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E V A L U A T I O N  OF I N C O N E L  7 1 8  F O R  A P P L I C A T I O N  

I N  T H E  F A S T  T E S T  R E A C T O R  

R .  A .  M o e n ,  K .  R .  W h e e l e r ,  a n d  J .  E .  I r v i n  

A B S T R A C T  

I n c o n e l  718, a  p r e c i p i t a t i o n  h a r d e n a b l e  n i c k e l - b a s e  a l l o y ,  

h a s  r e c e n t l y  been  c o n s i d e r e d  f o r  u s e  i n  t h e  F a s t  T e s t  R e a c t o r  

(FTR). P r o p e r t i e s  o f  i n t e r e s t  which q u a l i f y  t h i s  a l l o y  f o r  

r e a c t o r  u s e  a r e  e x c e l l e n t  wear r e s i s t a n c e ,  f a t i g u e  r e s i s t a n c e ,  

e a s e  of f a b r i c a t i o n ,  s u p e r i o r  h i g h  t e m p e r a t u r e  mechan ica l  p r o p -  

e r t i e s ,  and s t r u c t u r a l  s t a b i l i t y .  

Three  d i s t i n c t  a r e a s  of p o s s i b l e  a p p l i c a t i o n  have t h u s  

f a r  been  i d e n t i f i e d :  

Flow Duct Con tac t  Pads .  P r e l i m i n a r y  d a t a  have shown 

I n c o n e l  718 t o  I n c o n e l  718 t o  be one o f  t h e  more f a v o r a b l e  

m a t e r i a l  combina t ions  f o r  c o n t a c t  pad  u s e  i n  1200 OF sodium 

s y s t e m s .  A d d i t i o n a l  development  work r e q u i r e d  f o r  c o n t a c t  pads  

i n v o l v e s  p e r f e c t i n g  methods of  f a b r i c a t i o n  and d e t e r m i n i n g  

per formance  of  f a b r i c a t e d  p a r t s  i n  a  1200 OF sod ium/neu t ron  

env i ronment .  

S a f e t y  Rod A c c e l e r a t o r  S p r i n g s .  T h i s  a l l o y  i s  of  i n t e r e s t  

f o r  s p r i n g  a p p l i c a t i o n s  b e c a u s e  of  i t s  h i g h  y i e l d  s t r e n g t h  

a t  t e m p e r a t u r e  and i t s  s u p e r i o r  s t r e s s  r e l a x a t i o n  p r o p e r t i e s  

a t  1200 OF. F u r t h e r  work must be done t o  d e t e r m i n e  i t s  

c o r r o s i o n  r e s i s t a n c e  and s t r e s s  r e l a x a t i o n  p r o p e r t i e s  i n  h i g h  

t e m p e r a t u r e - l o w  v e l o c i t y  sodium. 

F u e l  P i n  G r i d  Space r  Assembl i e s .  A s  i n  t h e  s p r i n g  a p p l i c a -  

t i o n ,  h i g h  y i e l d  s t r e n g t h  a t  t e m p e r a t u r e  and r e s i s t a n c e  t o  

s t r e s s  r e l a x a t i o n  q u a l i f y  I n c o n e l  718 f o r  t h i s  u s e .  No d a t a  

e x i s t  a t  t h i s  t i m e ,  however ,  on i t s  r e s i s t a n c e  t o  c o r r o s i o n  by 
. h i g h  t e m p e r a t u r e ,  h i g h  v e l o c i t y  sodium, n o r  o f  t h e  d e t e r i o r a t i o n  

of  s t r e n g t h  and d u c t i l i t y  r e s u l t i n g  from p r o l o n g e d  h i g h  tempera-  

t u r e  exposure  i n  f a s t  n e u t r o n  env i ronment s .  E x t e n s i v e  c o r r o s i o n  

and s t r e s s  r e l a x a t i o n  t e s t s  must be per formed i n  a  h i g h  f a s t  

f l u e n c e ,  h i g h  t e m p e r a t u r e ,  and h i g h  v e l o c i t y  sodium env i ronment .  
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E V A L U A T I O N  O F  I N C O N E L  7 1 8  F O R  A P P L I C A T I O N  

I N  T H E  F A S T  T E S T  R E A C T O R  

R .  A .  M o e n ,  K .  R .  W h e e l e r ,  a n d  J .  E .  I r v i n  

I. - I N T R O D U C T I O N  

C o n s i d e r a b l e  i n t e r e s t  h a s  been e x p r e s s e d  r e c e n t l y  i n  t h e  

use  of  a l l o y  I n c o n e l  718 i n  t h e  F a s t  T e s t  R e a c t o r  (FTR). 

Three d i s t i n c t  a r e a s  of  a p p l i c a t i o n  t h u s  f a r  i d e n t i f i e d  a r e  t h e  

f u e l  p i n  g r i d - s p a c e r  a s s e m b l i e s ,  s a f e t y  r o d  a c c e l e r a t o r  s p r i n g s ,  

and f low d u c t  c o n t a c t  p a d s .  Undoubtedly,  a d d i t i o n a l  a r e a s  o f  

p o t e n t i a l  a p p l i c a t i o n  w i l l  b e  i d e n t i f i e d  d u r i n g  p r e l i m i n a r y  and 

f i n a l  d e s i g n .  

The o b j e c t i v e  of  t h i s  r e p o r t  i s  t o  summarize t h e  i n f o r m a -  

t i o n  p r e s e n t l y  a v a i l a b l e  on I n c o n e l  718 a s  i t  a p p l i e s  t o  t h e  

FTR. An a d d i t i o n a l  o b j e c t i v e  i s  t o  i d e n t i f y  t h e  development  

e f f o r t  r e q u i r e d  t o  f u l l y  q u a l i f y  t h i s  m a t e r i a l  f o r  use  i n  t h e  

FTR i n  t h e  t h r e e  a p p l i c a t i o n s  p r e s e n t l y  i d e n t i f i e d .  

11. A P P L I C A T I O N S  

F U E L  E L E M E N T  G R I D  S P A C E R S  

I n c o n e l  718 has  been  recommended f o r  u s e  i n  FTR f u e l  

a s s e m b l i e s  a s  " h o n e y c o m b l ~ r i d  s p a c e r s .  I n  t h e  s e l e c t i o n  

of I n c o n e l  718, t h r e e  o t h e r  m a t e r i a l s  (Type 316 s t a i n l e s s  s t e e l ,  

I n c o n e l  X-750 and TZM) were c o n s i d e r e d ,  b u t  u l t i m a t e l y  I n c o n e l 7 1 8  

was s e l e c t e d  because  o f  i t s  a t t r a c t i v e  y i e l d  s t r e n g t h  and 

s t r e s s  r e l a x a t i o n  p r o p e r t i e s .  

The honeycomb g r i d  s p a c e r s  c o n s i s t  o f  an ensemble o f  

t h i n  (0.010 t o  0 .015 i n . )  c o r r u g a t e d  I n c o n e l  718 p l a t e s  b r a z e d  

t o g e t h e r  w i t h  a  b r a z i n g  a l l o y  such  a s  N i c r o b r a z - 5 0  o r  Nitro- . b r a z - 3 0  t o  form a  hexagona l  p a t t e r n  of h o l e s .  The s p a c e r  

h e i g h t  i s  a b o u t  1 i n .  w i t h  s p a c e r s  b e i n g  l o c a t e d  e v e r y  9 . 5  i n .  
1 a l o n g  t h e  l e n g t h  of  t h e  f u e l  p i n s .  C o n t a c t  w i t h  t h e  f u e l  p i n  

i s  a c h i e v e d  a t  two c i r c u m f e r e n t i a l l y  l o c a t e d  p o i n t s  by d imples  



formed on t h e  s p a c e r .  The t h i r d  c o n t a c t  p o i n t  i s  p r o v i d e d  by a  

d impled ,  c a n t i l e v e r e d  " s p r i n g "  t h a t  p r o v i d e s  a  r e s i l i e n t  con-  

t a c t  p o i n t  t o  accommodate f u e l  p i n  s w e l l i n g .  

The honeycomb g r i d  s p a c e r s  w i l l  r e s i d e  i n  t h e  peak  f l u x ,  

peak  t e m p e r a t u r e ,  and peak  sodium f low r e g i o n  of t h e  r e a c t o r .  

The f l u x  above 0.067 MeV ( f i r s t  8  g r o u p s * )  w i l l  be 9 . 1  x  1 0  1 5  

n /cm2-sec  a t  t h e  c o r e  midp lane .  F lux  above 0 .82  MeV w i l l  be  

2 x  1015 n / c m 2 - s e c  ( f i r s t  5  g r o u p s * ) .  With t h e  d e s i g n  l i f e  o f  

t h e  f u e l  e l e m e n t s  b e i n g  10 ,000 h r ,  g r i d  s p a c e r s  w i l l  r e c e i v e  
2 f l u e n c e s  of  3 . 3  x  n/cm (6 > 0.067 MeV) o r  7 . 2  x  l o z 2  n/cm 2 

( E  > 0.82 MeV). The t e m p e r a t u r e  o f  t h e  g r i d  s p a c e r s  w i l l  v a r y  

w i t h i n  t h e  f u e l  subassembly  w i t h  t h e  h i g h e s t  t e m p e r a t u r e s  o c c u r -  

r i n g  above c o r e  midp lane .  The a c t u a l  t e m p e r a t u r e s  may range  

from s l i g h t l y  above i n i t i a l  c o o l a n t  i n l e t  t e m p e r a t u r e s  of a b o u t  

550 t o  600 OF t o  above t h e  u l t i m a t e  sodium o u t l e t  t e m p e r a t u r e  

o f  s l i g h t l y  g r e a t e r  t h a n  1200 OF. Wi th in  any one f u e l  s u b -  

a s sembly ,  however ,  t h e  t e m p e r a t u r e  d i f f e r e n c e  between t h e  h o t  

and c o l d  p o r t i o n  o f  any p i n  may be  a s  h i g h  a s  350 OF. Sodium 

f low p a s t  t h e  s p a c e r s  w i l l  r ange  from 25 t o  35 f t / s e c ,  w i t h  

sodium p u r i t y  assumed t o  b e  w i t h i n  a c c e p t a b l e  l i m i t s  ( i . e .  , f o r  

T > 1000 OF, O 2  < 1 ppm, C < 20 ppm). (3 )  A c t u a l  s t r e s s  v a l u e s  

have n o t  been r e p o r t e d ,  b u t  Refe rence  1 i n d i c a t e d  t h a t  t h e y  

would be  h i g h .  

S A F E T Y  R O D  A C C E L E R A T O R  S P R I N G S  

The d e c i s i o n  t o  c o n s i d e r  I n c o n e l  718 a s  t h e  pr ime c a n d i -  

d a t e  f o r  t h e  s a f e t y  r o d  a c c e l e r a t o r  s p r i n g  was made a s  t h e  

r e s u l t  o f  t h e  n o t e d  a d v a n t a g e  i n  s t r e s s  r e l a x a t i o n  p r o p e r t i e s  

o f  I n c o n e l  718 o v e r  t h o s e  o f  I n c o n e l  X-750. ( 4 )  I n c o n e l  X-750 

* T h e s e  n e u t r o n  e n e r g y  g r o u p s  a r e  u s e d  b e c a u s e  t h e y  b r a c k e t  
t h e  commonly r e f e r r e d  t o  v a l u e s  o f  E > 0 . 1  MeV o r  E > I MeV, 
r e s p e c t i v e l y .  



o r i g i n a l l y  appea red  t o  be  t h e  b e s t  c h o i c e  f o r  a c c e l e r a t o r  

s p r i n g s  because  o f  t h e  use  of  t h i s  a l l o y  i n  Fermi f o r  a s i m i l a r  

a p p l i c a t i o n .  The s a f e t y  rod  a c c e l e r a t o r  s p r i n g s  f o r  t h e  

FTR have t h e  f o l l o w i n g  p h y s i c a l  c h a r a c t e r i s t i c s ,  based  on t h e  

l a t e s t  c o n c e p t u a l  d e s i g n s  : (6 ) 

S p r i n g  f r e e  l e n g t h  97 .5  i n .  

S p r i n g  w i r e  d i a m e t e r  0 . 7  i n .  

S p r i n g  mean d i a m e t e r  4 i n .  

A c t i v e  c o i l s  9 5  

F i b e r  s t r e s s  30,000 p s i  

The s a f e t y  rod  s p r i n g s  must a c c e l e r a t e  t h e  s a f e t y  r o d s  i n t o  

t h e  c o r e  w i t h i n  a  g i v e n  t ime  i n t e r v a l  a t  any t ime d u r i n g  t h e  

rod  l i f e .  

The s a f e t y  rod  w i l l  be  i n  t h e  "cocked" p o s i t i o n  above t h e  

c o r e ,  w i t h  t h e  bot tom of  t h e  s p r i n g  l o c a t e d  a b o u t  10 f t  above 

t h e  top  of  t h e  c o r e .  These s p r i n g s  w i l l  b e  exposed  t o  t h e  

h i g h  t e m p e r a t u r e  o u t l e t  sodium which w i l l  r ange  from abou t  

900 OF i n i t i a l l y  t o  an  u l t i m a t e  of  1200 OF. The sodium f low 

a t  t h i s  p o i n t  w i t h i n  t h e  r e a c t o r  w i l l  b e  a b o u t  1 0 %  of  t h a t  

e x p e r i e n c e d  w i t h i n  f u e l  s u b a s s e m b l i e s ,  i n  o t h e r  words ,  abou t  

2 t o  5  f t / s e c .  S i n c e  t h e  lower t i p  of  t h e  s p r i n g  i s  n e a r e s t  

t h e  r e a c t o r  c o r e ,  f l u x  a t  t h i s  l o c a t i o n  i s  c o n t r o l l i n g  and 

was de te rmined  i n  t h e  same manner a s  r e p o r t e d  f o r  t h e  g r i d  

s p a c e r s .  I f  a  10 ,000  h r  s a f e t y  r o d  l i f e  i s  assumed, 

f l u e n c e  a t  t h e  t i p  o f  t h e  s p r i n g  w i l l  be  4 . 3  x  1016 n/cm 2 

2 (E , 0.067 MeV) o r  1 . 2  x  1 0 1 3  n/cm (E > 0 .82  MeV). These 

f l u e n c e  v a l u e s  w i l l  d rop  r a p i d l y  a s  one moves up t h e  s p r i n g .  

Depending upon t h e  burnup accumula ted  by t h e  p o i s o n  c o n t a i n e d  

i n  t h e  s a f e t y  r o d ,  t h e  l i f e  of  t h e  s a f e t y  rod  c o u l d  be 
* 

ex tended  c o n s i d e r a b l y  beyond a  10 ,000 h r  minimum. 
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F L O W  D U C T  C O N T A C T  P A D S  

I n c o n e l  718 was s e l e c t e d  a s  t h e  pr ime c a n d i d a t e  m a t e r i a l  

f o r  f low d u c t  c o n t a c t  pads  ( h a r d  f a c i n g  o r  wear  s u r f a c e s )  b e c a u s e  

of  i t s  a t t r a c t i v e  wear  p r o p e r t i e s  and r e l a t i v e  e a s e  o f  f a b r i -  

c a t i o n .  T e s t s  i n  p r o g r e s s  a t  t h e  L i q u i d  ? l e t a l  E n g i n e e r i n g  

Cen te r  (LMEC) on d e t e r m i n i n g  s t a t i c  and s l i d i n g  c o n t a c t  b e h a v i o r  

o f  I n c o n e l  718 and o t h e r  m a t e r i a l s  i n  e l e v a t e d  t e m p e r a t u r e  

sodium showed e n c o u r a g i n g  r e s u l t s  f o r  I n c o n e l  718 t o  I n c o n e l  718 

c o n t a c t  p a d s .  (7)  

The c o n t a c t  pads  f o r  FTR f low d u c t s  w i l l  be  i n  t h e  form 

of  l a y e r s  o r  p a d s  o f  I n c o n e l  718 a p p r o x i m a t e l y  1 / 8  t o  1 / 4  i n .  

t h i c k  by a b o u t  2 i n .  wide .  Methods f o r  a t t a c h i n g  t h e  

I n c o n e l  718 t o  t h e  f low d u c t  a r e  b e i n g  e x p l o r e d  a t  t h i s  t i m e .  

Major p o i n t s  o f  c o n t a c t  between f low d u c t s  w i l l  p r o b a b l y  be  

l o c a t e d  a b o u t  l f t a b o v e  and 1 f t  below t h e  a c t i v e  c o r e  zone.  

The t e m p e r a t u r e  of  t h e  f low d u c t s  t o  which t h e  c o n t a c t  

pads  a r e  a t t a c h e d  w i l l  v a r y  from i n i t i a l  i n l e t  t e m p e r a t u r e s  of  

550 t o  600 OF t o  u l t i m a t e  t e m p e r a t u r e s  o f  1150 t o  1200 OF. 

F l u e n c e s  were c a l c u l a t e d  f o r  an a r e a  1 f t  above t h e  t o p  o f  t h e  

c o r e  (assuming a  10 ,000 h r  f low d u c t  l i f e )  and found t o  be 
2 (2) 9 x l o z 1  n/cm (E > 0.067 MeV) o r  5 . 4  x l o Z o  n/cm2 ( E >  0.82MeV). 

Each o f  t h e  t h r e e  p o t e n t i a l  a p p l i c a t i o n s  f o r  I n c o n e l  718 

r e q u i r e s  s p e c i f i c  knowledge o f  c e r t a i n  p r o p e r t i e s .  Tab le  1 

summarizes t h e  m a t e r i a l  a p p l i c a t i o n s  and p r o p e r t y  r e q u i r e m e n t s  

f o r  t h e  i d e n t i f i e d  u s e s  i n  t h e  FTR. 

1 1 1 .  C O M P O S I T I O N  

I n c o n e l  718 i s  a  p r e c i p i t a t i o n  h a r d e n a b l e  n i c k e l - b a s e  

a l l o y  w i t h  r e l a t i v e l y  h i g h  s t r e n g t h  a t  e l e v a t e d  t e m p e r a t u r e s .  

The c o m p o s i t i o n  i s  g i v e n  i n  Tab le  2 a l o n g  w i t h  s e v e r a l  o t h e r  

a g e - h a r d e n a b l e  n i c k e l - b a s e  a l l o y s  and Type 304 s t a i n l e s s  

s t e e l .  Also  i n c l u d e d  a r e  N i c r o b r a z - 5 0  and N i c r o b r a z - 3 0  which 

a r e  t h e  most  p r o b a b l e  b r a z i n g  a l l o y s  f o r  j o i n i n g  t h e  I n c o n e l  718 

g r i d  s p a c e r s .  



T A B L E  1 .  A p p l i c a t i o n s  and P r o p e r t y  R e q u i r e m e n t s  
p- 

f o r  I n c o n e l  7 1 8  i n  t h e  FTR 

Grid  s p a c e r s  f o r  
f u e l  e l e m e n t s  

ENVI RONMENT I 
F l u e n c e ,  n/cm 2 

E >  0 . 1  MeV (n  g roups  1 - 8)  

E > 1  MeV ( n  g roups  1 - 5 ;  

Tempera tu re  O F  

R e s i d e n c e  t i m e ,  h r  

Sodium v e l o c i t y ,  f t / s e c  

F i b e r  s t r e s s ,  k s i  

PROPERTY REQUIREMENTS I 

(peak w i t h i n  c o r e )  

3 . 3  x 10 2  3 

25- 35 

High 

C o r r o s i o n  r e s i s t a n c e  

High y i e l d  s t r e n g t h  

C o n t a c t  pad  f o r  
f l o w  d u c t s  

Yes 

Yes 

I 4  I 

l o 4  10 and up I I 

S p r i n g s  f o r  s a f e t y  
r o d  a c c e l e r a t o r s  

( 1  f t  above  c o r e  t o p )  

9 x l o z 1  

( R e s i s t  s e l f - w e l d i n g )  a t t a c k )  ! 
No 

(10 f t  above c o r e  t o p )  

4 . 3  x  1 0 l 6  

Low c r e e p  r a t e s  Yes 

S t r e s s  r e l a x a t i o n  r e s i s t a n c e  Yes 

No 

N 0 

Yes 

Yes 

Yes 

Adequa t e  d u c t i l i t y  

M e t a l l u r g i c a l  s t a b i l i t y  

F a b r i c a b i l i t y  

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 



TABLE 2 .  Chemica l  C o m p o s i t i o n  o f  V a r i o u s  A l l o y s  

I1 

( 
I 
I 1 

D e s i g n a t i o n  

INCONEL 
a l l o y  718 

INCONEL 
a l l o y X - 7 5 0  

Rene ' 4  1 

NIMONIC 
80A 

NICROBRAZ-50 

NICROBRAZ-30 

0 . 2 9 0  

I 

M e l t -  
i n g  

p o i n t  
OF 

2300-  
2437 

258?0- 
2600 

2480 - 
2534 

1 6 1 5 -  
1640  

1 9 7 5 -  
23 7 5  

c h e m i c a l  

S 

0 . 0 0 7  

0 . 0 0 7  

Nominal 

Fe 

1 8 . 5  

6 . 7 5  

2 .50 

I 

N i 

5 2 . 5  

7 3 . 0  

5  3  

7 5 . 0  

B a l  

B a l  

D e n s i t y  
l h / i n . 3  

0 . 2 9 6  

0 . 2 9 8  

0 . 2 9 8  

0 . 2 9 4  

0 . 0 3 0  
max Bal  . 0 0 -  

1 . O O  

I 

S i 

0 . 3 0  

0 . 3 0  

1 0 . 2  

C 

0 . 0 4  

0 . 0 4  

0 . 0 9  

0 . 0 6  

1 . 0 0  
max 

Mn 

0 . 2 0  

0 . 7 0  

0 . 0 8  
max 

c o m p o s i t i o n ,  

Cu 

0 . 0 7  

0 . 0 5  

2 . 0 0  
max 

J 

1 8 . 0 0 -  
20 . O O  1 - 

% 

C r  

1 8 . 6  

1 5 . 0  

1 9  

2 0 . 0  

1 3  

1 9  

A1 

0 . 4 0  

0 . 8 0  

1 . 5 0  

1 . 4  

T i  

0 . 9 0  

2 . 5 0  

3 . 1 0  

2 .30 

O t h e r s  

Mo 3 . 1  
Cb 5 . 0  

Cb 0 . 8 5  

Mo 9 . 7 5  
Co11 .00  
B  0 . 0 0 5  

P 1 0  



The compos i t ion  i s  i m p o r t a n t  i n  d e t e r m i n i n g  c o r r o s i o n  

b e h a v i o r  and m e t a l l u r g i c a l  s t a b i l i t y  a s  w e l l  a s  mechan ica l  

p r o p e r t i e s  of t h e  a l l o y .  Any d e v i a t i o n  from t h e  l i m i t i n g  

chemica l  compos i t ion  w i l l  r e s u l t  i n  m a t e r i a l s  p r o p e r t i e s  

d e g r a d a t i o n .  The tendency f o r  o v e r - a g i n g  d u r i n g  long  t ime  

s e r v i c e  a t  e l e v a t e d  t e m p e r a t u r e s  i s  a l s o  a f f e c t e d  by composi- 

t i o n a l  changes .  

I V .  M E C t i A N I C A L  P R O P E R T I E S  

Iqechanical  p r o p e r t i e s  of t h e  a g e - h a r d e n a b l e  a l l o y  

I n c o n e l  718 v a r y  c o n s i d e r a b l y  w i t h  p r i o r  a n n e a l i n g  tempera-  

t u r e  and a g i n g  t r e a t m e n t ,  and ( a s  s t a t e d  p r e v i o u s l y )  w i t h  

compos i t ion .  The s u b j e c t s  of  t h e  e f f e c t  of  compos i t ion  and 

h e a t  t r e a t m e n t  on mechan ica l  p r o p e r t i e s  have  been  covered  i n  

c o n s i d e r a b l e  d e t a i l  by Wagner and H a l l .   he mechan ica l  

p r o p e r t y  d a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  w i l l  be  s e l e c t e d  

from e x i s t i n g  d a t a  c o m p i l a t i o n s ,  such  a s  t h e  I lun t ing ton  

p e r i o d i c a l s ,  (9-11) t o  b e s t  r e p r e s e n t  t h e  h e a t  t r e a t m e n t s  t h a t  

t h e  m a t e r i a l  w i l l  have f o r  i t s  i n t e n d e d  s e r v i c e .  IIeat t r e a t -  

ment of I n c o n e l  718 v a r i e s  somewhat f o r  d e s i r e d  a p p l i c a t i o n .  

Commercial p r o d u c e r s  (11) recommend one o f  two b a s i c  t r e a t m e n t s  

f o r  o p t i m i z a t i o n s .  

1 )  For  r u p t u r e  l i f e ,  n o t c h  r u p t u r e  l i f e ,  and r u p t u r e  duc-  

t i l i t y :  Anneal a t  1 7 0 0  t o  1850 OF, age a t  1325 OF f o r  

8  h r ,  f u r n a c e  c o o l  t o  1150 OF and h o l d  a t  1150 OF f o r  

t o t a l  a g i n g  t ime  of 18 h r ,  a i r  c o o l .  

2) For t e n s i l e  l i m i t e d  a p p l i c a t i o n s ,  impact  s t r e n g t h ,  and 

l o w - t e m p e r a t u r e  n o t c h  t e n s i l e  s t r e n g t h :  Anneal a t  1900 t o  

1950 OF, age  a t  1400 OF f o r  1 0  h r ,  f u r n a c e  c o o l  t o  1 2 0 0  OF 

and h o l d  a t  1200 OF f o r  t o t a l  a g i n g  t ime  of  2 0  h r ,  a i r  

c o o l .  

F i n a l  m a t e r i a l  c o n d i t i o n s  can  be s p e c i f i e d  o n l y  a f t e r  a  

thorough s t u d y  of t h e  e n d - o f - l i f e  p r o p e r t y  r e q u i r e m e n t s .  
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I n c o n e l  718 i s  a  m a t e r i a l  of  i n t e r e s t  f o r  s p r i n g s  and 

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

A c o m p i l a t i o n  o f  t e n s i l e  p r o p e r t i e s  of  I n c o n e l  718 i s  shown 

on Tab le  3.  Also  shown a r e  p r o p e r t i e s  f o r  t h e  more commonly 

known Type 304 S t a i n l e s s  S t e e l .  ( I 2 )  R e g a r d l e s s  o f  t h e  h e a t  

t r e a t m e n t  g i v e n  I n c o n e l  718,  t h e  s h o r t - t i m e  t e n s i l e  s t r e n g t h  

does n o t  s t a r t  t o  d e c r e a s e  a p p r e c i a b l y  u n t i l  above 1200 O F .  

The d u c t i l i t y  remains  f a i r l y  c o n s t a n t  t o  1300 O F ,  i n c r e a s i n g  

t h e r e a f t e r .  

* M i l l  a n n e a l e d  s h e e t ,  aged  1325 OF/16 h r  

* *  A n n e a l e d  

TABLE 3 .  T e n s i l e  P r o p e r t i e s  of I n c o n e l  718* and  
T y p e  304 S t a i n l e s s  S t e e l A *  

Temp 
F 

RT 

400 

600  

0 . 2 %  Y i e l d  U l t i m a t e  t e n s i l e  
s t r e n g t h ,  

I n c o n e l  718 

1 4 4  

1 1 3 9  1 
1 3 2  

I 1 2 8  

s t r e n g t h ,  

I n c o n e l  718 

1 8 5  

~ 180  

1 7 3  

1 6 8  

1 6 6  

1 6  1 

1 6 0  

1 6  4  

1 6 4  

1 4 6  

1 2 0  

8  7  

T o t a l  e l o n g a t i o n ,  
k s i  

Type  304 

3  5  

35  

3  5  

3  35 5  

3  5 

34 

j3 3  0  

2  6  

2  2  

1 8  

k s i  

Type 304 

8  5  

8  0  

7 4  

6  6  

61 

5 7  5  5  

50 

4  5  

3  8  

30 

24 

% 

I n c o n e l  718 

4  4  

4  4  

4  4  

4  4  

4  4  I 
4  4  

44 

1 44  

4  4  

4  6  

5  2  

6 4  

800  1 2 6  

T y p e  304 

5  9 

5  4  

4  8  

4  2  

3 6  

36 

3  5  

3  3  

3 1 

3  2 

3 3  

3  6 

1000  

1 1 0 0  

1200  

1300  

1 4 0 0  

1 5 0 0  

1 2 5  i 1 2 5  

1 3 0  

1 2 8  

11 8  

1 0 3  

8  4  

- 
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The m a j o r i t y  of t h e  i r r a d i a t i o n  e f f e c t s  d a t a  a t  e l e v a t e d  

t e m p e r a t u r e  have been  g e n e r a t e d  by BNW, a  summary o f  which i s  

shown i n  Tab le  4. (13-15)  A d d i t i o n a l  i r r a d i a t i o n -  e f f e c t s  d a t a  

have been  g e n e r a t e d  a t  K a r l s r u h e ,  b u t  t h e  t e s t s  were made a t  

low i r r a d i a t i o n  t e m p e r a t u r e s .  G e n e r a l l y ,  s t r e n g t h  i s  a f f e c t e d  

on ly  a  s m a l l  amount ( approx ima te ly  + 2 0 % )  by n e u t r o n  i r r a d i a t i o n s  

t o  1 x l o z 1  n/cm2 i n  t h e r m a l  r e a c t o r s .  L ike  most o t h e r  n i c k e l -  

b a s e  a l l o y s ,  d u c t i l i t y  d r o p s  t o  v e r y  low v a l u e s  ( l e s s  t h a n  1 % )  

a t  t h e  h i g h e r  t e s t  t e m p e r a t u r e s  ( abou t  1200 OF). Tab le  4  

shows t h a t  t h e r e  a r e  no mechan ica l  p r o p e r t y  d a t a  f o r  I n c o n e l  718 

beyond a b o u t  l o z 1  n/cm2 and t h a t  t h e  d a t a  p r e s e n t l y  a v a i l a b l e  

were o b t a i n e d  e n t i r e l y  from t h e r m a l  r e a c t o r  i r r a d i a t i o n s .  

S T R E S S  R E L A X A T I O N  

I n c o n e l  718 can  b e  h e a t  t r e a t e d  and aged such  t h a t  s t r e s s  

r e l a x a t i o n s  on t h e  o r d e r  of  35% (maximum) o c c u r  i n  10 ,000 h r  

a t  1 2 0 0  OF ( u n i r r a d i a t e d ) ,  f o r  i n i t i a l  s t r e s s e s  of 60,000 p s i .  

Tab le  5  shows t h e  compara t ive  s t r e s s  r e l a x a t i o n  b e h a v i o r  o f  

I n c o n e l  718 and I n c o n e l  X-750. ( I 6 )  These same d a t a  a r e  

p l o t t e d  i n  F i g u r e  1. The d a t a  shown on Tab le  5  o r  F i g u r e  1 

j u s t i f y  t h e  s e l e c t i o n  o f  I n c o n e l  718 o v e r  I n c o n e l  X-750 f o r  

s p r i n g  a p p l i c a t i o n s .  

No s t r e s s  r e l a x a t i o n  d a t a  on i r r a d i a t e d  I n c o n e l  718 have 

been g e n e r a t e d .  The o n l y  s t r e s s  r e l a x a t i o n  d a t a  a v a i l a b l e  

f o r  i r r a d i a t e d  m a t e r i a l s  conce rns  Rene' 41 ,  Nimonic 80A, and 

Type 304 s t a i n l e s s  s t e e l .  

Rene' 41 s p r i n g s  i r r a d i a t e d  i n  t h e  B a t t e l l e  Resea rch  

Reac to r  a t  1050 and 1150 OF (Tab le  6) showed a p p a r e n t  e f f e c t s  

o f  n e u t r o n  exposure  f o r  f l u e n c e s  r a n g i n g  from 2 x  1 0 1 7  t o  
2 2 x  1019 n/cm ( E  > 0 . 1  MeV). ( I 7 )  However, one might  con-  

c l u d e  by e x a m i n a t i o n  o f  t h e  u n i r r a d i a t e d  (3800 h r  a t  1150 OF) 

d a t a  t h a t  t h e r m a l  r a t h e r  t h a n  i r r a d i a t i o n  e f f e c t s  a r e  of  major  

impor tance .  



TABLE 4 .  T e n s i l e  P r o p e r t i e s  o f  I r r a d i a t e d  I n c o n e l  7 1 8  

Heat 
treat- 
ment* 

Test 
temp, 

O C 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

RT 

30 0 

300 

300 

30 0 

6 5 0 

6 5 0 

6 5 0 

6 5 0 

6 5 0 

6 5 0 

650 

650 

6 5 0 

650 

704 

Irrad 
temp , 
C 

Fluence 
nvt 

E > 1 MeV 

4.5~10 19 

5.9~10 19 

7.2~10 19 

1.1x10 20 

1.6~10 20 

3.1~10 2 0 

5.4~10 20 

1.5~10 2 1 

2.4~10 2 0 

1.9~10 2 0 

1.5~10 2 0 

9 . 2 ~ 1 0 ~ ~  

1.9~10 2 0 

2.4~10 20 

1 . 8 ~ 1 0 ~ ~  

1x1021 

1x1020 

1.6~10 20 

3.2~10~' 

1.5~10 2 0 

9.2~10 19 

1.9~10 2 0 

2.4~10 2 0 

4.0~10 2 0 

3.6~10 20 

* H e a t  t r e a t m e n t  c o d e :  

A  - S . T . ,  + 1325  OF/8 h r ,  F .  C .  
B - 1750  O F /  1 / 2  h r ,  W.Q. 

I( Unirrad 
I .  ,ksi Total elong., % i 
Irrad Unirrad Irrad 1 

196 12-21 0 

20 5 12-21 12-14 

180-188 12-21 

164-179 12-21 17-25 

156.5 26.7 

173.6 

191.4 

111.4 1 21.5 

100 OF/hr t o  1150  OF/^ h r ,  A .  C .  

Ref 



TABLE 5 .  A  Compar i son  o f  S t r e s s  R e l a x a t i o n  Data -- 
f o r  Two I n c o n e l  A l l o y s  

Temp O F  

I n i t i a l  s t r e s s ,  k s i  / l o  I 
R e s i d u a l  s t r e s s  

-- 

a f t e r :  1 h r  
1 0  h r  

100 h r  
1000 h r  

10000 h r  

Temp O F  

I n i t i a l  s t r e s s ,  k s i  
R e s i d u a l  s t r e s s  

a f t e r :  1 h r  
1 0  h r  

100  h r  
1000 h r  

10000 h r  

- - -- -- 

I I n c o n e l  

718 ('I 
1 

Temp OF 
I n i t i a l  s t r e s s ,  k s i  
R e s i d u a l  s t r e s s  

a f t e r :  1 h r  1 . 6  5  5  

( 1 )  ST 1 8 0 0  ' F / Z  h r  W.Q. + 1 3 2 5  ' F / 1 6  h r  ( 3 )  e s t i m a t e d  from % 7 0 0  h r  d a t a  
R e f e r e n c e  9 

( 2 )  ST 1 6 2 5  O F / 2 4  h r ,  A.C. + 1 3 0 0  ' F / 2 0  h r  
R e f e r e n c e  1 6  

( 3 )  E s t i m a t e d  from % 7 0 0  h r  d a t a  

- 
% 

Relax- 
a t l o n  

C I 
/ - I n c o n e l  7 1 8  I 

T i n e  a t  T e m ~ e r a t u r e ,  + r  

I n c o n e l  

X - 7 5 0 ' ~ )  

FIGURE 1 .  P e r c e n t a g e  S t r e s s  Re Z a x a t i o n  o f  I n c o n e  1  7 1  8 and  
I n c o ~ e Z  X-750 f o r  I n i t i a l  S t r e s s  f rom 57  t o  
6 0  k s i  

% 
Relax- 
a t i o n  



The Nimonic 80A d a t a  ( F i g u r e  2 )  show t h a t  r e l a x a t i o n s  d u r -  

i n g  n e u t r o n  i r r a d i a t i o n s  a t  615 t o  975 O F  a r e  c o n s i d e r a b l y  

l a r g e r  t h a n  t h e  the rmal  r e l a x a t i o n s  ( 3 0  t o  50%) a t  a l l  tempera-  

t u r e s  i n d i c a t i n g  a  s i g n i f i c a n t  e f f e c t  o f  i r r a d i a t i o n .  (18) 

1050  3 2 . 6  1 - 4 . 1  

1 0 5 0  0  (3800  h r )  3 2 . 3  1 - 7 . 8  

1 1 5 0  1 x 1 0  2 7 . 9  - 2 1 . 2  
1 9  
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The Type 304 s t a i n l e s s  s t e e l  d a t a  showed t h a t  " a l l  o f  t h e  

r e l a x a t i o n  e x p e r i e n c e d  by 200 O F  i n - r e a c t o r  exposures  was t h e  

r e s u l t  o f  i r r a d i a t i o n .  "(19) The s t r e s s  r e l a x a t i o n  i n  s p e c i -  

mens w i t h  an i n i t i a l  s t r e s s  of  20,000 p s i  s a t u r a t e d  a t  a  f l u -  

ence  of  4  x  l o 2 '  n/cm2. S a t u r a t i o n  e f f e c t s  were n o t  

e x p e r i e n c e d  on specimens w i t h  h i g h e r  i n i t i a l  s t r e s s e s .  F i g -  

u r e  3 i s  a  p l o t  o f  t h e  d a t a  o b t a i n e d  i n  t h i s  expe r imen t .  

The f o r e g o i n g  i r r a d i a t i o n  e x p e r i e n c e  w i t h  b o t h  n i c k e l -  

and i r o n - b a s e  a l l o y s  i n d i c a t e s  t h a t  combined i r r a d i a t i o n  and 

t h e r m a l l y  induced  s t r e s s  r e l a x a t i o n s  i n  I n c o n e l  718 may be 

e x p e c t e d  i n  t h e  FTR. The e x t e n t  o f  r e l a x a t i o n  under  s i m u l a t e d  

o p e r a t i n g  c o n d i t i o n s  and i t s  s e n s i t i v i t y  t o  f l u e n c e  l e v e l  i s  

y e t  t o  be  e x p e r i m e n t a l l y  de te rmined .  

3 - - - 
0  2 4 6 8 10 

Exposure ,  10zO n v t  ( E  > 0 . 1  MeV) 

0 

: Temperature o f  specimens 

0 0- 

I b 1 L .  

FIGURE 3 .  S t r e s s  R e l a x a t i o n  i n  Type 3 0 4  S t a i n l e s s  S t e e l  
R e s u l t i n g  from I r r a d i a t i o n  a t  About  2 0 0  OF 
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C R E E P  A N D  S T R E S S  R U P T U R E  

The c r e e p  and s t r e s s  t o  r u p t u r e  p r o p e r t i e s  of  I n c o n e l  718 

have been  w e l l  documented by Hunt ington  ('-") i n  t h e  tempera-  

t u r e  range  1000 t o  1600 OF and f o r  t i m e s  t o  10,000 h r .  The 

t ime t o  r u p t u r e  and secondary  c r e e p  r a t e  v e r s u s  s t r e s s  c u r v e s  

a r e  shown i n  F i g u r e s  4 and 5 ,  r e s p e c t i v e l y .  These c u r v e s  i n d i -  

c a t e  t h e  s t r e n g t h  advan tages  of  I n c o n e l  718 o v e r  Type 304 s t a i n -  

l e s s  s t e e l  f o r  normal  n o n n u c l e a r  a p p l i c a t i o n s .  Although t h e  

s l o p e s  of  t h e  c u r v e s  a t  t h e s e  t e m p e r a t u r e s  s u g g e s t  t h a t  

304 s t a i n l e s s  s t e e l  i s  s l i g h t l y  more s t a b l e  t h a n  I n c o n e l  718, 

t h e  d i f f e r e n c e s  a r e  n o t  s i g n i f i c a n t  . 
I r r a d i a t i o n  e f f e c t s  d a t a  f o r  s t r e s s  r u p t u r e  and c r e e p  

p r o p e r t i e s  of  I n c o n e l  718 a r e  n o n e x i s t e n t  a t  t h i s  t i m e .  Data 

r e p o r t e d  f o r  I n c o n e l  X-750 i n d i c a t e  t h a t  i r r a d i a t i o n s  a t  
2 540 OF t o  f l u e n c e  l e v e l s  o f  1 x  l o 2 '  n/cm ( E  > 1 MeV) r e d u c e  

t h e  1350 OF r u p t u r e  l i f e  ( a t  a  s t r e s s  of  37 .5  k s i )  by a b o u t  

7 0 % . ( ' ~ )  T h i s  i s  comparable  t o  what has  a l s o  been  s e e n  i n  Type 304 . - 

s t a i n l e s s  s t e e l .  I t  would seem r e a s o n a b l e  t o  e x p e c t ,  i n  

t h e  absence  o f  a c t u a l  d a t a  on I n c o n e l  718, t h a t  t h e  t ime t o  

r u p t u r e  w i l l  be  s u b s t a n t i a l l y  r educed  by modest n e u t r o n  expo- 

s u r e s .  There i s  no b a s i s  f o r  p r e d i c t i n g  how c r e e p  r a t e s  w i l l  

be a f f e c t e d .  

F A T I G U E  

There i s  ve ry  l i t t l e  d i f f e r e n c e  i n  t h e  f a t i g u e  b e h a v i o r  

of I n c o n e l  718 from room t e m p e r a t u r e  t o  1200 OF. F i g u r e  6  

shows t h e  room t e m p e r a t u r e  (same a s  1200 OF) f a t i g u e  p r o p e r t i e s  

o f  t h i s  m a t e r i a l  ( I1)  a long  w i t h  low c y c l e  f a t i g u e  d a t a  f o r  

a u s t e n i t i c  s t a i n l e s s  s t e e l s  a t  1200 OF. ( 2 2 9 2 3 )  Again,  t h e r e  

a r e  no d a t a  on which t o  b a s e  p r e d i c t i o n s  of  t h e  e f f e c t s  of  

i r r a d i a t i o n  on t h e  f a t i g u e  p r o p e r t i e s  of  n i c k e l - b a s e  a l l o y s ,  

and l i t t l e  o r  no i n f o r m a t i o n  on any o t h e r  m a t e r i a l s ,  i n c l u d i n g  

t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  



T i m e  t o  R u p t u r e ,  h r  
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FIGURE 6 .  F a t i g u e  B e h a v i o r  o f  I n c o n e l  7 1 8  and 
A u s t e n i t i c  S t a i n l e s s  S t e e l s  
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A u s t e n i t i c  s t a i n l e s s  
s t e e l s  ( 1 2 0 0  OF)  

V .  C O R R O S I O N  

I 

Of t h e  t h r e e  a p p l i c a t i o n s  d i s c u s s e d  f o r  I n c o n e l  718, r e s i s -  

t a n c e  t o  sodium c o r r o s i o n  w i l l  be an i m p o r t a n t  f a c t o r  i n  t h e  

f i n a l  s e l e c t i o n  of  m a t e r i a l s  f o r  t h e  g r i d  s p a c e r  a s s e m b l i e s  and 

s a f e t y  rod  a c c e l e r a t o r  s p r i n g s .  The p r imary  conce rn  i n  t h e s e  

two a p p l i c a t i o n s  i s  t h e  p o s s i b i l i t y  o f  a  c o r r o s i o n  mechanism 

by which s e l e c t i v e  a t t a c k  of g r a i n  b o u n d a r i e s  w i l l  o c c u r .  A 

c o r r o s i o n  mechanism of t h i s  t y p e  would be h i g h l y  u n d e s i r a b l e  

f o r  t h e s e  components under  s t r e s s  i n  s e r v i c e .  Rapid ,  un i fo rm 

c o r r o s i o n  o f  t h i n  s h e e t  m a t e r i a l  p roposed  f o r  u s e  i n  t h e  g r i d  

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

1 



Nowhere i n  t h e  open l i t e r a t u r e  i s  t h e r e  s p e c i f i c  r e f e r e n c e  

t o  t h e  b e h a v i o r  of  I n c o n e l  718 i n  sodium. Shannon conc luded  

t h a t ,  " I n c o n e l  i s  f a i r l y  c o r r o s i o n  r e s i s t a n t  i n  an I n c o n e l  

sys t em,  b u t  i n  a  s t a i n l e s s  s t e e l  sys tem n i c k e l  w i l l  r a p i d l y  

d i s s o l v e  from t h e  I n c o n e l  and t r a n s f e r  t o  s t a i n l e s s  s t e e l  

u n t i l  b o t h  a r e  a t  e q u a l  n i c k e l  a c t i v i t i e s . "  ( 2 4 )  

Thor l ey  r e p o r t e d  t h a t  n i c k e l - r i c h  a l l o y s  such  a s  Nimonic 80A 

a r e  i n s e n s i t i v e  t o  oxygen changes i n  sodium, b u t  a r e  markedly 

s e n s i t i v e  t o  t h e  v e l o c i t y  of  t h e  l i q u i d  sodium. ( 2 5 )  From t h e  

m e t a l l o g r a p h i c  appea rance  of  t h e  specimens which he s t u d i e d ,  

i t  appea red  t h a t  t h e  c o r r o s i o n  o f  t h i s  m a t e r i a l  o c c u r r e d  p r i -  

m a r i l y  by t h e  d i s s o l u t i o n  of  n i c k e l  from t h e  specimen s u r f a c e .  

Sodium v e l o c i t i e s  i n  t h e s e  t e s t s  ranged from 5  t o  40 f t / s e c ,  

w i t h  oxygen c o n t e n t s  from l e s s  t h a n  1 0  t o  25 ppm a t  

1 2 0 0  OF. Thor l ey  working w i t h  b r a z i n g  m a t e r i a l s  found t h a t  

phosphorous i s  n e a r l y  a l l  removed from Nic robraz -50  i n  b o t h  

s t a t i c  and dynamic 1200 OF sodium. Homogenizat ion of  t h e  b r a z e  

j o i n t  b e f o r e  sodium exposure  d i d  n o t  p r e v e n t  o r  a l t e r  t h e  phos -  

phorous removal .  S i l i c o n  was removed from Nic robraz -30  t o  a  

dep th  of  0.0025 i n .  i n  b o t h  dynamic and s t a t i c  sodium t e s t s .  

I n  an e a r l i e r  r e p o r t  on t h e  g e n e r a l i z e d  u s e  of  h i g h  

n i c k e l  c o n t e n t  a l l o y s  i n  t h e  FTR, a  g raph  was shown which i n d i -  

c a t e s  m e t a l  l o s s  a s  a  f u n c t i o n  o f  n i c k e l  c o n t e n t  i n  v a r i o u s  

a l l o y s .  ( 2 6 )  Based upon a  c u r v e  o f  t h i s  t y p e ,  F i g u r e  7 ,  

I n c o n e l  718 would be  e x p e c t e d  t o  l o s e  40% more m a t e r i a l  t h a n  

a u s t e n i t i c  s t a i n l e s s  s t e e l s  under  comparable  c o n d i t i o n s  

(1200 OF sodium a t  30 t o  40 f t / s e c ) .  

A l o t  of  d a t a  were r e p o r t e d  i n  t h e  span  o f  t ime  from 

1955 t o  1965 on t h e  b e h a v i o r  o f  I n c o n e l  and I n c o n e l  X i n  h i g h  

t e m p e r a t u r e  a l k a l i  m e t a l  s y s t e m s .  These d a t a  o r i g i n a t e d  from 

. p r o j e c t s  such  a s  ANP, MSRE, and SNAP-8. Some of  t h e  ANP d a t a  

were summarized by O l i v e r .  ( 2 7 )  He r e p o r t e d  t h a t  t h e  c r e e p  
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FIGURE 7 .  C o r r o s i o n  B e h a v i o r  o f  S e v e r a l  A l l o y s  
o f  V a r y i n g  N i c k e l  C o n t e n t s  

r a t e s  of  I n c o n e l  i n  1500 OF sodium a t  a  u n i a x i a l  s t r e s s  o f  

3500 p s i  were a p p r e c i a b l y  g r e a t e r  t h a n  c r e e p  r a t e s  o b s e r v e d  i n  

a rgon  o r  a i r .  The l o s s  of  s t r e n g t h  i n  sodium was a t t r i b u t e d  

t o  d e c a r b u r i z a t i o n .  Mic roscop ic  s t u d i e s ,  however,  r e v e a l e d  no 

e v i d e n c e  of  d e c a r b u r i z a t i o n .  I n  a  l a t e r  t e s t ,  I n c o n e l  a p p e a r e d  

t o  be  c o m p a t i b l e  w i t h  t h e  1500 OF sodium of h i g h  p u r i t y ;  no 

c a r b u r i z a t i o n  was o b s e r v e d .  

I t  was p o s s i b l y  from t h e s e  s t u d i e s  d e s c r i b e d  above t h a t  

Duf f y  , ( 2 8 )  i n  h i s  d i s c u s s i o n  of  m a t e r i a l s  f o r  Fermi ,  conc luded  

t h a t  I n c o n e l  X was h i g h l y  r e s i s t a n t  t o  i r r a d i a t i o n  damage i n  a  

sodium env i ronment ,  t h u s  q u a l i f y i n g  f o r  u s e  i n  t h e  E n r i c o  

Fermi R e a c t o r .  
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I n  summary, t h e r e  does n o t  appea r  t o  be any s p e c i f i c  

sodium c o r r o s i o n  d a t a  on I n c o n e l  718. The g e n e r a l  d a t a  a v a i l -  

a b l e  on n i c k e l - b a s e  a l l o y s ,  however,  i n d i c a t e  t h a t  c o r r o s i o n  

o f  t h e  I n c o n e l  718 w i l l  n o t  be  a  d e s i g n  l i m i t i n g  f a c t o r ,  e x c e p t  

i n  t h e  c a s e  o f  t h i n  s e c t i o n  components such  a s  g r i d  s p a c e r s .  

V I .  F A B R I C A B I L I T Y  

I n c o n e l  718 re sponds  r a t h e r  s l o w l y  a t  h e a t - t r e a t i n g  

t e m p e r a t u r e s .  For t h i s  r e a s o n ,  t h e  a l l o y  can  be  welded and 

d i r e c t l y  aged  w i t h  l e s s  chance o f  c r a c k i n g  t h a n  o t h e r  n i c k e l -  

b a s e  a l l o y s .  G e n e r a l l y  t h e n ,  I n c o n e l  718 s h o u l d  be  welded  i n  

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

must be  c o n s i s t e n t  w i t h  t h e  forming and w e l d i n g  o p e r a t i o n s  and 

a l s o  c o m p a t i b l e  w i t h  t h e  end r e q u i r e m e n t s .  The s o l u t i o n -  

a n n e a l i n g  t e m p e r a t u r e  i s  p a r t i c u l a r l y  i m p o r t a n t  f o r  c r e e p -  

r u p t u r e  a p p l i c a t i o n s ,  and t h e  t e m p e r a t u r e  s h o u l d  be 1850 OF o r  

lower t o  a v o i d  n o t c h  s e n s i t i v i t y .  Where c r e e p - r u p t u r e  ( s t r e s s  

r e l a x a t i o n )  s t r e n g t h  i s  n o t  a  f a c t o r ,  a n n e a l i n g  a t  1950 OF 

f o l l o w i n g  we ld ing  and p r i o r  t o  a g i n g  r e s u l t s  i n  h i g h e r  weld 

m e t a l  and h e a t  a f f e c t e d  zone d u c t i l i t i e s .  

N i c k e l  b r a z i n g  a l l o y s  p roduce  j o i n t s  w i t h  a d e q u a t e  s t r e n g t h  

b u t  w i t h  c o m p a r a t i v e l y  low d u c t i l i t y .  The j o i n t  s t r e n g t h  

approaches  t h a t  of  t h e  b a s e  m e t a l .  Because of t h e  d i f f i c u l t y  

i n  w e t t i n g  a l l o y s  c o n t a i n i n g  aluminum and t i t a n i u m ,  t h e s e  

a l l o y s  a r e  o f t e n  n i c k e l - p l a t e d  p r i o r  t o  b r a z i n g .  The use  of  

a  b r a z i n g  f l u x  i s  n o t  recommended on j o i n t s  t h a t  a r e  r e l a t i v e l y  

i n a c c e s s i b l e  a f t e r  assembly .  The c h o i c e  o f  b r a z i n g  a l l o y  w i l l  

a f f e c t  t h e  mechan ica l  p r o p e r t i e s  of t h e  f i n i s h e d  j o i n t .  

V I I .  D I S C U S S I O N  

I n  t h e  p r e c e d i n g  s e c t i o n s  t h e  p r imary  emphasis  was p l a c e d  

on r e v i e w i n g  i n f o r m a t i o n  p r e s e n t l y  a v a i l a b l e  on t h e  s t r e s s  

r e l a x a t i o n ,  y i e l d  s t r e n g t h ,  and c o r r o s i o n  b e h a v i o r  o f  I n c o n e l  718. 



These a r e  t h e  p r o p e r t i e s  which w i l l  q u a l i f y  o r  r e j e c t  I n c o n e l 7 1 8  

f o r  u s e  i n  t h e  FTR. S i n c e  t h e s e  p r o p e r t i e s  a r e  n o t  o f  e q u a l  

impor tance  f o r  a l l  t h r e e  a p p l i c a t i o n s ,  e a c h  a p p l i c a t i o n  must be  

d i s c u s s e d  s e p a r a t e l y  i n  l i g h t  o f  c u r r e n t  i n f o r m a t i o n .  

FLOW D U C T  C O N T A C T  P A D S  

One of  t h e  most i m p o r t a n t  r e q u i r e m e n t s  of I n c o n e l  718, f o r  

a p p l i c a t i o n s  such  a s  c o n t a c t  pads  i n  h i g h  t e m p e r a t u r e  sodium 

s y s t e m s ,  i s  t h a t  i t  w i l l  n o t  undergo s e l f - w e l d i n g .  The f low 

d u c t s  must be a b l e  t o  be e a s i l y  withdrawn from t h e  r e a c t o r ,  t h u s  

r e q u i r i n g  a  minimum o f  s l i d i n g  c o n t a c t  r e s i s t a n c e  between d u c t s .  

Freede  ' s ( 7 )  p r e l i m i n a r y  d a t a  i n d i c a t e d  t h a t  I n c o n e l  718 t o  

I n c o n e l  718 i s  one of  t h e  more f a v o r a b l e  m a t e r i a l  combina t ions  

f o r  u s e  i n  1200 O F  sodium s y s t e m s .  h l a t e r i a l  removed from t h e  

c o n t a c t  pad  by un i fo rm c o r r o s i o n  s h o u l d  have l i t t l e  b e a r i n g  on 

t h e  o v e r a l l  per formance  of  t h e  r e a c t o r .  P o s s i b l y  t h e  most 

i m p o r t a n t  and unanswered problem a t  t h i s  p o i n t  i s  t h e  method f o r  

a p p l y i n g  o r  a t t a c h i n g  t h e  I n c o n e l  718 t o  t h e  f low d u c t  ( p r o b a b l y  

a u s t e n i t i c  s t a i n l e s s  s t e e l )  and t h e  o v e r a l l  a s s u r a n c e  t h a t  t h e  

m a t e r i a l  w i l l  n o t  s ~ a l l  o f f  d u r i n g  o p e r a t i o n .  The p o i n t  of  con-  

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

between t h e  I n c o n e l  718 and t h e  f l o w  d u c t  m a t e r i a l .  I f  t h e  f low 

d u c t  i s  c o n s t r u c t e d  o f  Type 304 s t a i n l e s s  s t e e l ,  t h e  e x p a n s i o n  

o f  t h e  s t a i n l e s s  s t e e l  a t  1 2 0 0  O F  w i l l  be a b o u t  20% g r e a t e r  t h a n  

t h e  expans ion  of t h e  I n c o n e l  718. I f  t h e  I n c o n e l  718 and s t a i n -  

l e s s  s t e e l  remain  d u c t i l e  t h r o u g h o u t  t h e i r  l i f e ,  l o c a l i z e d  

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

However, d u c t i l i t y  w i l l  be  lowered  s u b s t a n t i a l l y  by t h e  n e u t r o n  

f l u e n c e s  i n v o l v e d  i n  t h i s  a p p l i c a t i o n ,  t h u s  c a s t i n g  a  shadow 

o f  doubt  on t h e  a c t u a l  f u l l - t e r m  s e r v i c e  r e l i a b i l i t y  o f  t h e s e  

c o n t a c t  p a d s .  



S A F E T Y  R O D  A C C E L E R A T O R  S P R I N G S  

There a r e  no u n u s u a l  f a b r i c a t i o n  problems a s s o c i a t e d  

w i t h  t h e  p r o d u c t i o n  o f  t h e  l a r g e  c o i l  s p r i n g s  of  I n c o n e l  718 

f o r  s a f e t y  rod  a c c e l e r a t o r s .  The s p r i n g s  w i l l  be l o c a t e d  i n  

an a r e a  of  t h e  r e a c t o r  where n e u t r o n  e x p o s u r e s  w i l l  be  n e g l i g i -  

b l e  o v e r  t h e  e n t i r e  l e n g t h  o f  t h e  s p r i n g ,  a s  shown i n  Tab le  1. 

The d a t a  a v a i l a b l e  i n d i c a t e  t h a t  t h e  amount of  s t r e s s  r e l a x a t i o n  

f o r  u n i r r a d i a t e d  m a t e r i a l  a t  1200 OF w i l l  be  w i t h i n  a c c e p t a b l e  

d e s i g n  l i m i t s .  The r emain ing  unknown i s  t h e  c o r r o s i o n  a s p e c t  

and t h e  e f f e c t  of  h i g h  t e m p e r a t u r e  l i q u i d  sodium on t h e  s t r e s s  

r e l a x a t i o n  b e h a v i o r  o f  t h e  m a t e r i a l .  Uniform c o r r o s i o n  of t h e  

I n c o n e l  718 s p r i n g  would p r e s e n t  no s e r i o u s  problem from t h e  

s t a n d p o i n t  of  s p r i n g  pe r fo rmance .  Nonuniform c o r r o s i o n ,  i . e . ,  

i n t e r g r a n u l a r  p e n e t r a t i o n ,  c o u l d  however compromise t h e  

r e l i a b i l i t y  o f  t h e  s p r i n g ,  and i t  i s  t h i s  a s p e c t  of c o r r o s i o n  

t h a t  must be f u r t h e r  examined t o  q u a l i f y  I n c o n e l  718 f o r  

s a f e t y  r o d  a c c e l e r a t o r  s p r i n g s .  

F U E L  E L E M E N T  G R I D  S P A C E R S  

The t h i n  honeycomb g r i d  s p a c e r  a s s e m b l i e s  w i l l  r e s i d e  i n  

one of  t h e  most a d v e r s e  e n v i r o n m e n t a l  r e g i o n s  w i t h i n  t h e  FTR. 

These a s s e m b l i e s  w i l l  l i e  i n  t h e  peak n e u t r o n  f l u x  r e g i o n ,  

t h e  peak sodium f low r e g i o n ,  and one of  t h e  h i g h e s t  tempera-  

t u r e  r e g i o n s .  With r e l a t i v e l y  t h i n  a s s e m b l i e s  such  a s  t h e s e ,  

un i fo rm c o r r o s i o n  c o u l d  p r e s e n t  s e r i o u s  problems.  Fur the rmore ,  

c o r r o s i o n  problems w i t h  n i c k e l - b a s e  a l l o y s  i n c r e a s e  w i t h  

i n c r e a s i n g  sodium v e l o c i t y .  

Values f o r  mechan ica l  p r o p e r t i e s  of  i r r a d i a t e d  I n c o n e l  718 

a r e  n o t  a v a i l a b l e  beyond a b o u t  l o z 1  n/cm2. I f  one were t o  con- 

s i d e r  t h e r m a l  r e a c t o r  d a t a  t o  p r e d i c t  f a s t  r e a c t o r  b e h a v i o r ,  

e x t r a p o l a t i o n s  o v e r  two o r d e r s  of  magnitude would be r e q u i r e d .  

This  i s  n o t  a d v i s a b l e .  The a c c e p t a b l e  pe r fo rmance  o f  t h e  
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b r a z e d  assembly  would a l s o  be i n  q u e s t i o n ,  because  of 

T h o r l e y ' s  ( 2 5 )  sodium c o r r o s i o n  s t u d i e s  on t h e  N i c r o b r a z  

a l l o y s .  The u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  e f f e c t s  o f  

i r r a d i a t i o n  on s t r e s s  r e l a x a t i o n  and o t h e r  mechanica l  p r o p e r -  

t i e s  of I n c o n e l  718, t h e  e f f e c t s  of h i g h  t e m p e r a t u r e ,  h i g h  

v e l o c i t y  sodium, and t h e  b e h a v i o r  of  b r a z e d  j o i n t s  i n  a  

sodium environment  do n o t  f a v o r  t h e  use  of I n c o n e l  718 honey-  

comb g r i d  s p a c e r s  w i t h o u t  c o n s i d e r a b l e  development e f f o r t s .  

VIII. C O N C L U S I O N S  

I n c o n e l  718 p o s s e s s e s  a  number of  a t t r a c t i v e  p r o p e r t i e s  

which make t h a t  m a t e r i a l  d e s i r a b l e  f o r  c e r t a i n  n u c l e a r  and 

n o n n u c l e a r  a p p l i c a t i o n s .  The f o l l o w i n g  c o n c l u s i o n s  can  be  

drawn i n  r e g a r d s  t o  t h e  m e c h a n i c a l ,  c h e m i c a l ,  and f a b r i c a t i o n  

p r o p e r t i e s  of  I n c o n e l  718: 

T e n s i l e .  I n c o n e l  718 i s  a p p r o x i m a t e l y  f o u r  t i m e s  s t r o n g e r  

t h a n  Type 304 s t a i n l e s s  s t e e l  ove r  t h e  t e m p e r a t u r e  r ange  

of room t e m p e r a t u r e  t o  1400 OF, w h i l e  d u c t i l i t y  remains  

e s s e n t i a l l y  e q u i v a l e n t  t o  t h a t  o f  t h e  s t a i n l e s s  s t e e l .  

There i s  on ly  a  minimal amount of  d a t a  on t h e  t e n s i l e  

p r o p e r t i e s  of  i r r a d i a t e d  I n c o n e l  718 t o  f l u e n c e s  of 
2 0  n c  ( E  > 1 MeV). 

S t r e s s  R e l a x a t i o n .  I n c o n e l  718 h a s  s u b s t a n t i a l l y  b e t t e r  

s t r e s s  r e l a x a t i o n  p r o p e r t i e s  t h a n  I n c o n e l  X-750. There 

a r e  no i r r a d i a t i o n  e f f e c t s  d a t a  p e r  s e  on I n c o n e l  718, 

b u t  d a t a  on o t h e r  n i c k e l - b a s e  a l l o y s  i n d i c a t e  t h a t  

i r r a d i a t i o n  w i l l  g r e a t l y  i n c r e a s e  t h e  amount of  s t r e s s  

r e l a x a t i o n .  

Creep and S t r e s s  Rupture .  The c r e e p  o r  r u p t u r e  s t r e n g t h  

o f  I n c o n e l  718 i s  abou t  f o u r  t i m e s  t h a t  of  Type 304 

s t a i n l e s s  s t e e l  f o r  t e m p e r a t u r e s  of 1100 t o  1300 OF. 

There  a r e  no i r r a d i a t i o n  e f f e c t s  d a t a  on t h e s e  p r o p e r -  

t i e s  f o r  I n c o n e l  718. 



F a t i g u e .  A t  e l e v a t e d  t e m p e r a t u r e s  ( t o  1200 OF), t h e  

low c y c l e  f a t i g u e  l i f e  o f  I n c o n e l  718 i s  an o r d e r  of 

magnitude b e t t e r  t h a n  t h a t  o f  a u s t e n i t i c  s t a i n l e s s  

s t e e l ,  f o r  comparable  t o t a l  s t r a i n s .  

a C o r r o s i o n .  There a r e  no a c t u a l  sodium c o m p a t i b i l i t y  

d a t a  f o r  I n c o n e l  718, b u t  d a t a  from s i m i l a r  a l l o y s  i n d i -  

c a t e  t h a t  under  comparable  c o n d i t i o n s  of  t e m p e r a t u r e  and 

f low r a t e ,  I n c o n e l  718 would e x p e r i e n c e  4 0 %  more me ta l  

l o s s  p e r  y e a r  t h a n  an a u s t e n i t i c  s t a i n l e s s  s t e e l .  

F a b r i c a t i o n .  I n c o n e l  718 i s  one of t h e  most e a s i l y  

f a b r i c a b l e  o f  t h e  e n t i r e  f a m i l y  of  n i c k e l - b a s e  a l l o y s .  

A minimal amount of  e f f o r t  w i l l  be r e q u i r e d  t o  d e t e r m i n e  

i f  I n c o n e l  718 can  q u a l i f y  f o r  t h e  s a f e t y  rod  a c c e l e r a t o r  

s p r i n g s  and t h e  f low d u c t  c o n t a c t  p a d s .  Development work 

r e q u i r e d  f o r  t h e  s a f e t y  r o d  s p r i n g s  i n v o l v e s  p r i m a r i l y  in - sod ium 

s t r e s s  r e l a x a t i o n  t e s t s  on s c a l e  model s p r i n g s .  Development 

work r e q u i r e d  f o r  t h e  c o n t a c t  pads  i n v o l v e s  p e r f e c t i n g  methods 

of  f a b r i c a t i o n  and d e t e r m i n i n g  t h e  per formance  of  f a b r i c a t e d  

p a r t s ,  p r e f e r a b l y  i n  a  sodium/neut ron  envi ronment  a t  abou t  

1200 O F .  

I f  t h e  r e l i a b i l i t y  f o r  FTR f u e l  e l emen t s  i s  t o  be d e t e r -  

mined, t h e  g r i d  s p a c e r  a s s e m b l i e s  w i l l  r e q u i r e  e x t e n s i v e  

c o r r o s i o n  and s t r e s s  r e l a x a t i o n  t e s t s  i n  a  p r o t o t y p i c  e n v i r o n -  

ment:  i . e . ,  f a s t  n e u t r o n  spec t rum w i t h  h i g h  t e m p e r a t u r e ,  h igh  

v e l o c i t y  sodium. 
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