l i e d  t o  t h e  r a d i o c h e m i c a l  a n a l y s e s  used i n  t h e  c a  l cu  l a t i .on  
of  t h e  f l u e n c e .  Thus ,  a v e r a g e s  o f  t h e  d i f f e r e n t  r e p o r t e d  r e s u l t s  were u s e d .  I t  
shou ld  b e  no ted  t h a t  f l u x  w i r e  moni to r  r e a d i n  s a t  t h r e e  r a d i a l  peak p o s i t i o n s  
showed a  f  luence  r a n g e  from 3 . 5 5  t o  4 . 0 4  x  loq2 n/cm2 ( > I  Mev) . T h e r e f o r e ,  a  
specimen t o  specimen v a r i a t i o n  of 2 0 . 2 5  x n/cm2 (>1 Mev) is  no t  u n l i k e l y .  
The f l u e n c e  and i r r a d i a t i o n  t e m p e r a t u r e s  a r e  a l s o  inc luded  on F i g u r e  2 .  The 
i r r a d i a t i o n  t e m p e r a t u r e s  o f  t h e  c o l d  segments were n o t  d e t e r m i n e d ,  b u t  were 
assumed t o  be  s l i g h t l y  h i g h e r  t h a n  t h e  w a t e r  t e m p e r a t u r e ,  5 5 0 ' ~ .  

B .  I n - , C e l l  Mechanical  Teo t Machine 

An MTS Systems C o r p o r a t i o n  Model 850 S t r u c t u r e  T e s t  System c l o s e d - l o o p  
e l e c t r o h y d r a u l i c  u n i t  w i t h  a  50,090 l b .  c a p a c i t y  was used f o r  t h e  mgchanical  
t e s t i n g .  The sys tem was equipped w i t h  a  d u a l  t r a c e  s t o r a g e  o s c i . l l o s c o p e ,  X-Y 
r e c o r d e r ,  and e n v i r o n m e n t a l  chamber c a p a b l e  of  t e m p e r a t u r e s  above 1 0 9 0 ~ ~  and 
a c c u r a t e  t o  a p p r o x i m a t e l y  _+ 2 " ~ .  The load f rame ,  a c t u a t o r ,  and env i ronmenta l  
chamber were f i x e d  i n - c e l l  i n  t h e  B e t t i s  Hot L a b o r a t o r y .  The h y d r a u l i c  pump 
and i n s t r u m e n t  c o n s o l e  were  l o c a t e d  o u t - o f - c e l l  f o r  remote o p e r a t i o n .  S p e c i a l l y  
d e s i g n e d . p i n n e d  a d a p t o r s  were  used t o  load t h e  spec imens .  

C .  T e n s i l e  T e s t i n g  

T e n s i l e  t e s t i n g  o f  specimens  machined a s  shown i n  F i g u r e  3 was performed 
a t  room t e m p e r a t u r e ,  6 0 0 ~ ~ ;  800°F, and 1 0 0 0 ~ ~ .  The t e s t i n g  was conducted a t  a 
d i s p l a c e m e n t  r a t e  of 0 . 0 5  i n c h e s  per  minu te  and s t r e s s - s t r a i n  c u r v e s  were 
r e c o r d e d  on t h e  X - Y  r e c o r d e r  by u s i n q  a  w a t e r - c o o l e d ,  h i R h - t e m p e r a t u r e  e x t e n s o -  
me te r  manufac tu red  by MTS System C o r p o r a t i o n .  The measurement p r e c i s i o n  f o r  
y i e l d  o r  u l t i m a t e  s t r e n g t h  was - 0 . 0 6 ,  +0 .34  k s i .  For t h e  e l e v a t e d  t empera tu re  
t e s t s .  specimens  were h e l d  a t  t e m p e r a t u r e  f o r  a t  , l e a s t  o n e - h a l f  hour b e f o r e  
t e s t i n g .  P r e - t e s t  and p o s t - t e s t  measurements of t h e  c r o s s  s e c t i o n a l  a r e a s  and 
gage  l e n g t h  were made by measur ing  s c a l e d  photographs  t aken  of  t h e  specimens 
i n - c e l l  u s i n g  a  v iewing p e r i s c o p e .  To accoun t  f o r  p l a s t i c  n e c k i n % ,  f i n a l  a r e a s  
were d e t e r a i n e d  from t h e  formula  

whcrc h  - w i d t h  
a = t h i c k n e s s  a t  center I i n  t h e  f r a c t u r e  p lane  
d  = a v e r a g e  t h i c k n e s s  a t  e n d s  

D .  F a t i g u e  T e s t i n g  

The f a t i g u e  t e s t s  were performed a t  room t e m p e r a t u r e  on specimens of t h e  
same geometry  a s  t h e  t e n s i l e  t e s t s  ( F i g u r e  3 ) .  The specimens  were c y c l e d  under 
load c o n t r o l  c o n d i t i o n s  i n  t e n s i o n - t e n s i o n  l o a d i n g .  F u l l y  r e v e r s e d ,  d i s p l a c e -  
ment c o n t r o l  c o n d i t i o n s  were d e s i r e d  b u t  p rec luded  f o r  t h i s  t e s t  because  modi- 
f i c a t i o n  o f  t h e  t e s t  s e t - u p  was r e q u i r e d .  The load r a n g e  was 100 t o  3000 l b s . ,  
which c o r r e s p o n d s  t o  a  s t r e s s  r a n g e  of 2  t o  58 k s i .  Frequency was 1 c p s  t o  a t  
l e a s t  3000 t o t a l  c y c l e s ,  t h e n  i t  was i n c r e a s e d  t o  5  c p s  t o  speed comple t ion  of 
t h e  t e s t .  



E .  F r a c t u r e  Toughness Tes t i n s  

S ing le -edge-no tched  (SEN) specimens ,  F i g u r e  4 ,  were used i n  t h e  f r a c t u r e  
toughness  t e s t i n g .  F a t i g u e  p r e - c r a c k i n g  a t  room t e m p e r a t u r e  was accomplished 
a t  20-30 c y c l e s  per  second under a  c y c l i c  load of  50 l b .  up t o  a  maximum of  
2000 l b  i n  accordance  w i t h  ASTM E-399-74. Crack growth was moni to red  by a n  
a t t a c h e d  c l i p - o n  d i sp lacement  gage and by viewing and measur ing t h e  c r a c k  from 
o u t s i d e  t h e  c e l l  w i t h  a  t r a n s i t .  F i n a l  c r a c k  l e n g t h s  were de te rmined  from p o s t -  
t e s t  pho tographs  o f  t h e  f r a c t u r e d  s u r f a c e s  a c c o r d i n g  t o  ASTM E-399-74. The 
f r a c t u r e  toughness  t e s t s  were a l s o  performed b a s i c a l l y  i n  accordance  w i t h  
ASTM E-399-74. Two modes o f  t e s t i n g  were  s t u d i e d .  S t a t i c  f r a c t u r e  toughness  
t e s t s  were made u s i n g  t h e  s t a n d a r d  ASTM E-399-74 recommended l o a d i n g  r a t e  of  
30- 150 ks i -.&/minute and r e c o r d i n g  t h e  l o a d - d i s p  lacement c u r v e  on t h e  X-Y 
r e c o r d e r  i n  a manner s i m i l a r  t o  t h e  t e n s i l e  t e s t s .  High r a t e  dynamic t e s t i n g  
was a l s o  performed on s e l e c t e d  specimens .  These  test specimens were  loaded i n  
s t r o k e  c o n t r o l  a t  t h e  h i g h e s t  r a t e  a t t a i n a b l e  by t h e  machine,  a p p r o x i m a t e l y  
3  x lo5 k s i  G l m i n u t e .  Load and d i s p l a c e m e n t  were  bo th  moni to red  v e r s u s  a  
t ime b a s e  u s i n g  t h e  d u a l  t r a c e  s t o r a g e  o s c i l l o s c o p e .  For t h e  room t e m p e r a t u r e  
f r a c t u r e  toughness  t e s t s  a  commercial  d o u b l e  c a n t i l e v e r  c l i p - o n  d i s p l a c e m e n t  
gage was used .  For t h e  e l e v a t e d  t e m p e r a t u r e  tests ,  a  s p e c i a l  d i s p l a c e m e n t  g a g e ,  
employing welded s t r a i n  g a g e s ,  was d e s i g n e d  and f a b r i c a t e d  by Westinghouse 
Research L a b o r a t o r i e s  (F igure  6 ) .  The c a n t i l e v e r  beams were leng thened  t o  re- 
duce f l e x u r e  stress and were made from NiCrFe A l l o y  X-750 f o r  improved c r e e p  
r e s i s t a n c e .  A s  w i t h  t h e  e l e v a t e d  t e m p e r a t u r e  t e n s i l e  t e s r s ,  t h e  e l e v a t e d  temp- 
e r a t u r e  t e s t  specimens were e q u i l i b r a t e d  f o r  a t  l e a s t  o n e - h a l f  hour  b e f o r e  t e s t -  
i n g .  

A l l  f r a c t u r e  toughness  s t r e s s  i n t e n s i t y  c a l c u l a t i o n s  were made u s i n g  t h e  
ASTM E-399-74 95 p e r c e n t  s e c a n t  i n t e r c e p t  method f o r  o b t a i n i n g  t h e  l o a d ,  P .  The 
s t a n d a r d  s t r e s s  i n t e n s i t y  e q u a t i o n  f o r  u n i a x i a l l y  loaded SEN specimens  was u s e d  
t o  c a l c u l a t e  t h e  s t r e s s  i n t e n s i t y  a s  f o l l o w s  (Ref .  (5 ) )  : 

.wher.e K = s t r e s s  i n t e n s i t y  
P = load 
B = specimen t h i c k n e s s  
.W = specimen w i d t h  
a  = l e n g t h  of  notch p l u s  p r e c r a c k  

and Y (:)= 1 .99  - 0 . 4 1  (alw) + 18.70 (alw) - 38 .48  (a/w) + 53.85 (alw) 
4  

F .  S t r e s s  Rupture  T e s t i n g  

Specimens o f  b o t h  t h e  t e n s i l e  and f r a c t u r e  toughness  (notched)  g e o m e t r i e s  
were used f o r  t h e  de layed  f a i l u r e  s t r e s s  r u p t u r e  t e s t i n g .  The notched s p e c i -  
mens were  p re -c racked  a s  w i t h  t h e  f r a c t u r e  toughness  t e s t i n g  t o  t e s t  s e n s i t i v i t y  
t o  a  c r a c k - l i k e  d e f e c t .  The t e n s i l e  specimens  were  t e s t e d  t o  b e t t e r  c h a r a c t e r i z e  
t h e  c r e e p  p r o p e r t i e s  . 
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T e s t s  were performed by f i r s t  l o a d i n g  t h e  specimens  i n  a i r  a t  t e m p e r a t u r e  . 

(600°F, 800°F, o r  1 0 0 0 ~ ~ )  t o  90 p e r c e n t  of t h e  t e s t  t empera tu re  y i e l d  s t r e n g t h  
a s  d e t e r m i n e d  from t e n s i l e  t e s t s ,  and h o l d i n g  f o r  100 h o u r s .  The t e s t  machine 
was. equ ipped  w i t h  a n  a u t o m a t i c  t r i g g e r i n g  f e a t u r e  which s h u t  t h e  machine o f f  
i n  t h e  e v e n t  of a  specimen f a i l u r e  w h i l e  r e c o r d i n g  t h e  t ime of o c c u r r e n c e .  I f  
t h e  specimen s u r v i v e d  t h e  100 h o u r s ,  t h e  specimen was t h e n  loaded t o  95 p e r c e n t  
of  t h e  y i e l d  s t r e n g t h  and t e s t e d  f o r  a n  a d d i t i o n a l  100 h o u r s  b e f o r e  p u l l i n g  
t h e  specimen t o  f a i l u r e .  

G .  D e n s i t y  Measurements 

D e n s i t y  measurements were  made on s e l e c t e d  h i g h  f l u e n c e  specimens  by an 
immersion t e c h n i q u e  u s i n g  a  M e t t l e r  b a l a n c e  w i t h  a n  accuracy  of  - + 0.0002 gm. 

H .  Summary 

A t o t a l  o f  5 3  mechan ica l  t e s r s  (22 t e n s i l e ,  3 f a t i g u e ,  19 f r a c t u r e  tough- 
n e s s ,  and 9  s t r e s s  r u p t u r e  t e s t s ) ,  were performed for t h i s  work.  A s c h e d u l e  of 
specimens  t e s t e d  i s  shown i n  Tab le  111. 

, I .  R e s u l t s  and D i s c u s s i o n  

A .  T e n s i l e  Proper  t i e s  

A t a b u l a t i o n  of  t h e  i r r a d i a ' t e d  Type 347 s t a i n l e s s  s t e e l  t e n s i l e  p r o p e r t i e s  
d e t e r m i n e d  i n  t h i s  work a t  t h e i r  r e s p e c t i v e  f  luence  l e v e l s  and i r r a d i a t i o n  and 
test t e m p e r a t y r e s  a p p e a r s  i n  Tab le  I V .  A compar ison o,f t h e  low f luence ' ,  0 .0004 
and .001  x l oLZ  n/cmL (>1 Mev) , t e s t s  a t  room t e m p e r a t u r e  and 8 0 0 ' ~  wLth t h e  
v a l u e s  g i v e n  i n  S e c t i o n  I 1 I . A  f o r  t h e  u n i r r a d i a t e d  t u b e  m a t e r i a l  s h o w s  t h a t  
i r r a d i a t i o n  t o  t h e s e  f  l u e n c e s  caused on'ly s l i g h t  d i f f e r e n c e s  i n  t h e  mechan ica l  
p r o p e r t i e s .  Among t h e  d i f f e r e n c e s  were s m a l l  i n c r e a s e s  i n  room t e m p e r a t u r e  and 
800°F y i e i d  and u l t i m a t e  s t r e n g t h  and somewhat more s i g n i f i c a n t  d e c r e a s e s  i n  
d u c t i l i t y  a s  e x h i b i t e d  by t h e  r e d u c t i o n  i n  a r e a s .  I n  s e v e r a l  i n s t a n c e s ,  t h e  t o t a l  
e l o n g a t i o n  v a l u e s  f o r  t h i s  work,  based  on f i n a l  gage  l e n g t h  measurements ,  were 
u n a v a i l a b l e  f o r  r e a s o n s  such  a s  f a i . i u r e  o u t s i d e  t h e  gage s e c t i o n  o r  d i f f i c u l t y  
i n  r e a d i n g  t h e  s c r i b e  marks a f t e r  t e s t i n g ;  and t h e  g r e a t e r  t h a n  (7 )  v a l u e  re- 
p o r t e d  was t h a t  o b t a i n e d  from t h e  e x t e n s o m e t e r ,  which had a  r ange  of  0-150 m i l s .  

At h i g h e r  f  l u e n c e  l e v e l s ,  2-4 x nlcm2 (r 1 Mev) , t h e  changes  i n  
mechan ica l  p r o p e r t i e s  a f e  much l a r g e r ,  which was e x p e c t e d  based on p r e v i o u s  
s t u d i e s  (Refs .  1 - 3 ) .  The y i e l d  s t r e n g t h s  a r e  i n c r e a s e d  by a  f a c t o r  of  abou t  
t h r e e ,  w h i l e  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h s  a r e  a lmos t  d o u b l e d .  More s i g n i f i c a n t  
Is t h e  f a c t  c h a t  a t  t h e  h i g h e r  f l u e n c e  l e v e l s  a t  a l l  of t h e  r e s p e c t i v e  t e s t  
t e m p e r a t u r e s  t h e  r a t i o s  o f  cys/ c u t s  approach  a  v a l u e  of  u n i t y  a s  compared t o  
t h e  v a l u e  of  , 0 . 5  i n  t h e  u n i r r a d i a t e d  and lower f l u e n c e  m a t e r i a l s .  I n  c o n j u n c t -  
i o n  w i t h  t h e  convergence  o f  rys and r u t s ,  t h e  un i fo rm e l o n g a t i o n  d e c r e a s e s  
c o n s i d e r a b l y ,  i n  some i n s t a n c e s  ( a t  e l e v a t e d  t e m p e r a t u r e s )  t o  v a l u e s  of  l e s s  
t h a n  1%. Although p r e v i o u s  e m b r i t t l e m e n t  c r i t e r i a  have l i m i t e d  uniform elo.nga- 
t i o n  t o  a  1% minimum, a  p e r m i s s i b l e  d e c r e a s e  below t h i s  l i m i t  i s  r e a s o n a b l e  from 
a t e n s i l e  s t r e s s  s t a n d p o i n t ,  s i n c e  t h e  y i e l d  s t r e s s  i s  g r e a t l y  i n c r e a s e d  f o r  t h e  
i r r a d i a t e d  m a t e r i a l .  The i n c r e a s e d  y i e l d  s t r e s s  p r o v i d e s  a n  e l a s t i c  s t r a i n  
r a n g e  of  even  g r e a t e r . m a g n i t u d e  p r o p o r t i o n a l  t o  t h e  i n - s e r v i c e  s t r e s s  l e v e l s  of 
t h e  IPT . (Based on qua 1 i t a t  i v e  o b s e r v a t i o n s ,  t h e  modulus of  e l a s t i c i t y  tended 
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t o  d e c r e a s e  w i t h  i n c r e a s e d  i r r a d i a t i o n  p r o v i d i n g  even  more e l a s t i c  s t r a i n . )  A 
b e t t e r  e v a l u a t i o n  of b r i t t l e  f r a c t u r e  b e h a v i o r  i s  p rov ided  by t h e  f r a c t u r e  
toughness  t e s t s  , which r e v e a l e d  more c o n c l u s i v e l y  t h a t  t h e  m a t e r i a l  was n o t  
b r i t t l e .  

The e f f e c t s  of t e s t  t empera tu re  on t h e  0.2% o f f s e t  y i e l d  and u l t i m a t e  
t e n s i l e  s t r e n g t h .  f o r  h i g h  f l u e n c e ,  low f l u e n c e ,  and t h e  u n i r r a d i a t e d  m a t e r i a l  
a r e  shown i n  F i g u r e  7 .  The v a l u e s  f o r  t h e  h i g h l y  i r r a d i a t e d  m a t e r i a l  i n d i c a t e  
no unexpected changes  due t o  i r r a d i a t i o n .  The h i g h  f  luence  v a l u e s  a t  1 0 0 0 ~ ~  
show a  more r a p i d  d e c r e a s e  i n  magni tude,  whereas  t h e  low f l u e n c e  and u n i r r a d i a t e d  
v a l u e s  remain n e a r l y  l i n e a r  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  However, s i n c e  t h e  
i n i t i a l  v a l u e s  i n  t h e  h i g h l y  i r r a d i a t e d  c a s e  a r e  s o  much l a r g e r ,  t h e  more r a p i d  
d e c r e a s e  i n  p r o p e r t i e s  is  n o t  s u r p r i s i n g  s i n c e  i t  is  r e a s o n a b l e  t o  assume t h a t  
some r e l a x a t i o n  o r  s o f t e n i n g  r e s u l t i n g  from t h e  1 0 0 0 ~ ~  t e s t  t e m p e r a t u r e  may 
o c c u r .  

A p l o t  of  t h e  room t e m p e r a t u r e  0.2% o f f s e t  y i e l d  and 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  f l u e n c e  f o r  t h e  Type 347 s t a i n l e s s  s t e e l  IPT specimens i s  shown 
i n  F i g u r e  8.  Inc luded  on t h e  p l o t  a r e  d a t a  from o t h e r  s t u d i e s ,  R e f s .  ( 1 - 3 ) ,  
f o r  compar ison.  I n  a d d i t i o n  t o  t h e  b e s t  f i t  c u r v e s  f o r  t h e  d a t a  o f  t h i s  work,  
c u r v e s  a r e  drawn through t h e  d a t a  o f  Kanga lask i ,  e t  a 1  (Ref .  ( I ) ) ,  t o  emphasize  
t h e  s a t u r a t i o n  l e v e l  which w a s  s u g g e s t e d  a t  i n c r e a s i n g  f  luence  l e v e l s .  The d a t a  
of t h i s  B e t t i s  s t u d y  a l s o  e x h i b i t  a  s i m i l a r  s a t u r a t i o n  o c c u r r i n g  a t  a  h i g h e r  
s t r e s s  l e v e l ,  140 k s i  a s  compared t o  110 k s i .  A p o t e n t i a l  r e a s o n  f o r  t h e  h i g h e r  
s a t u r a t i o n  s t r e s s  l e v e  1s i s  t h e  h i g h e r  i r r a d i a t i o n  t e m p e r a t u r e s  o f  t h e  H- 10 t u b e .  
The o t h e r  v a l u e s  i n c l u d e d  on t h e  p l o t ,  R e f s .  (2) and ( 3 ) ,  i l l u s t r a t e  t h e  i n -  
c r e a s e  i n  s t r e s s  l e v e l  e x h i b i t e d  w i t h  i n c r e a s i n g  i r r a d i a t i o n  t e m p e r a t u r e .  I t  
shou ld  be no ted  t h a t  t h e  i r r a d i a t i o n  t e m p e r a t u r e s  of  t h e  H-10 IPT v a r i e d  and were  
h i g h e r  a t  t h e  h i g h e r  f l u e n c e  r e g i o n s  o f  t h e  t u b e .  I n  t h e  mean t e m p e r a t u r e  r a n g e  
c o n s i d e r e d ,  550-703 '~ ,  based on t h e  o t h e r  d a t a  i n c l u d e d  on t h e  f i g u r e ,  t h e  b i a s  
i n  t h e  shape of t h e  c u r v e  caused by t h e  v a r y i n g  t e m p e r a t u r e  was n o t  expec ted  t o  
be l a r g e .  For purposes  of  l i f e t i m e  e x t e n s i o n  j u s t i f i c a t i o n ,  t h e  v a r y i n g  i r r a d i a -  
t i o n  t empera tu re  c u r v e  i s  i d e a l ,  s i n c e  i t  is  p r o t o t y p i c  of  t h  i n - s e  v i c e  c o n d i -  
t i o n s .  Observing t h e  h i g h e s t  f l u e n c e  l e v e l  t e s t e d ,  3 . 9 8  x  los2 n/cm5 (>1 Mev), 
which is  a l s o  t h e  h i g h e s t  i r r a d i a t i o n  t e m p e r a t u r e ,  no i n d i c a t i o n s  o f  a n n e a l i n g  
of t h e  i r r a d i a t i o n  damage, t y p i c a l l y  r e s u l t i n g  i n  d e c r e a s e d  y i e l d  and t e n s i l e  
s t r e n g t h s  (Ref.  (2))  , were e x h i b i t e d .  

I n  F i g u r e s  9-11, t h e  h o t  t e n s i l e  p r o p e r t i e s ,  0 . 2 % . o f f s e t  y i e l d  s t r e n g t h  
and t e n s i l e  s t r e n g t h ,  a r e  p l o t t e d  f o r  600°F, 800°F', and 1 0 0 0 ~ F ,  r . e s p e c t i v d l y  . 
Where a v a i ' l a b l e ,  d a t a  from o t h e r  s t u d i e s  a r e  i n c l u d e d  f o r  compar ison. .  A s  i n  : 
t h e  room t e m p e r a t u r e  c a s e ,  t h e  d a t a  show s a t u r a t i o n  and l e v e l i n g  o f f  o f  prop- 
e r t  i es  w i t h  no i n d i c a t i o n s  o f  embr i t t  lement o r  h i g h e r  i r r a d i a t i o n  t e m p e r a t u r e  
annea 1 ing  . 

The room t e m p e r a t u r e  and . e l e v a t e d  t e m p e r a t u r e  t e n s i l e  p r o p e r t i e s  de te rmined  
i n  t h i s .  work i n d i c a t e  i r r a d i a t i o n  of  Type 347 s t a i n l e s s  s t e e l  t o  4  x  n/cm 2  
( > I  Mev) c a u s e s  no d e g r a d a t i o n  o f  p r o p e r t i e s  such  a s  l o s s  o f  s t r e n g t h  o r  b r i t t l e -  
n e s s .  The f r a c t u r e d  s u r f a c e s ,  F i g u r e  12 ,  of  t h e  room t e m p e r a t u r e  test specimens  
e x h i b i t e d  t y p i c a l  cup-and-cone o r  d u c t i l e  type  f r a c t u r e s .  F r a c t u r e  s u r f a c e s  o f  
t h e  e l e v a t e d  t e m p e r a t u r e  t e s t s  appeared  s i m i l a r ,  e x c e p t  f o r  t h e  1 0 0 0 ~ ~  t e s t s ,  
which d i s p l a y e d  a  d a r k  o x i d e  l a y e r  a s  e x p e c t e d .  The f r a c t u r e  s t r e n g t h s  were 
t y p i c a l  of  t h o s e  de te rmined  i n  o t h e r  s t u d i e s  (Ref .  (2 ) )  . From room t e m p e r a t u r e  
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t o  t e m p e r a t u r e s . w e l 1  above t h e  normal ATR o p e r a t i n g  r a n g e ,  t h e  damage a p p e a r s ' t o  
be  s a t u r a t i n g  o u t  a s  i n d i c a t e d  by t h e  l e v e l i n g  o f f  o f  t e n s i l e  p r o p e r t i e s  S i n c e  
R e f .  (2) r e s u l t s  a t  much l o w e r  f l u e n c e  l e v e l s  (approximate  1 t o  6 x  1021 n/cm 2  

(>1 Mev)) were  similar t o  t h o s e  of  t h i s  s t u d y  up t o  4  x  10" n/cm2 
( > l  9n;cm2 s i g n i f i c a n t  changes  i n  t h e  t e n s i l e  p r o p e r t i e s  a t  l e v e l s  even  above 4  x  10 

(>1 Mev) a r e  n o t  e x p e c t e d .  

B. F a t i g u e  P r o p o r t i o c  

The unnotched f a t i g u e  specimen test r e s u l t s  a t  room t e m p e r a t u r e  a r e  
p r e s e n t e d  i n  T a b l e  V .  A l l  t h r e e  specimens  t e s t e d  f a i l e d  from c r a c k  i n i t i a t i o n  
a t  t h e  h o l e  i n  t h e  specimen' end where t h e  specimens  were  pinned t o  t h e  g r i p s .  
T h i s  o c c u r r e n c e  may b e  a t t r i b u t e d  t o  s t r e s s  c o n c e n t r a t i o n s  caused  by e i t h e r  t h e  
h o l e  i t s e l f ,  non-axisymmetr ic  l o a d i n g ,  o r  machining marks which were  observed 
i n  some i n s t a n c e s  i n  t h i s  l o c a t i o n .  S i n c e  f a i l u r e s  o c c u r r e d  a t  such s t r e s s  
c o n c e n t r a t i o n s ,  i t  i s  o b v i o u s  t h a t  t h e  r e s u . l t s  o b t a i n e d  a r e  c o n s e r v a t i v e ,  s i n c e  
t h e  gage  s e c t i o n  undoubted ly  c o u l d  have w i t h s t o o d  a d d i t i o n a  1 cyc 1e.s . I t  . sho l~  1.d 
b e  n o t e d  t h a t  i n  none o f  t h e  tests was a  c r a c k  d e t e c t e d  p r i o r  t o  f a i l u r e .  Thus ,  
i t  was presumed t h a t  f a i l u r e  o c c u r r e d  s h o r t l y  a f t e r  c r a c k  i n i t i a t i o n .  

The c y c l i c  s t r e s s  l e v e l  u s e d  f o r  t h e  f a t i g u e  ' t e s t s ,  56 k s i ,  is s i g n i f i c a n t -  
l y  g r e a t e r  t h a n  t h e  maximum stress r a n g e  .of  15 .5  k s i  e x p e r i e n c e d  by t h e  ATR I P T ' s .  
F u r t h e r ,  t h e  d e s i g n  v a l u e s , o f  t h e  t o t a l  number of  p r e s s u r e  and the rmal  c y c l e s  
o v e r  t h e  f u l l  l i f e  o f  the '  IPT1,s a r e  500 and 900 r e s p e c t i v e l y ,  o r  a  t o t a l  o.f 1400 
c y c l e s .  . T h e  c y c l e  t o  f a i l u r e  v a l u e s  o b t a i n e d  i n  t h i s  work a r e  w e l l  i n  exces 's  
o f  t h e  t o t a l  d e s i g n  f a t i g u e  l i f e .  

K a n g i l a s k i ,  e t  a 1  (Rcf .  ( l ) ) ,  have s t u d i e d  t h e  f a t i g u e  p r o p e r t i e s  of  Type 
347 s t a i n l e s s  s t e e l  i r r a d i a t e d  up t o  1 . 6  x  n/cm2 (>1 Mev) a t  1 2 2 ~ ~  and 
t e s t e d  a t  room t e m p e r a t u r e .  One of  t h e i r  f i n d i n g s  was t h a t  i r r a d i a t i o n  i n c r e a s e d  
t h e  stress n e c e s s a r y  f o r  f r a c t u r e  a t  a  g i v e n  number o f  f a t i g u e  c y c l e s .  T h i s  
r e s u l t  is  c o n s i s t e n t  w i t h  t h e  f a i l u r e  of  t h e  low f l u e n c e ,  HX2 specimen,  which 
was s t r e s s e d  t o  t h e  same s t r e s s  l e v e l  a s  t h e  h i g h e r  f l u e n c e  spec imens ,  and which 
f a i l e d  i n  a  lower number o f  c y c l e s .  K a n g i l a s k i ,  e t  a 1  a l s o  found t h a t  f a t i g u e  
l i f e  i n c r e a s e d  o r  s t a y e d  t h e  same a f t e r  i r r a d i a t i o n  f o r  t o t a l  s t r a i n  r a n g e s  of  
less t h a n  1 . 3  p e r c e n t .  I n  t h i s  work t h e  s t r e s s  l e v e l  of  56 k s i  c o r r e s p o n d s  t o  
a t o t a l  s t r a i n  o f  A c t  = A ~ / E  = 56,000/29 x  lo6  = 0.0019 a t  room t e m p e r a t u r e  
and s i m i l a r l y  a €  = 56,000/24 x  lo6  = .0023 a t  8 0 0 ~ ~ .  The d e c r e a s e  i n  t h e  t o t a l  
number o f  c y c l e s  t o  f a i l u r e  f o r  t h e  h i g h e s t  f l u e n c e  specimen was p robab ly  due t o  
s t a t i s t i c a l  e r r o r  which was i n t e n s i f i e d  by t h e  s t r e s s  c o n c e n t r a t i o n s .  However, 
a s  p r e v i o u s l y  d i s c u s s e d ,  b o t h  v a l u e s  a r e  w e l l  above t h e  d e s i g n  r e q u i r e m e n t s  and 
e x h i b i t  no d e g r a d a t i o n  due  t o  t h e  h i g h e r  i r r a d i a t i o n  t e m p e r a t u r e s  of t h i s  work.  

Using t h e  U n i v e r s a l  S l o p e s  Equa t ion  t o  r e l a t e  t e n s i l e  p r o p e r t i e s  t o  
f a t i g u e  l i f e  f o r  i r r a d i a t e d  m a t e r i a l  (Ref .  ( 6 ) )  , 

whereAEt = t o t a l  s t r a i n  r a n g e  
rvts = u l t i m a t e  s t r e n g t h  

E = Young's  modulus 
D = f r a c t u r e  d u c t i l i t y  = I n  (100/(100 - R A ) )  

RA = r e d u c t i o n  i n  a r e a ,  p e r c e n t  
Nf  = c y c l e s  t o  f a i l u r e  
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p r e d i c t e d  Nf v a l u e s  a r e  compared w i t h  e x p e r i m e n t a l  v a l u e s  i n  Tab le  V I .  The 
p r e d i c t e d  v a l u e s  were c a l c u l a t e d  u s i n g  twice  t h e  t o t a l  s t r a i n  f o r  c o n s e r v a t i s m .  
A s  can  be s e e n ,  t h e  p r e d i c t e d  v a l u e s  a r e  c o n s i d e r a b l y  h i g h e r .  The t a b l e  a l s o  
shows t h a t  p r e d i c t e d  f a t i g u e  l i f e  v a l u e s  i n  t h e  ATR s e r v i c e  t e m p e r a t u r e  range  of  
a p p r o x i m a t e l y  8 0 0 ' ~  a r e  a l s o  h i g h .  Using t h e  u n i v e r s a i  s l o p e s  method o f  l i f e t i m e  
p r e d i c t  i o n ,  based on t h e  t e n s i l e  p roper  t i e s  o b t a i n e d  i n  t h i s  work, f a t i g u e  shou ld  
be adequa te  a t  l a r g e  f l u e n c e s . '  Although t h e  e x p e r i m e n t a l  v a l u e s  o b t a i n e d  were  
l e s s  t h a n  p r e d i c t e d ,  t h e s e  v a l u e s  d i s p l a y  no g r o s s l y  d e r o g a t o r y  e f f e c t s  which 
might i n d i c a t e  t h a t  i r r a d i a t i o n  was c a u s i n g '  some d e p a r t u r e  from t h e  normal ly  
p r e d i c t e d  f a t i g u e  l i f e ,  e s p e c i a l l y  s i n c e  f a i l u r e s  d i d  not  occur  i n  t h e  gage 
s e c t i o n .  S i n c e  t h e  f a t i g u e  l i f e  a t  a  s t r e s s  r a n g e  c o n s i d e r a b l y  h i g h e r  than  t h e  
i n - s e r v i c e  s t r e s s  r ange  was found t o  be between one and two o r d e r s  of  magni tude 
l a r g e r  than  t h e  d e s i g n  v a l u e s ,  t h e r e  a r e  no a p p a r e n t  r e a s o n s  why ATR l i f e t i m e  
e x t e n s i o n  canno t  be j u s t i f i e d  from a  f a t i g u e  s t a n d p o i n t .  

C .  F r a c t u r e  Toughness P r o p e r t i e s  

The f r a c t u r e  toughness  t e s t  v a l u e s  f o r  t h e  i r r a d i a t e d  Type 347 s t a i n l e s s  
s t e e l  IPT m a t e r i a l  were  r e l a t i v e l y  h i g h  and i n d i c a t i v e  o f  d u c t i l e  m a t e r i a l .  
These r e s u l t s  a r e  g i v e n  i n  T a b l e s  V I I  and V I I I  f o r  t h e  s t a t i c  and dynamic t e s t s ,  
r e s p e c t i v e l y ,  and a r e  a l s o  shown g r a p h i c a l l y  on F i g u r e  13.  O s c i l l o s c o p e  t r a c e  
photographs  of  two of  t h e  dynamic f r a c t u r e  toughness  t e s t s  a r e  i n c l u d e d  i n  
F i g u r e s  14 and 15 t o  i l l u s t r a t e  t h e  t e c h n i q u e  used f o r  performing t h e s e  t e s t s .  
The load t r a c e  of  specimen HD5 went o f f  s c a l e  b e f o r e  r e t u r n i n g  t o  i t s  b a s e l i n e  
v a l u e .  The load range  was t h e r e f o r e  doubled f o r  subsequen t  t e s t s .  The saw- 
t o o t h  r i g h t h a n d  p o r t i o n s  of  t h e  o s c i l l o s c o p e  t r a c e s  a r e  s imply  b a s e l i n e  e l e c t r o n -  
i c  n o i s e  a n d / o r  c l i p - o n  d i sp lacement  g a g e .  shock v i b r a t i o n s  a f t e r  specimen f a i l -  
u r e .  Load v a l u e  f o r  specimen HD5 was o b t a i n e d  from a n  e l e c t r o n i c  backup memory 
u n i t .  A s  c a n  be  seen' ,  t h e  g e n e r a l  t r e n d  was t h a t  t h e  f r a c t u r e  toughness  v a l u e s  
i n c r e a s e d  w i t h  i n c r e a s i n g  f  luence  a t  a 1  1 t e m p e r a t u r e s ,  t h u s  i n d i c a t i n g  improved 
r e s i s t a n c e  t o  f r a c t u r e  from a c r a c k -  l i k e  d e f e c t .  

The v a l u e s  which were  o b t a i n e d  a t  t h e  f l u e n c e  l e v e l s  o f  2 . 9 5  and 3 .44 x 
n/cm2 (>1 Mev) a l l  were over  t h r e e  t i m e s  t h e  minimum r e q u i r e d  v a l u e  o f  17 

k s i  ,\/m, p r e d i c t e d  from t h e  l e a k  b e f o r e  b r e a k  c r i t e r i o n .  A l t e r n a t e l y ,  i n  terms 
o f  margin  on c r a c k  l e n g t h ,  t h e  r a t i o  would b e  i n c r e a s e d  from t h r e e  t o  n i n e .  

A s  a n  a l t e r n a t i v e  a p p r o a c h ,  a  minimum dynamic f r a c t u r e  t o u g h n e s s . v a l u e  can  
be e s t i m a t e d  u s i n g  t h e  ASME B o i l e r  and P r e s s u r e  V e s s e l  Code A r t i c l e  A-3000, 
S e c t i o n  X I  1974 e d i t i o n  f o r  a  p a r t - t h r o u g h  c r a c k  a s  f o l l o w s :  

where r m ,  = Membrane and bending s t r e s s e s  
a  = Minor h a l f - d i a m e t e r  of  embedded f l a w  o r  f l a w  d e p t h  f o r  

s u r f a c e  f l a w  = 112 t h i c k n e s s ,  
Q = Flaw shape  pa ramete r  '2 

M, = C o r r e c t i o n  f a c t o r  f o r  membrane s t r e s s e s  
Mb = C o r r e c t i o n  f a c t o r  f o r  bend ing  s t r e s s e s  

( C r i t i c a l  l e n g t h  - 2 t  = 0 . 4  i n )  
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From t h i s  e q u a t i o n ,  a minimum KI o f  23 k s i  d i n .  was o b t a i n e d .  The v a l u e s  
o b t a i n e d  f o r  t h e  dynam,ic f r a c t u r e  toughness  i n  t h i s  s t u d y  were a g a i n  a l l .  g r e a t e r  
t h a n  t h r e e  t imes  t h i s  minimum. Even a t  t h e  h i g h e s t  f l u e n c e ,  3 .44 x  n/cm 2 
(>1 Mev),  t h e  v a l u e  f o r  t h e  dynamic f r a c t u r e  toughness  remained h i g h  w i t h  no 
i n d i c a t i o n s  o f  b r i t t l e n e s s .  

The f r a c t u r e  s u r f a c e s  o f  most  of t h e  s t a t i c  and dynamic t e s t s  d i s p l a y e d  
s h e a r  l i p s  t y p i c a l  o f  d u c t i l e  f r a c t u r e  (See F i g u r e  1 6 ) .  S e v e r a l  specimens  even  
d i s p l a y e d  f u l l  o b l i q u e  f r a c t u r e  a p p e a r a n c e .  The f a t i g u e  p r e c r a c k s  , however,  
were  obse rved  t o  be p a r t i a l l y  skewed i n  shape i n  p r a c t i c a l l y  a l l  o f  t h e  spec imens ,  
w i t h  t h e  c r a c k  on t h e  o u t s i d e  r e g i o n  of  t n e  tube  w a l l  g e n e r a l l y  l a r g e r  i n  l e n g t h  
I I ~ I I  t h a n  a l o n g  t h e  i n n e r  s u r f a c e  a s  shown i n  F i g u r e  16.  T h i s  was expec ted  w i t h  

t h e  c u r v e d  shaped spec imens .  Although i n v a l i d  p e r  ASTM E-399-74, i t  was judged 
t h a t  r e a s o n a b l e  measurements of  t h e  c r a c k  l e n g t h  c o u l d  s t i l l  be o b t a i n e d  from 
a v e r a g i n g  c rack-Leng th  measurements a c r o s s  t h e  specimen t h i c k n e s s  and t h a t  t h e  
t e s t  r e s u l t s  would s t i l l  be  m e a n i n g f u l .  Also ,  i t  shou ld  be noted t h a t  t h e  
o r i e n t a t i o n  o f  t h e  c r a c k  i n  t h e  specimens  was p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  
a  c r a c k  e x p e c t e d  t o  o c c u r  from t h e  maximum hoop s t r e s s ,  i . e . ,  p a r a l l e l  t o  t h e  
a x i s  o f  t h e  t u b e .  However, t h i s  d i f f e r e n c e  is  d i f f i c u l t  t o  overcome, s i n c e  
t h e r e  a r e  no s t a n d a r d  f r a c t u r e  toughness  specimens  which a r e  e a s i l y  o b t a i n e d  from 
t h e  c y l i n d r i c a l  s e c t i o n s .  A s  i n  t h e  c a s e  o f  t h e  c r a c k  s h a p e s ,  t h i s  d i f f e r e n c e  
was n o t  judged t o  c a u s e  l o s s  o f  mean ingfu l  r e s u l t s .  

The main c o n c e r n  w i t h  v a l i d i t y  of  r e s u l t s  r e s t s  w i t h  specimen t h i c k n e s s e s .  
A v a l i d  p l a n e  s t r a i n  f r a c t b r e  toughness  p a r a m e t e r ,  K I C ,  was n o t  r e p o r t e d  f o r  
t h e s e  t e s t s - b e c a u s e  t h e  ASTM c r i t e r i o n  f o r  v a l i d i t y  r e g a r d i n g  specimen t h i c k n e s s ,  
B > 2 . 5  & L ,  was n o t  met s i n c e  t h e  specimens  were t o o  s m a l l .  N e v e r t h e l e s s ,  

(WYS'YS) 
t h e  v a l u e s  r e p o r t e d  a r e  t h o s e  o b t a i n e d  from measurements on specimens  which a r e  
p r o t o t y p i c  o f  s e r v i c e  c o n d i t i o n s  i n  t h e  s e n s e  t h a t  t h e  specimen t h i c k n e s s  i s  t h e  

. t u b e  w a l l  t h i c k n e s s .  For t h e  specimens  t e s t e d ,  w i t h  r e s u l t s  one might c o n s i d e r  
a s  measures  o f  t h e  y i e l d  s t r e n g t h  more t h a n  f r a c t u r e  toughness  (due t o  t h e  under-  
s i z e  specimens  and t h e  d u c t i l i t y  e x h i b i t e d ) ,  t h e  v a l u e s  a r e  r e l a t i v e l y  h i g h  and 
are w e l l  above t h e  v a l u e s  p r e d i c t e d  by t h e  l e a k - b e f o r e - b r e a k  (LBB) c r i t e r i o n  on 
t h i s  s i z e  r e g i o n .  Thus ,  s i n c e  t h e  specimens  of  t h i s  s t u d y ,  w i t h  t h e  t h i c k n e s s  
p r o t o t y p i c  o f  t h e  i n t e n d e d  a p p l i c a t i o n ,  e x h i b i t e d  d u c t i l e  f a i l u r e s ,  i t  was con- 
c l u d e d  t h a t  b r i t t l e  f r a c t u r e  was no t  a  problem f o r  m a t e r i a l  i r r a d i a t e d  t o  t h e  
r a n g e  o f  t h i s  work.  F u r t h e r ,  t h e  v a l u e s  g e n e r a l l y  a p p e a r  t o ' b e  i n c r e a s i n g  w i t h  
i n c r e a s i n g  f l u e n c e  (a t r e n d  obse rved  p r e v i o u s l y  f o r  " v a l i d "  KTc v a l u e s  f o r  
Z i r c a l o y  by Walker and Kass (Ref .  ( 7 ) ) .  However, d a t a  a r e  t h u s  f a r  t o o  l i m i t e d  
t o  c o n c l u d e  whether  t h e  f r a c t u r e  toughness  v a l u e s  w i l l  c o n t i n u e  t o  change o r  w i l l  
remain c o n s t a n t  f o r  f u r t h e r  f l u e n c e  i n c r e a s e s .  The d a t a  do  i n d i c a t e  t h a t  i n c r e a s -  
i n g  t h e  l o a d i n g  r a t e  (dynamic t e s t s ) ,  a n d / o r  i n c r e a s i n g  t h e  t e s t  t e m p e r a t u r e  do  
n o t  c a u s e  a n y  s i g n i f i c a n t  changes  t o  t h e  f r a c t u r e  toughness  f o r  t h e  f l u e n c e  
l e v e l s  t e s t e d  . 

D .  S t r e s s  Rupture  P r o p e r t i e s  

The d e l a y e d  f a i l u r e  s t r e s s  r u p t u r e  test  r e s u l t s  a r e  l i s t e d  i n  Tab le  I X .  
S e v e r a l  problems were e n c o u n t e r e d  i n  c o n d u c t i n g  t h e s e  t e s t s  which r e s u l t e d  i n  
less o b t a i n e d  i n f o r m a t  i o n  t h a n  was o r i g i n a l l y  i n t e n d e d .  However, s e v e r a l  q u a l i -  
t a t i v e  r e s u l t s  were o b t a i n e d .  



The t e s t  specimen i r r a d i a t e d  t o  2.22 x  n/cm2 (>1 Mev) s u r v i v e d  100 
h o u r s  a t  82% of  t h e  y i e l d  stress a t  6 0 0 ' ~  . and  showed no i n d i c a t i o n s  of  impaired 
stress r u p t u r e  p r o p e r t i e s  due t o  e m b r i t t l e m e n t  from he l ium t ransmuted from boron .  
I n  a d d i t i o n ,  specimens i r r a d i a t e d  t o  t h e  lower f  luence  l e v e l s ,  0 .0001-0.001 x  

n/cm2 (>1 Mev), s u r v i v e d  e i t h e r  100 o r  200 h o u r s  of  t e s t i n g  a t  t e m p e r a t u r e s  
r a n g i n g  from 600 t o  1 0 0 0 ~ ~  a t  s t r e s s e s  a t  o r  above t h e  r e s p e c t i v e  y i e l d  stresses. 

0 
S i n c e  t h e  1000 F  t e s t  i n  p a r t i c u l a r  d i d  no t  d i s p l a y  any e v i d e n c e  o f  h i g h  temp- 
e r a t u r e  e m b r i t t l e m e n t ,  i t  becomes even more u n l i k e l y  t h a t  such e m b r i t t l e m e n t  
would be a  p o s s i b i l i t y  a t  t h e  IPT s e r v i c e  t e m p e r a t u r e s .  F u r t h e r ,  s i n c e  most of  
t h e  s u r v i v i n g  specimens were notched and p r e c r a c k e d ,  no i n d i c a t i o n s  o f . n o t c h  
s e n s i t i v i t y  were d e t e c t e d .  

I t  is  worth  n o t i n g  t h a t  t h e  specimens  which f a i l e d  were  h i g h l y  s t r e s s e d  
i n d i c a t i n g  t h a t  t e n s i l e  notch s e n s i t i v i t y  is n o t  s i g n i f i c a n t .  . The r e a s o n  f o r  
t h e  f a i l u r e s  on l o a d i n g ,  and a  major  problem o f  t h e  t e s t , ' w a s  t h e  i n a b i l i t y  t o  
a c c u r a t e l y  e s t i m a t e  t h e  c r o s s  s e c t i o n a l  a r e a  remain ing  i n  t h e  f a i l u r e ' p l a n e  
a f t e r  p r e c r a c k i n g ,  s i n c e ,  a s  d i s c u s s e d  i n  t h e  s e c t i o n  on f r a c t u r e  toughness ,  t h e  
f a t i g u e  c r a c k s  were o f t e n  skewed and approx imate  measures  of  t h e  a r e a s  cou ld  
o n l y  be made a f t e r  t h e  specimens were f r a c t u r e d .  Hence, i n  a t t e m p t i n g  t o  load  
t h e  specimens  a s  c l o s e  t o  t h e  y i e l d  a s  p o s s i b l e ,  u n d e r e s t i m a t e s  of t h e  c r a c k  
s i z e s  caused premature  f a i l u r e s  a s  noted f o r  specimen HH4. For t h e  lower f l u e n c e  
spec imens-where  t h e  u l t i m a t e  t e n s i l e  s t r e s s e s  were c o n s i d e r a b l y  h i g h e r  than  t h e  
y i e l d ,  f a i l u r e s  on l o a d i n g  were' n o t  a s  g r e a t  a problem, s i n c e  a  l a r g e r  margin  
f o r  e r r o r s  i n  t h e  c r a c k - s i z e  e s t i m a t e s  e x i s t e d .  

To a v o i d  t h e  t r i a l  and e r r o r  s i t u a t i o n  invo lved  w i t h  t h e  notched and p r e -  . 

cracked  specimens ,  two t e n s i l e  specimens  were  t e s t e d  a s  d e l a y e d  f a i l u r e  stress 
r u p t u r e  t e s t s ;  Such t e s t s ,  i t  was judged,  would p r o v i d e  r e s u l t s  more comparable  
w i t h  c r e e p  d a t a .  The low f  luence  specimen ' su rv ived  200 h o u r s  o f  t e s t i n g  a t  
1 0 0 0 ~ ~ .  U n f o r t u n a t e l y ,  t h e  h i g h  f l u e n c e  specimen HC1 f a i l e d  a t  a  s t r e s s  s l i g h t l y  
lower t h a n  y i e l d  s t r e s s  p r e d i c t e d  from t h e  t e n s i l e  t e s t  and no s t r e s s  r u p t u r e  
i n f o r m a t i o n  c o u l d  be o b t a i n e d .  T h i s  caused  s p e c i f i c  s t r e s s  r u p t u r e  i n f o r m a t i o n  
a t  h i g h  f l u e n c e s  t o  r emain  i n c o n c l u s i v e  . The low f l u e n c e  specimen d a t a , .  however,  
were s u f f i c i e n t  t o  show t h a t  no p remature  t e s t i n g  c r e e p  f a i l u r e s  o c c u r  due t o  
t h e  low f  luence  i r r a d i a t i o n .  

E .  D e n s i t y  Measurements 

1022 
r e s u  

Densi  
n/ cm2 
ts a r e  

t y  measurements from s e l e c t e d  h i g h  f l u e n c e  spec imens ,  3 .44-3 .98 x  
(>1 Mev), were  made and compared w i t h  t h e  u n i r r a d i a t e d  m a t e r i a l .  The 
r e p o r t e d  i n  Tab le  X,' which show a  volume change of o f  . 2 1  t o  

.25%. These r e s u l t s  show t h a t  o n l y  s l i g h t  s w e l l i n g  may have o c c u r r e d  i n  t h e  
m a t e r i a l ,  b u t  t h e  d a t a  a r e  t o o  l i m i t e d  t o  p r o v i d e  any c o n c l u s i v e  c o r r e . l a t i o n  t o  
f1uenc.e.  Thus,  t h e s e  d a t a  a r e  p r e s e n t e d  f o r .  i n f o r m a t i o n  o n l y .  

Conc lus ions  

Based on t h e  t e s t  r e s u l t s  d e s c r i b e d  h e r e i n ,  t h e  f o l l o w i n g  c o n c l u s i o n s  
were drawn. 
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1. S i g n i f i c a n t  i n c r e a s e s  i n  t h e  y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h s  
o c c u r  a f t e r  i r r a d i a t i o n  t o  f  l u e n c e s  up t o  a p p r o x i m a t e l y  4  x  n/cm2 (>1 Mev) . 
However, s u c h  i n c r e a s e s  occur  a t  lower f l u e n c e  l e v e l s  and a p p e a r  t o  remain con- 
s t a n t ,  i n d i c a t i n g  s a t u r a t i o n  o f  t h e  i r r a d i a t i o n  damage. 

2 .  Although t h e  u n i f o r m  e l o n g a t i o n  d e c r e a s e s  s i g n i f i c a n t l y ,  i t  a l s o  
a p p e a r s  to have l e v e l e d  o f f  t o  c o n s t a n t  v a l u e s ,  and t h e  o v e r a l l  d u c t i l i t y  a s  

' i n d i c a t e d  by t o t a l  e l o n g a t i o n  and r e d u c t i o n  i n  a r e a  remains  r e a s o n a b l y  good. 
F u r t h e r ,  i r r a d i a t i o n  r e s u l t s  i n  a n  i n c r e a s e d  s a f e t y  marg in  from d u c t i l e  f a i l u r e  
b e c a u s e  o f  t h e  i n c r e a s e d  y i e l d  s t r e n g t h  of  t h e  m a t e r i a l .  

3 .  F a t i g u e  p r o p e r t i e s  a r e  s a t i s f a c t o r y  a f t e r  i r r a d i a t i o n  t o  4  x  10 2 2  

n/cm2 (>I ~ e v )  . 
4 .  The f r a c t u r e  toughness  r e s u l t s  i n d i c a t e d  t h  t t h e  ype 347 s t a i n l e s s  

s t e e i  remained d u c t i l e  a t t e r  i r t d d i a t l o r i  co 3.44 x 10'~ nlcrn' ( 9 1  Mev) aurl the 
f r a c t u r e  toughness  v a l u e s  g e n e r a l l y  appeared  t o  i n c r e a s e  wi-th i n c r e a s i n g  
f  l u e n c e  ; 

5 .  Dynamic f r a c t u r e  toughness  t e s t s  vesulced i n  c o n s i s t e n t l y  h i g h  
f r a c t u r e  toughness  v a l u e s  and d i d  no t  d i s p l a y  e v i d e n c e  o f  b r i t t l e  f r a c t u r e .  

G 

6 .  No e v i d e n c e  o f . n o t c h  s e n s i t i v i t y  o r  . s t r a i n  a t e  s e n s i t i v i t y  was found 
i n  t h i s  t e s t i n g  f o r  f l u e n c e s  r a n g i n g  up t o  2122 x  lo2' n/cm2 (>1 Mev) . 

7 .  The t e n s i l e ,  f r a c t u r e  toughness ,  and s t r e s s ,  r u p t u r e  tests d i s p l a y e d  
good m a t e r i a l  i n t e g r i t y  a t  a l l  t h e  t e s t  t e m p e r a t u r e s  from room t e m p e r a t u r e  t o  
1 0 0 0 ~ ~ .  

8.  A l l  o f  t h e  above c o n c l u s i o n s  i n d i c a t e  t h a t  e x t e n s i o n  of  t h e  ATR 
f l u e n c e  l i m i t  t o  4  x  n/crn2 (>1 ~ e v )  is j u s t i f i e d  w i t h  r e s p e c t  t o  t h e  t e s t s  
in t h i s  s t u d y .  F u r t h e r ,  no  r e a s o n s  t o  p r o h i b i t  e x t e n s i o n  t o  even higher  levels 
were  e v i d e n c e d .  
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Table I 

Chemical Analysis of the ETR Type 347 Stainlese S t e e l  B-10. IFT 

Elanent . . 

C 
Wn 
P 
S. 
81 
cr 
Hi 
Wo 
Cu 

Cb + Ts 
Ta 
Co 

W t .  percent 



Table  I1 

Bpecisen L k s i p t i o n s  and Fluenee Values 

l r r n d i a t i m  Fluences x lon n/cm2 ( ,l Kevl  . 
T e m p r e t u r e ,  "F 

Cyl inder  8#cimen lor. Spec iscn  Type* O r i ~ . ( a l  Cur*e( b l  B e t t i e ( d 2  , 

4 

Avg. [ e i  

*? - xeamile o r  Fa t igue  2 - F r a c t u r e  TarghDcre 

( a )  mi-1 ~ t r t i - r e  a d  Chemical Processing Plan t  (CPP) 
( b )  B c r t  average  of ( a )  and f i r r i o n  r a t e  p r o f i l e  
( c )  AdJurted chemical  p r o c e r r i n g  p l a n t  Q t a  
( d )  Ad:urted B e t t i e  &ts 
( e )  A v e n g e  o f  ( e )  and ( d )  
( f l  [-(a) ( b ) 1 / 2  

Value Used 

2.20 (f) 

3 . 9  (g) 

3.44 ( g )  

3 .65  ( s )  

2.95 ( 1 )  

2.22 (i) 

.001 

.m ( h )  

.om1 

.'oooir 



Table 111 

Test 
emp. , OF 

Type 347 SS H-'1.0 IPT Specimens T e s t e d  

Static: m - r e  
Fluence P ~ a r t ~ r e  Fracture 
Level Tensile6 - Tou~hnees Toughpess Fatigue 

~ i g j  apl, mi, . ac2 . sm, m3, H D ~  iieb 
D3, ' H C 3 .  . ED1 

E x 6 ,  m, a, m5,: ac5 
ac6 



Table I V  

Ttr~el le  P e e u i t 6  

F l  enct I r rndis t ion 
Specimen n!cmy ; Temperature 
Rlaber J> 1 l l e v )  9 

Teat 
Temp.. % 

Y.S. 
Lo.'-) kg1 

Frectum 
S t m r s ,  

ksl 

700.0 
159.2 
151.3 
112.5 

237.6 
312.5 
138.0 
103.6 
125.6 

151.5 
uo. 3 

281.3 
2e6.6 
153.5 
12h. 2 

173. b 
167.6 
14 3.6 
85.1 

118.6 
13b. 7 
131-9 

m 
k s i  - 

lL0.3 
123.3 
111.a 
69.5 

i L 4 . 3  
1i.F - 3 
125.7 
its. 4 
l l2 .8  

m.9 
91.6 

1u'J.T 
145.4 
108.e 
@. 3 

87.9 
8q. 3 
63.5 
61.3 
se. 1 
59.3 
9.1 

Unl fore  
Elong. 2 

1.65 
0.89 
0. d6 

.1.13 

1.5 
1.5 
0.62 
0.80 
0.65 

1.2 
1.02 

1. sa 
1.35 
0. go 
0.90 

> 15 
> 15 
>15 
> 15 
> 15 
> 15 
>15  

Reduction io  Area 

m 
m 

600 
Boo 
800 

m 
m 

Boo 
lo00 

140.1, 
l b l .  1 
lot). 3 
81.3 

Broke a t  o r  outside gage le-h 



Test Irrsd 
fimp., OF Range (1b1 

Table V -.- - 
F a t i g , : ~  Results 

Strc:.e 
u e  Frequency 
jbij ~ycles /Sec  f Cyclce 

1.94-%*l 1 5000 
5 56, U Q  

1.93-57.8 1 10,203 
3 85,113 

1.96- 9.8  1 3,000 
5 23,050 

61,111 Failurn i n  b e e  of 
Specinan a t  p in  hole. 

95,110 Failure in base of 
bQecimen a t  p in  hole. 

F m i l u v  in basc of 
36,050 Specimen at pin hole. 



Tens i l e  Fatigue l i f e  Calc?~2srlona for' a€-,= 0.0038 (RT) and ~ . w t  (B(*%) 

Tens i l e  Data 
F1 nee T h i ~  Work) Appro~lm t e  

" ( > l M e v l ,  Temperature V i t a  gpe'zimen n/cm x 10 RA . N ~ ( G ~ c )  ~ J e x p e r i m e n t a l )  

1 ~ ~ p r ~ ~ l m a t e d  baaed on HE ring f luence 
2 'Approxixated Lewd on HZ r ing  fluence 
3 Approximated bared on BV riw fluence 

6 6 Mote: B 29 x 10 pal  a t  Ft?; 24 r 10 pi a t  800'~ 



Table  VII 

B t a t i c  T e s t s  ( ~ o a d i n g  Rate 9-15G ksi \;;rjmin) 

w, PO 
.t 9 

1rrad:atlon Te st &x. W a n t  
Temperature, F T e w m t u r r .  9 &ad, l b .  Offwt. 3. 

E s t l a t c d  cmek l e n g t h  



Table VIII 

F r a c t u r e  Toughness  % s u i t s  

Dymmlc F r a c t u r e  Toughness  T e s t a  ( h d l r q  R a t e  hpprox. 3 x 'lo5 k s l  . ] x / o i n . )  

Specimen F l I r r n d i a t i o n  T e a t  Max. Eat. Loed, P Used 
Number n 2  2 v T e m p r a t - .  ~r r a t u ,  i m d  ( lb )  t o  b l e .  4 t ~ )  

300 HE6 3-65 &J 6030 6oOo 3 . 3  lo5 .37 93.1 

aD5 3 . 4  703 do0 > 6400 5000 3.7 lo5 .43 91.6 

m4 2.20 6 5 3  800 5 340 loo b . 6  II lo5 . .52 117.2 

BAS 2.X) 65 3 Boo 3'720 3700 3-yx lo5 . W ,  94.2 



T a b l e  TX 

Eelaye3 F a i l u r e  B t r e s s  Rupture Tea: Rre*lts 

- F i n t  10C h r s .  S t c o d  1CQ nrr. 
S p e c i w n  Flw.gce I r r a d i a - . i ~ n  . T c r t  Aczual  -. Actua l  
R a b e r  ---- dm2 x 16. ( > 1 )(evl Tempera-;urn. 4 T e r p e r a t n r e ,  9. s t r e s s  . Kai* ..(Tr) S t r c s s  , Ksl* - Re811lt. 

F a i l e d  on l m d i n #  
l e r  100 hrs. 

F a i l e d  load ing  
2nd 100 bra.  

F a i l e d  on l o a d i q  
1st 100 h r r .  

F a i l e d  d u r i n g  pm- 
c r a c k i n g  (c racked  
s t  p inhole )  

F a i l e d  on load ing  
l8t 100 h r r .  

Survived bo th  t e r t r  

F a i l e d  on l o a d i w  
2nd 100 bro. 

Survived bo tb  t e s t r  

S u n i v e d  bo tb  
t e a t a  

Un-notched speclmenn - based on l a d  s a d  l c f t l a l  c r o r s  ae : t io=l  a r r a s ,  notched specimens - OaseC on l a r d  and pos t  t e s t  a r c s  measuremente 
(am8 - e a t .  c r a c k  1-8). 

Un-notched 



TABLE X 

Irradiation Dens i'ty Change 

Volume Change 
Fluence  Irrad i a t e d  Dens Lty Percentage 

Sample ' n/crn2x1022 ( > 1 klev) ] )ens  ity r,/cc Chnngc g / c c  A V/VZ 
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FIGURE 1 - H-10 In-Pile Tube 
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0 MEASUREMENT. 

(.0004) 4.0" 

[> 5501 
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( ) FLUENCE n/cm2 x 1022 (> I MeV) 

[ ] TEMPERATURE O F  
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FIGURE 2 

Specimen T~cations f o r  the ETR H-10 LFT: Hot a ~ l d  Cold Segments Pi' 



GAGE MARK 7 
O R l L  

T W O  
L 1/2 HOLE 

PLACES 

Notes: I. T equa l s ' tube  thickness. 
2. A l l  dimension i n  inches. 
3. A l l  to lerances  2 1/32 inch except  as indicated. 
4. Holes must be on c e n t e r l i n e  of reduced sec t ion  within f .002. 
5. Gradually t a p e r  reduced sectlu~ll toward middle ECI t.hmt. middle i s  

not more than  -005 inch less thqn ends of reduced section. 
6. Gage marks are t o  be ticillbed lPgh t ly  with rl?vlrlcrs or o the r  .. . . . .' 

au i t ab le  i n s t n m e n t s  on the  outbide diameter. . . . . 
. ,  . . . . . .  . . 

. I. . . .  . . .. ' - .  . . > .  . . .. .:. . . .: . . ~ 
. . . , . i  ~ 

: . . . . . . .  .* 
. . .  I .  ' I ,  

. % 

. . .' .. ' )  . . , :  . .  . .- . ,. , ( ", -. , . i .  I .  :. 
( . , . .  . . . 

' .; . I. 

. . . .  . . : .  , . :  
. . 

'.' . : . . .  . 

FICURE 3 - Tensi le  and Fatigue 
Test  Specimen 



DRILL 1/2 HOLE 
TWO PLACES 

C 

Notes: - T equals  t ube  th ickness .  
A l l  dimensions in inches.  
A l l  t o l e r a n c e s  + 1/32 inch  except  a s  
indicated.  
Holes must be on c e n t e r l i n e  of reduced s e c t i o n  w i t t p n  2 .02. 
Radius a t  t o p  of notch'  0.003-0.005 inches. 

T equals  - 
A l l  dimensions in inches.  

FIGURE 4 - Single-Edge-Notched Frac ture  
Toughness Specimen 



FIGURE 5 
H-10 In-Pile Tube Specimens 

Radial Orientation and ~ d e n t i f i c a t i o n  Location 

RADIAL ORIENTATION 

SPECIMENS 

CENTERED AT 
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SPECIMEN LOC 

IMEN 



Figure 6 - High Temperature ( 1000°F) Double Cantilever 
Clip-On Msplacement Gage Designed and Fabricated 
by Westin&ouse Research J~boratories 
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FIGURti: 7 - The Effect of T e s t  Temperature on the Tensile 
Roperties of Ismdiated Type 347 Stainleas Steel 
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FIGURE 8 - Effect of Fast Fluence on the Room Temperat- Yield and Ultimate Tensile Strength of 
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FIGURE 9 - E i f e z t  o f  Fast  Fluence on the 6000~ Yield and Ultimate Tens i le  Strength of Type 347 
S t a i n l e s s  S t e e l  
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FIGURE 11 - ggl%e2z, &?gklFlue3ce on the ~ C O &  Yie ld  and Ultimate Tensile Strength of Type 347 
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FIGURE 13 - Effect cf Ir ad at ion on the  Fracture Toughness Roperties of T y p  347 
-.sinless E x e l  fn-bile Tubes 
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