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T H E  HIGH- TEMPERATURE COMPATIBILITY 
O F  P R O M E T H I U M  S E S Q U I O X I D E  

H. T. F u l l a m  

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

A program t o  deve lop  t h e  t e c h n o l o g y  of  promethium h a s  been  

underway a t  t h e  P a c i f i c  Nor thwest  L a b o r a t o r y  (PNL) f o r  a  number 

o f  y e a r s .  T h i s  program h a s  been  s u p p o r t e d  by t h e  D i v i s i o n  o f  

I s o t o p e s  Development.  A ma jo r  p h a s e  o f  t h e  program h a s  

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

(Pm203), d e t e r m i n a t i o n  o f  i t s  chemica l  and p h y s i c a l  p r o p e r t i e s ,  

and development  o f  p o t e n t i a l  a p p l i c a t i o n s  f o r  t h e  o x i d e .  

One major  a p p l i c a t i o n  f o r  Pm 0  i n v o l v e s  i t s  u s e  a s  a  f u e l  2 3 
f o r  r a d i o i s o t o p e  h e a t  s o u r c e s  and a  s u b s t a n t i a l  e f f o r t  a t  PNL 

h a s  been  d i r e c t e d  a t  d e v e l o p i n g  t h i s  u s e .  Use o f  Pm203 a s  a  

h e a t  s o u r c e  f u e l  r e q u i r e s  an  a d e q u a t e  knowledge o f  t h e  com- 

p a t i b i l i t y  o f  t h e  o x i d e  w i t h  con ta inmen t  m a t e r i a l s  a t  e l e -  

v a t e d  t e m p e r a t u r e s .  A s t u d y  h a s  been  underway a t  PNL f o r  

s e v e r a l  y e a r s  t o  o b t a i n  t h i s  i n f o r m a t i o n .  I n  t h e  i n i t i a l  

p h a s e  o f  t h e  p r o j e c t  a  number o f  s h o r t - t e r m  s c o u t i n g  t e s t s  

were c a r r i e d  o u t  t o  s e l e c t  t h e  optimum con ta inmen t  m a t e r i a l s  

f o r  l o n g - t e r m  t e s t i n g  and t o  i d e n t i f y  t h e  f a c t o r s  which a f f e c t  

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

were p r e s e n t e d  i n  i n t e r i m  r e p o r t  BNWL- 3 2 7 .  (1) 

Based on t h e  r e s u l t s  o f  t h e  s c o u t i n g  s t u d i e s ,  a  s e r i e s  

o f  l o n g- t e r m  exper imen t s  was d e s i g n e d  and c a r r i e d  o u t  t o  

e v a l u a t e  Pm203 c o m p a t i b i l i t y  w i t h  n i n e  s e l e c t e d  m e t a l s  and 

a l l o y s  a t  t e m p e r a t u r e s  up t o  2 0 0 0  O C .  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  o f  t h e  l o n g - t e r m  t e s t s  a s  w e l l  a s  summarizes t h e  

r e s u l t s  o f  t h e  e n t i r e  Pm203 c o m p a t i b i l i t y  program a t  PNL. 



2 .  SUMMARY 

The l o n g-  t e rm c o m p a t i b i l i t y  o f  Pm203 w i t h  n i n e  d i f f e r e n t  

m e t a l s  was e v a l u a t e d  a t  1100 O C .  The m e t a l s  t e s t e d  were 304L SS, 

H a s t e l l o y  X ,  Haynes 25, t a n t a l u m ,  rhenium, t u n g s t e n ,  Ta-10% W ,  

W-25% Re and T Z M .  The t e s t s  l a s t e d  up t o  2 y r .  Sm203 was used  

a s  a  s t a n d - i n  i n  most o f  t h e  t e s t s .  However, enough t e s t s  were 

run  w i t h  Pm203 t o  v e r i f y  t h a t  t h e  r e s u l t s  o b t a i n e d  w i t h  Sm203 

were a p p l i c a b l e  t o  Pm203. 

The d a t a  o b t a i n e d  i n  t h e  t e s t s  show t h a t :  

Oxide c o m p a t i b i l i t y  a t  1100 O C  i s  p r i m a r i l y  dependen t  

on o x i d e  p u r i t y .  

A v a r i e t y  o f  m e t a l s  can  be  used  t o  c o n t a i n  Pm203 a t  

1100 O C  p r o v i d e d  t h e  c r i t i c a l  i m p u r i t i e s  ( i . e . ,  H20, C ,  

o r g a n i c s )  a r e  removed from t h e  ox ide  p r i o r  t o  u s e .  

From c o m p a t i b i l i t y  c o n s i d e r a t i o n s  a l o n e ,  rhenium i s  t h e  

p r e f e r r e d  con ta inment  m a t e r i a l .  

Oxide-meta l  i n t e r a c t i o n  i s  e s s e n t i a l l y  independen t  o f  

t ime a t  t e m p e r a t u r e .  Couples  t e s t e d  f o r  l o n g  p e r i o d s  o f  

t ime  (up t o  2 y r )  show t h e  same amount o f  o x i d e - m e t a l  

r e a c t i o n  a s  c o u p l e s  t e s t e d  f o r  much s h o r t e r  t ime  p e r i o d s  

(1500 h r ) .  T h e r e f o r e ,  r e s u l t s  o b t a i n e d  i n  t h e  2 y r  t e s t s  

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

Sm 0  makes a  good s t a n d - i n  f o r  Pm203, and r e s u l t s  o b t a i n e d  2 3  
w i t h  Sm203 a r e  comple te ly  a p p l i c a b l e  t o  Pm 0 

2 3 '  

A s e r i e s  o f  h i g h e r  t e m p e r a t u r e  c o m p a t i b i l i t y  t e s t s  was 

c a r r i e d  o u t  w i t h  Sm203. R e s u l t s  o b t a i n e d  a t  1550 O C  and 

2000 O C  conf i rm t h o s e  o b t a i n e d  a t  1100 O C .  

P o t e n t i a l  u s e r s  o f  Pm20j s h o u l d  n o t  l e t  f e a r  o f  o x i d e  com- 

p a t i b i l i t y  problems d e t e r  t h e i r  u s e  o f  Pm203 a t  e l e v a t e d  tem- 

p e r a t u r e s .  P rov ided  t h e  Pm203 i s  f r e e  o f  c r i t i c a l  i m p u r i t i e s ,  

s e l e c t i o n  of  a  con ta inment  m a t e r i a l  can be based  on f a c t o r s  

o t h e r  t h a n  o x i d e  c o m p a t i b i l i t y .  



3.  P R E L I M I N A R Y  S T U D I E S  

E a r l y  i n  t h e  Pm203 c o m p a t i b i l i t y  program,  a  s e r i e s  o f  

s c o u t i n g  s t u d i e s  was c a r r i e d  o u t  t o  i d e n t i f y  t h e  f a c t o r s  

which a f f e c t  t h e  r a t e  o f  o x i d e - c l a d  i n t e r a c t i o n  and t o  s e l e c t  

t h e  b e s t  m e t a l s  and a l l o y s  f o r  l o n g - t e r m  t e s t i n g .  These 

t e s t s  were c a r r i e d  a t  t e m p e r a t u r e s  up t o  1100 O C .  The r e s u l t s  

o f  t h e  s c o u t i n g  s t u d i e s  were r e p o r t e d  i n  d e t a i l  i n  BNWL-327 (1)  

and a r e  summarized b r i e f l y  i n  t h i s  s e c t i o n .  

Most o f  t h e  s c o u t i n g  t e s t s  were made u s i n g  Sm203 and 

Nd203 a s  s t a n d - i n s  f o r  Pm203. T h i s  was n e c e s s a r y  because  o f  

an e a r l y - p r o g r a m  s h o r t a g e  o f  h i g h - p u r i t y  Pm203 and b e c a u s e  o f  

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

Pm203. I t  was f e l t  t h a t  Sm203 and Nd203 s h o u l d  make e x c e l l e n t  

s t a n d - i n s  f o r  Pm203 b e c a u s e  o f  t h e  s i m i l a r  chemica l  and p h y s i -  

c a l  p r o p e r t i e s  of  a d j a c e n t  r a r e  e a r t h s .  Sm203 was e s p e c i a l l y  

a t t r a c t i v e  a s  a  s t a n d - i n  because  Pm203 always c o n t a i n s  some 

Sm203 due t o  r a d i o a c t i v e  decay .  Some s c o u t i n g  s t u d i e s  were 

c a r r i e d  o u t  w i t h  Pm203, and t h e  r e s u l t s  o b t a i n e d  compare 

f a v o r a b l y  w i t h  t h o s e  o b t a i n e d  w i t h  t h e  s t a n d - i n s  . 
R e s u l t s  o f  t h e  s c o u t i n g  s t u d i e s  show t h a t  o x i d e  p u r i t y  

i s  t h e  most c r i t i c a l  f a c t o r  a f f e c t i n g  t h e  r a t e  a t  which t h e  

o x i d e s  and con ta inmen t  m a t e r i a l s  i n t e r a c t .  Commercial g r a d e s  

( 9 9 . 9 % )  o f  Sm203 and Nd203 r e a c t  q u i t e  r a p i d l y  w i t h  most 

m e t a l s  and a l l o y s  a t  e l e v a t e d  t e m p e r a t u r e s .  A t  1100 O C ,  

i n t e r a c t i o n  r a t e s  o f  5 m i l s  and h i g h e r  ( i n  1500 h r )  were 

o b s e r v e d  between Sm203 and most  m e t a l s  t e s t e d .  Only rhenium 

and i t s  a l l o y s  showed any a p p r e c i a b l e  r e s i s t a n c e  t o  a t t a c k  

by commercial  g r a d e  o x i d e s .  

Exper imen ta l  e v i d e n c e  o b t a i n e d  from t h e  s c o u t i n g  s t u d i e s  

showed t h a t  c e r t a i n  c r i t i c a l  i m p u r i t i e s  i n  t h e  o x i d e  were t h e  



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

commercial g r a d e  o x i d e .  These c r i t i c a l  i m p u r i t i e s  were found 

t o  b e  w a t e r ,  ca rbon  monoxide, ca rbon  d i o x i d e ,  and i m p u r i t i e s  

which can form CO o r  C02 ( i . .  , c a r b o n ,  CO;, and o r g a n i c  com- 

pounds ) .  When t h e s e  i m p u r i t i e s  were removed from t h e  o x i d e  

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

a c t i o n  were  r educed  t o  much lower  l e v e l s  ( s e e  Tab le  1 ) .  The 

p u r i f i c a t i o n  t r e a t m e n t  developed f o r  removing d e l e t e r i o u s  

i m p u r i t i e s  c o n s i s t e d  o f  h e a t i n g  t h e  o x i d e  i n  oxygen a t  1100 O C  

f o r  s e v e r a l  h o u r s  and t h e n  h e a t i n g  i n  hydrogen a t  1100 O C  

f o r  a  s i m i l a r  t ime p e r i o d .  The o x i d e  was c o o l e d  t o  room tem- 

p e r a t u r e  under  a rgon  and s e a l e d  i n  g l a s s  c o n t a i n e r s  u n t i l  

needed .  A p o s s i b l e  e x p l a n a t i o n  o f  why c e r t a i n  i m p u r t i e s  s o  

d r a s t i c a l l y  a f f e c t  r a r e  e a r t h  o x i d e  c o m p a t i b i l i t y  w i t h  me ta l  

i s  g i v e n  i n  t h e  append ix .  

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

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

was c y c l e d  between 700 and 1100 O C  t h e  i n t e r a c t i o n s  o b s e r v e d  

were s u b s t a n t i a l l y  g r e a t e r  t h a n  t h o s e  obse rved  a t  a  c o n s t a n t  

1100 O C .  

One ma jo r  c o n c l u s i o n  can  b e  drawn from t h e  r e s u l t s  o f  t h e  

s c o u t i n g  s t u d i e s .  A v a r i e t y  o f  m e t a l s  and a l l o y s  can  be  used  

t o  c o n t a i n  Pm203 a t  1100 O C  f o r  p e r i o d s  up t o  1500 h r ,  p r o -  

v i d e d  t h e  o x i d e  i s  s p e c i a l l y  p u r i f i e d .  One can e x t r a p o l a t e  

t h e  d a t a  t o  show t h a t  s a f e  con ta inment  o f  t h e  o x i d e  i s  p o s s i b l e  

f o r  much l o n g e r  p e r i o d s  o f  t ime  a t  1100 O C .  However, e x p e r i -  

menta l  v e r i f i c a t i o n  i s  needed t o  a s s u r e  p o t e n t i a l  o x i d e  u s e r s  

t h e  e x t r a p o l a t i o n  i s  v a l i d .  The c u r r e n t  e x p e r i m e n t a l  program 

was d e s i g n e d  t o  p r o v i d e  t h i s  a s s u r a n c e .  



TABLE 1. 

Meta l  

304L SS 

304L SS 

Haynes 25 

Haynes 25 

Tantalum 

Tantalum 

Tungs ten  

Tungs ten  

Rhenium 

Rhenium 

P l a t i n u m  

P l a t i n u m  

W-25% Re 

W-25% Re 

Results of Compatibility Scouting 
Studies with Sm203 at 1190 OC 

I n t e r a c t i o n  
Oxide Time, Zone, 

s o u r c e  (a )  h r  m i l s  

1 1500 8 

(a) 1 - CommerciaZ O x i d e  
2 - Commercial  Ox ide  Spec iaZZy  P u r i f i e d  

4 .  E X P E R I M E N T A L  PROGRAM 

The b a s i c  o b j e c t i v e s  o f  t h e  c u r r e n t  Pm203 c o m p a t i b i l i t y  

program were t w o f o l d :  

To o b t a i n  l o n g- t e r m  e x p e r i m e n t a l  d a t a  on t h e  compa t i -  

b i l i t y  o f  Pm203 w i t h  s e l e c t e d  m e t a l s  and a l l o y s  a t  

1100 OC. 

To o b t a i n  s h o r t - t e r m  c o m p a t i b i l i t y  d a t a  f o r  Pm 0 a t  2 3 
t e m p e r a t u r e s  up t o  2000 O C .  

T h i s  d a t a  would a l l o w  h e a t  s o u r c e  u s e r s  t o  d e s i g n  h i g h  i n t e g -  

r i t y  Pm203 s o u r c e s  f o r  l o n g- t e r m  h i g h  t e m p e r a t u r e  u s e .  The 

p r o c e d u r e s  used  t o  o b t a i n  t h e  r e q u i r e d  d a t a  a r e  d e s c r i b e d  i n  

t h e  f o l l o w i n g  s e c t i o n s .  



4 . 1  T E S T  P R O G R A M  

Nine d i f f e r e n t  m e t a l s  and a l l o y s  were  s e l e c t e d  f o r  l o n g -  

t e rm c o m p a t i b i l i t y  t e s t i n g  a t  1100 O C :  

304L SS Rhenium 

H a s t e l l o y  X TZM 

Haynes 25 Ta-10% W 

Tantalum W-25% Re 

Tungs ten  

H a s t e l l o y  X and Haynes 25 were chosen  a s  r e p r e s e n t a t i v e s  o f  

t h e  n i c k e l  and c o b a l t  b a s e  s u p e r a l l o y s ,  and 304L was chosen  

a s  a  t y p i c a l  s t a i n l e s s  s t e e l .  The r e f r a c t o r y  m e t a l s  were  

p i c k e d  f o r  t h e i r  e x c e l l e n t  s h i e l d i n g  and h i g h  t e m p e r a t u r e  p r o p -  

e r t i e s .  Rhenium and W-25% Re were  s e l e c t e d  b e c a u s e  t h e y  showed 

t h e  g r e a t e s t  r e s i s t a n c e  t o  o x i d e  a t t a c k  o f  any o f  t h e  m e t a l s  

t e s t e d  i n  t h e  s c o u t i n g  s t u d i e s .  Program c o s t  c o n s i d e r a t i o n s  

l i m i t e d  t h e  m e t a l s  t e s t e d  t o  t h o s e  l i s t e d .  

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

T a b l e s  2 t h rough  5 .  Most o f  t h e  t e s t s  were c a r r i e d  o u t  u s i n g  

Sm203 a s  a  s t a n d - i n  f o r  Pm203. However, enough t e s t s  were 

r u n  w i t h  Pm203 t o  show t h a t  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  

s t a n d - i n  would be  a p p l i c a b l e  t o  Pm203. While i t  would have  

been  most d e s i r a b l e  t o  c a r r y  o u t  a l l  o f  t h e  t e s t s  w i t h  Pm203, 

t h e  c o s t  i n v o l v e d  would have  been  p r o h i b i t i v e .  

The h i g h  t e m p e r a t u r e  t e s t s  (1550 and 2000 O C )  were  

c a r r i e d  o u t  w i t h  Sm203 o n l y .  T h i s  was n e c e s s a r y  b e c a u s e  f u r -  

n a c e s  f o r  t e s t i n g  Pm2g3 c o u p l e s  above 1100 O C  were  n o t  

a v a i l a b l e .  

I n  a d d i t i o n  t o  t h e  s t u d i e s  l i s t e d  i n  T a b l e s  2 t o  5 ,  a  num- 

b e r  o f  m i s c e l l a n e o u s  t e s t s  were  c a r r i e d  o u t  a t  v a r i o u s  t i m e s  

d u r i n g  t h e  program t o  e v a l u a t e  s p e c i f i c  f a c t o r s .  These  

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

s l i p  c a s t  o x i d e  p e l l e t s ,  and o x i d e  w i t h  s p e c i a l l y  added 

i m p u r i t i e s .  



TABLE 2 .  Pm203 T e s t  Program a t  1 1 0 0  OC 

Metal  

304L SS 

304L SS 

H a s t e l l o y  X 

H a s t e l l o y  X 

Haynes 25 

Haynes 25 

Tantalum 

Tantalum 

Tungsten 

Rhenium 

Ta-10% W 
Ta-10% W 

W-25% Re 

TZM 

F a b r i c a t i o n  
~ e t h o d  (a )  

PS 

P I  

PS 

P I  

PS 

P I  

PS 

P I  

PS 

PS 

PS 

P I  

PS 

PS 

T e s t  P e r i o d ,  h r  
8,800 13,200 

( a )  PS - Capsule  loaded  w i t h  c o l d- p r e s s e d  and 
s i n t e r e d  p e l l e t s  

P I  - Capsule  loaded w i t h  c o l d - p r e s s e d  and 
s i n t e r e d  p e l l e t s ,  t h e n  p n e u m a t i c a l l y  
impac ted  



TABLE 3 .  S m 2 0 3  T e s t s  at 1 1 0 0  OC 

F a b r i c a t i o n  T e s t  P e r i o d ,  h r  
Metal  ~ e t h o d ( a )  8,800 17,600 % 304L SS SP 2 2 

304L SS PI 1 1 1 

304L SS PS 2 

H a s t e l l o y  X SP 2 2 2 

H a s t e l l o y  X PI  1 1 1 

Haynes 25 SP 

Haynes 25 PI 

Tantalum S P 2 2 2 

Tantalum PI 1 1 1 

Tantalum PS 

Rhenium SP 2 2 2 

Rhenium PI 1 1 1 

Rhenium 

Ta-10% W 

T Z M  

T Z M  

T Z M  

Tungsten 

Tungsten 

( a )  S P  - Oxide  S t e p  p r e s s e d  i n t o  c a p s u l e  
P I  - Oxide  s t e p  p r e s s e d  i n t o  c a p s u l e  - 

c a p s u l e  pneumat icaZZy  i m p a c t e d  
PS - P r e s s e d  and s i n t e r e d  o x i d e  p e l l e t s  

I b )  iVumber o f  c a p s u l e s  t e s t e d  a t  e a c h  s e t  
o f  c o n d i t i o n s .  



TABLE 4 .  

Metal 

304L SS 

304L SS 

H a s t e l l o y  X 

H a s t e l l o y  X 

Haynes 25 

Haynes 25  

Tantalum 

Tantalum 

Rhenium 

Rhenium 

Ta-.lo% W 

Ta-10% W 

Tungsten 

Tungsten 

W-25% Re 

W-25% Re 

TZM 

TZM 

Sm2O3 Tests with Temperature Cycled 
Between 700 and 1100 OC - 2 4  h r  Cycle 

F a b r i c a t i o n  T e s t  P e r i o d ,  h r  
~ e t h o d ( ~ )  1,000 4,300 8,800 

SP X X X 

f a )  S P  - Oxide s t e p  p r e s s e d  i n t o  c a p s u l e  
P I  - Oxide s t e p  p r e s s e d  i n t o  c a p s u l e  - 

c a p s u l e  p n e u m a t i c a l l y  i m p a c t e d .  



TABLE 5 .  High Temperature Tests with Sm203 

F a b r i c a f i p n  T e s t  P e r i o d ,  h r  
Meta l  Method 1 ,000 4,300 

( A )  T e s t s  a t  1550 O C  

Tantalum 

Tantalum 

Tungs ten  

Tungs ten  

Rhenium 

Rhenium 

Ta-10% W 

Ta-10% W 

W-25% Re 

:21-25% Re 

TZM 

TZM 

( B )  T e s t s  a t  2000 O C  

Tantalum 

Tantalum 

Tungs ten  

Tungs ten  

Rhenium 

Rhenium 

Ta-10% W 

Ta-10% W 
W-25% Re 

W-25% Re 

X X 

T e s t  P e r i o d ,  h r  
1 ,000  3 ,000 

(a) SP - Oxide  s t e p  p r e s s e d  i n t o  c a p s u l e  
P I  - Oxide  s t e p  p r e s s e d  i n t o  c a p s u l e  - 

c a p s u l e  p n e u m a t i c a Z l y  i m p a c t e d  



4 . 2  P R E P A R A T I O N  OF TEST C O U P L E S  

I n  o r d e r  t o  minimize t h e  i n f l u e n c e  o f  f a b r i c a t i o n  t e c h -  

n i q u e s  on t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d ,  t h e  method o f  

p r e p a r i n g  t h e  t e s t  c o u p l e s  was s t a n d a r d i z e d  as  f a r  a s  p o s -  

s i b l e .  The b a s i c  s t e p s  i n  coup le  p r e p a r a t i o n  were :  

P r e p a r a t i o n  o f  h i g h  p u r i t y  o x i d e  by a  s t a n d a r i z e d  

p r o c e s s .  

F a b r i c a t i o n  o f  t h e  m e t a l  t e s t  c a p s u l e  from b a r  s t o c k  

o r  s h e e t  o b t a i n e d  from a  s i n g l e  s o u r c e  (and l o t  i f  

p o s s i b l e ) .  

Loading o f  t h e  o x i d e  i n t o  t h e  t e s t  c a p s u l e .  

C l o s u r e  o f  t h e  c a p s u l e  by we ld ing  t o  form t h e  com- 

p l e t e d  c o u p l e .  

Pneumatic  impac t ion  (where r e q u i r e d ) .  

Couple s e a l e d  i n  p r o t e c t i v e  j a c k e t ,  i f  n e c e s s a r y .  

The comple ted  coup le  was t h e n  ready  f o r  t e s t i n g .  

Oxide P r e p a r a t i o n  

A s  mentioned e a r l i e r ,  ox ide  p u r i t y  has  a  pronounced 

i n f l u e n c e  on t h e  r a t e  o f  ox ide- meta l  i n t e r a c t i o n .  A s p e c i a l  

p r o c e s s  d e s i g n e d  t o  remove t h e  c r i t i c a l  i m p u r i t i e s  was used  

t o  p r e p a r e  a l l  o f  t h e  o x i d e  u s e d  i n  t h e  program. 

Samarium s e s q u i o x i d e  o f  99 .9% p u r i t y  was o b t a i n e d  from 

t h e  Lindsey  D i v i s i o n  o f  American P o t a s h  and Chemical Corpora-  

t i o n .  The o x i d e  was d i s s o l v e d  i n  r e s e a r c h  g rade  n i t r i c  a c i d .  

The samarium was t h e n  p r e c i p i t a t e d  from t h e  s o l u t i o n  a s  t h e  

o x a l a t e  by t h e  a d d i t i o n  o f  aqueous o x a l i c  a c i d .  The o x a l a t e  

was f i l t e r e d  and washed t h o r o u g h l y  w i t h  d i s t i l l e d  w a t e r .  The 

o x a l a t e  cake was c a l c i n e d  t o  o x i d e  a t  1100 O C  f o r  2 4  h r  i n  a  

f lowing  oxygen a tmosphere  ( i n  a  q u a r t z  v e s s e l ) .  The sys tem was 

t h e n  purged  w i t h  a rgon ,  and t h e  o x i d e  h e a t e d  f o r  1 6  h r  a t  1100 O C  

i n  an a tmosphere  o f  Ar-6% H .  The o x i d e  was c o o l e d  t o  room 

t e m p e r a t u r e  under  a rgon and t r a n s f e r r e d  t o  g l a s s  c o n t a i n e r s .  



The Sm 0  was p r e p a r e d  i n  s e v e r a l  b a t c h e s ,  and t h e s e  were 2 3  
t h o r o u g h l y  b l e n d e d  t o  e n s u r e  u n i f o r m i t y .  Blending was done i n  

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

u n t i l  needed.  

The promethium s e s q u i o x i d e  was p r e p a r e d  i n  a  s i m i l a r  

f a s h i o n  e x c e p t  t h a t  t h e  s t a r t i n g  m a t e r i a l  was promethium s o l u -  

t i o n  from an i o n  exchange p u r i f i c a t i o n  p r o c e s s .  ( 2 9 3 )  T h i s  s o l u -  

t i o n  c o n t a i n e d  <1% c a t i o n  i m p u r i t i e s .  The promethium was 

p r e c i p i t a t e d  a s  t h e  o x a l a t e ,  and t h e  o x a l a t e  was c a l c i n e d  i n  

t h e  same manner a s  t h e  samarium o x a l a t e .  The Pme03 p r o d u c t  was 

s t o r e d  i n  m e t a l  c a n s .  P r e p a r a t i o n  o f  t h e  Pm203 was c a r r i e d  o u t  

i n  a  l e a d - s h i e l d e d  g l o v e  box.  

The Sm203 produced by t h e  above t r e a t m e n t  had  t h e  mono- 

c l i n i c  c r y s t a l  s t r u c t u r e ,  a s  d i d  t h e  Pm203. 

4 . 2 . 2  Capsule  F a b r i c a t i o n  

Nine d i f f e r e n t  m e t a l s  and a l l o y s  were e v a l u a t e d  i n  t h e  

program. For  any g i v e n  m e t a l  o r  a l l o y ,  a l l  o f  t h e  c a p s u l e s  

r e q u i r e d  f o r  t h e  program were p r e p a r e d  from m a t e r i a l  o b t a i n e d  

from a  s i n g l e  s u p p l i e r  (and a  s i n g l e  l o t  o r  h e a t  i f  p o s s i b l e ) .  

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

appendix .  

F i g u r e  1 A  shows t h e  t y p i c a l  c a p s u l e  d e s i g n  used  i n  p r e -  

p a r i n g  t h e  t e s t  c o u p l e s .  The c a p s u l e s  were normal ly  machined 

from b a r  s t o c k .  Dimensional  t o l e r a n c e s  were h e l d  t o  +0 .001  i n . ,  

and a l l  machined s u r f a c e s  were g i v e n  a  No. 16 f i n i s h .  

For  some o f  t h e  m e t a l s  t o  be t e s t e d ,  i t  was i m p r a c t i c a l  

t o  make t h e  e n t i r e  c a p s u l e  from t i le  t e s t  m e t a l .  I n  s u c h  c a s e s ,  

a  c a p s u l e  was machined from a  b a s e  m e t a l  such  as  304L SS o r  

t a n t a l u m  and l i n e d  w i t h  t h e  m e t a l  t o  be t e s t e d  ( F i g u r e  1B) .  
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The compos i t e  c a p s u l e  d e s i g n  was u s e d  f o r  rhenium and W-25% Re 

because  o f  t h e  c o s t  i n v o l v e d  i n  making t h e  e n t i r e  c a p s u l e  from 

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

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

p r e p a r i n g  t h e  c a p s u l e s  from b a r  s t o c k .  I n  p r e p a r i n g  t h e  com- 

p o s i t e  c a p s u l e s ,  t h e  l i n e r  m a t e r i a l  was h e l d  i n  p l a c e  by s p o t  

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

For  t h e  PmZ03 l o a d e d  c a p s u l e s ,  t h e  d e s i g n  was m o d i f i e d  

s l i g h t l y  by u s i n g  a  m e t a l  p l u g  (o f  t h e  same m e t a l  a s  t h e  c a p s u l e )  

t o  occupy p a r t  o f  t h e  s p a c e  n o r m a l l y  f i l l e d  w i t h  o x i d e .  T h i s  

r educed  t h e  amount o f  o x i d e  r e q u i r e d  p e r  c a p s u l e  from t h e  45 t o  

46 g  used  i n  t h e  Sm203 c o u p l e s  t o  a b o u t  16 g  i n  t h e  Pm203 

c o u p l e s .  

I n  c a r r y i n g  o u t  any h i g h  t e m p e r a t u r e  c o m p a t i b i l i t y  t e s t  i t  

i s  h i g h l y  d e s i r a b l e  t h a t  o n l y  t h e  m a t e r i a l s  t o  be  t e s t e d  b e  i n  

c o n t a c t .  E x c l u d i n g  o t h e r  m a t e r i a l  c o n t a c t  p r e v e n t s  any p o s -  

s i b l e  i n t e r a c t i o n  w i t h  e x t r a n e o u s  m a t e r i a l s  which migh t  a f f e c t  

t h e  r e s u l t s .  The u s e  o f  a  composi te  c a p s u l e  i s ,  t h e r e f o r e ,  a  

p o o r  c h o i c e  i n  c o m p a t i b i l i t y  t e s t i n g .  However, t h e  expense  

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

W-25% Re, and t u n g s t e n  made i t  n e c e s s a r y  t o  a c c e p t  t h e  compro- 

mise  o f  compos i t e  c a p s u l e s .  

A f t e r  f a b r i c a t i o n  and p r i o r  t o  l o a d i n g ,  t h e  c a p s u l e s  were 

c l e a n e d  i n  an u l t r a s o n i c  b a t h  u s i n g  t r i c h l o r o e t h y l e n e ,  washed 

w i t h  a l c o h o l ,  t h e n  w i t h  d i s t i l l e d  w a t e r ,  and d r i e d .  

Two methods were u s e d  f o r  l o a d i n g  o x i d e  i n t o  t h e  m e t a l  

c a p s u l e s .  The f i r s t  method i n v o l v e d  i n s e r t i n g  o x i d e  p e l l e t s  

i n t o  t h e  c a p s u l e .  I n  t h e  second  method,  t h e  o x i d e  was s t e p  

p r e s s e d  i n t o  t h e  c a p s u l e  a t  h i g h  p r e s s u r e s  [ 6 0  t o  7 0  t o n s  p e r  

s q u a r e  i n .  ( T S I ) ] .  The f i r s t  method was used  i n  p r e p a r i n g  t h e  

Pm203 c o u p l e s  and b o t h  methods were used  i n  p r e p a r i n g  t h e  Sm203 

c o u p l e s .  



The Pm203 p e l l e t s  were p r e p a r e d  by c o l d  p r e s s i n g  o x i d e  a t  

50 t o  70 TSI i n  a  s p l i t  s l e e v e  d i e  t o  g i v e  p e l l e t s  o f  t h e  

r e q u i r e d  g reen  d e n s i t y  and d i a m e t e r .  The p e l l e t s  were s i n t e r e d  

i n  a i r  a t  1200 t o  1400 O C  t o  g i v e  t h e  f i n a l  r e q u i r e d  d imensions  

and d e n s i t y .  The p e l l e t s  were t h e n  i n s e r t e d  i n t o  t h e  m e t a l  

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

Pm 0  c o u p l e s  i s  g iven  i n  a  s e p a r a t e  r e p o r t .  2 3  
(4 

Samarium s e s q u i o x i d e  p e l l e t s  were p r e p a r e d  i n  s e v e r a l  

d i f f e r e n t  ways. Some were p r e p a r e d  by c o l d  p r e s s i n g  and 

s i n t e r i n g  a s  were t h e  Pm203 p e l l e t s .  O t h e r s  were p r e p a r e d  by 

h o t  p r e s s i n g  a t  1 5 0 0 t o  1700 0 C , ( 5 )  and s t i l l  o t h e r s  were - 

p r e p a r e d  by s l i p  c a s t i n g  and s i n t e r i n g .  (6)  

When t h e  o x i d e  was s t e p  p r e s s e d  i n t o  t h e  m e t a l  c a p s u l e ,  

t h e  l o a d i n g  p r o c e d u r e  was a s  f o l l o w s :  

The c a p s u l e  was p r e s s e d  i n t o  a  heavy-wal l ed  s t e e l  d i e .  

The c a p s u l e  and d i e  were p l a c e d  i n  an argon atmosphere 

box which e n c l o s e d  t h e  ram o f  a  h y d r a u l i c  p r e s s .  A 

s m a l l  amount o f  ox ide  was p l a c e d  i n  t h e  c a p s u l e ,  and a  

c l o s e - f i t t i n g  p l u n g e r  was i n s e r t e d  on t o p  o f  t h e  o x i d e .  

A p r e s s u r e  o f  60 TSI was a p p l i e d  t o  t h e  p l u n g e r  and h e l d  

f o r  1 min. The p r e s s u r e  was r e l e a s e d  and t h e  p l u n g e r  

removed. More o x i d e  was added t o  t h e  c a p s u l e  and t h e  

e n t i r e  o p e r a t i o n  r e p e a t e d .  T h i s  s t e p - w i s e  l o a d i n g  was 

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

l e v e l .  When t h e  c a p s u l e  was f u l l ,  t h e  c a p s u l e  l i d  was 

p r e s s e d  i n  p l a c e  and t h e  c a p s u l e  e j e c t e d  from t h e  d i e .  

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

u n t i l  r eady  f o r  w e l d i n g .  

By p r e s s i n g  a t  60 TSI,  an  ox ide  d e n s i t y  o f  a b o u t  75% o f  

t h e o r e t i c a l  was normal ly  a c h i e v e d  i n  t h e  c a p s u l e .  Using t h e  

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

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

of 1 t o  2 m i l s .  



S t e p  p r e s s i n g  r e s u l t e d  i n  good c o n t a c t  between t h e  o x i d e  

and t h e  m e t a l  s u r f a c e .  The u s e  o f  o x i d e  p e l l e t s ,  however,  gave 

much p o o r e r  o x i d e - m e t a l  c o n t a c t .  A s  a  r e s u l t ,  one would e x p e c t  

g r e a t e r  o x i d e - m e t a l  i n t e r a c t i o n  under  a  g iven  s e t  o f  c o n d i t i o n s  

w i t h  t h e  s t e p - p r e s s e d  coup les  t h a n  w i t h  t h e  c o u p l e s  p r e p a r e d  

u s i n g  o x i d e  p e l l e t s .  

I n  a l l  t h e  l o a d i n g  o p e r a t i o n s ,  c a r e  was t a k e n  t o  r e d u c e  t o  

a  minimum o x i d e  exposure  t o  t h e  a tmosphere .  Th i s  was n e c e s s a r y  

t o  p r e v e n t  t h e  o x i d e  from p i c k i n g  up w a t e r  o r  ca rbon  d i o x i d e .  

Capsule  C l o s u r e  

A f t e r  l o a d i n g ,  t h e  c a p s u l e s  were c l o s e d  by e l e c t r o n  beam 

weld ing  t h e  l i d s  i n  p l a c e .  E l e c t r o n  beam weld ing  was used  f o r  

two r e a s o n s :  

Good weld p e n e t r a t i o n  c o u l d  be ach ieved  w i t h  a l l  t h e  m e t a l s  

and a l l o y s  under  c o n s i d e r a t i o n .  

The h i g h  vacuum o p e r a t i o n  o f  t h e  weld chamber d u r i n g  weld-  

i n g  s e r v e d  t o  o u t g a s  t h e  c a p s u l e  and remove any t r a c e s  

o f  w a t e r  v a p o r ,  carbon d i o x i d e  o r  carbon monoxide. 

F i g u r e  2 shows a  number o f  Sm203 c a p s u l e s  a f t e r  w e l d i n g .  

D i f f e r e n t  c a p s u l e  m a t e r i a l s  a r e  l a b e l e d  i n  t h e  p h o t o g r a p h .  No 

d i f f i c u l t i e s  were e n c o u n t e r e d  i n  any o f  t h e  we ld ing  o p e r a t i o n s .  

The Pm203 c a p s u l e s  were welded i n  an e l e c t r o n  beam w e l d e r  

s p e c i a l l y  d e s i g n e d  t o  h a n d l e  r a d i o a c t i v e  m a t e r i a l s .  A comple te  

d e s c r i p t i o n  o f  t h e  o p e r a t i o n  i s  g i v e n  i n  a  s e ~ a r a t e  r e p o r t .  ( 4 )  

4 . 2 . 5  Pneumat ic  I m ~ a c t i o n  of  T e s t  C o u ~ l e s  

A number o f  t e s t  c o u p l e s  were p n e u m a t i c a l l y  impac ted  p r i o r  

t o  t e s t i n g .  Th i s  was done f o r  two r e a s o n s :  (1)  t o  i n c r e a s e  

o x i d e - m e t a l  c o n t a c t  and (2)  t o  i n c r e a s e  o x i d e  d e n s i t y .  A 

d e s c r i p t i o n  o f  t h e  pneumat ic  i m p a c t i o n  p r o c e s s  i s  g i v e n  i n  

BNWL-1041. ( 7 )  





Pneumatic impaction i n c r e a s e d  t h e  d e n s i t y  o f  t h e  ox ide  i n  

t h e  capsu les  t o  approximately 100% of t h e o r e t i c a l  d e n s i t y .  A t  

t he  same t ime ,  i t  a s su red  e x c e l l e n t  c o n t a c t  between t h e  ox ide  

and t h e  me ta l .  I n c r e a s i n g  d e n s i t y  c l o s e  t o  t h e o r e t i c a l  ensured  

t h a t  ox ide-meta l  c o n t a c t  du r ing  t e s t i n g  would n o t  be decreased  

by oxide  s i n t e r i n g  and sh r inkage .  I t  i s  f e l t  t h a t  t h e  i n t i m a t e  

ox ide-meta l  c o n t a c t  achieved by pneumatic impaction r e p r e s e n t e d  

the  most s t r i n g e n t  t e s t  cond i t i on  p o s s i b l e  ( a t  a  g iven tempera- 

t u r e )  f o r  t h e  c o m p a t i b i l i t y  coup le s .  

Five  Pm20j capsu l e s  were impacted.  They a r e  shown i n  
Figure  3 .  The metal  capsu les  were s e a l e d  i n  j a c k e t s  o f  

304L SS p r i o r  t o  impact ion.  The s t a i n l e s s  s t e e l  j a c k e t  se rved  

t o  p r o t e c t  t h e  couple  dur ing  t h e  impaction p roces s .  . Capsule 

d i s t o r t i o n  which occur red  a s  a  r e s u l t  o f  impaction was s l i g h t  

a s  can be seen  i n  F igure  3 .  

4.2 .6  P r o t e c t i v e  J a c k e t s  

The t e s t s  a t  1100 O C  and lower were c a r r i e d  o u t  i n  r e s i s -  

tance  fu rnaces  and an a i r  atmosphere.  I t  was neces sa ry ,  

t h e r e f o r e ,  t o  p r o t e c t  t h e  capsu l e  from e x t e r n a l  o x i d a t i o n .  

This  was done by s e a l i n g  t h e  couples  i n  p r o t e c t i v e  j a c k e t s  o f  

Incone l  600. The j a c k e t s  f o r  t h e  Sm203 couples  were f a b r i -  

c a t e d  from 1 - 1 / 4  - i n .  SCH 40 p i p e  and 1 / 8 - i n .  p l a t e  (F igure  4) . 
A l a y e r  of  h i g h - f i r e d  magnesia powder p reven ted  d i r e c t  c o n t a c t  

between t h e  capsu l e  and t h e  j a c k e t .  

Each Pm203 couple  was s e a l e d  i n  two p r o t e c t i v e  Incone l  600 

j  acke ts  . This  was t o  ensure  a g a i n s t  any p o t e n t i a l  contaminat ion 

problems i f  t h e  i n t e g r i t i e s  o f  t he  capsu le  and i n n e r  j a c k e t  were 

breached.  F igure  5 shows an exploded view of t h e  v a r i o u s  metal  

l a y e r s  used i n  p r e p a r i n g  a  Pm203 capsu le  which was pneumat ica l ly  

impacted. F igu re  6  shows the  Pm203 couples a f t e r  they were 

s e a l e d  i n  t h e i r  p r o t e c t i v e  j a c k e t s  . 





1 / 8  i n .  I N C O N E L  6 0 0  P L A T E  

L E C T R O N  B E A M  
E L D  

1 / 4  i n .  S C H E D U L E  4 0  
N C O N E L  6 0 0  P I P E  

X I D E  

O M P A T I B I L I T Y  
E S T  C O U P L E  

g 0  POWDER 

I G  WELD 

FIGURE 4. Samarium Sesquioxide T e s t  Couple with Pro- 
t e c t i v e  J a c k e t  of Inconel 600  

The SmZ03 couples  t e s t e d  a t  1550 and Z O O 0  O C  were exposed 

wi thou t  p r o t e c t i v e  j a c k e t s .  This  was p o s s i b l e  because  t h e  

couples  were t e s t e d  i n  vacuum fu rnaces  and e x t e r n a l  o x i d a t i o n  

was n o t  a  problem. 

4 . 3  T E S T I N G  E Q U I P M E N T  

T e s t i n g  of t h e  va r ious  c o m p a t i b i l i t y  couples  was c a r r i e d  

o u t  i n  a  v a r i e t y  of  fu rnaces .  The Pm203 t e s t s  were conducted 

i n  a  r e s i s t a n c e  fu rnace  and an a i r  atmosphere. The tempera ture  

was c o n t r o l l e d  t o  w i t h i n  + l o  " C  o f  t he  s e t  p o i n t  u s i n g  a  



I N C O N E L  600 J A C K E T  

3 0 4 L  S T A I N L E S S  S T E E L  

T E S T  C A P S U L E  

I N C O N E L  

Neg 0674229-1 

FIGURE 5. Exploded View of Hardware 
Used i n  Fabr ica t ing  a  Promethium Ses- 
quioxide Couple Which Was Pneuma- 
t i c a l l y  ~mpacted  a 
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propor t i on ing  c o n t r o l l e r  and a  Chromel-Alumel thermocouple. 

The temperature  p r o f i l e  w i t h i n  t h e  fu rnace  chamber showed a  

maximum v a r i a t i o n  of  20 O C .  R e l i a b i l i t y  o f  t h e  equipment was 

very good, and only  one l o s s  o f  power was encountered dur ing  

t h e  18-month t e s t  schedule  (due t o  a  thermocouple f a i l u r e ) .  

For s a f e t y  c o n s i d e r a t i o n s ,  t h e  fu rnace  was equipped wi th  a  

v a r i a b l e  t rans former  which l i m i t e d  t h e  power i n p u t  t o  t h e  

fu rnace .  The maximum power s e t t i n g  was such t h a t  t h e  fu rnace  

temperature  ( i n  case  o f  c o n t r o l l e r  f a i l u r e )  could n o t  exceed 

1100 O C .  The t e s t s  were c a r r i e d  o u t  i n  a  radiochemical  

f a c i l i t y  equipped f o r  remote o p e r a t i o n .  

The Sm203 t e s t s  a t  1100 " C  were conducted i n  a  l a r g e  

r e s i s t a n c e  fu rnace .  An a i r  atmosphere was mainta ined i n  t h e  

chamber o f  the  fu rnace .  The temperature  was mainta ined w i t h i n  

210 O C  u s ing  a  p ropo r t i on ing  c o n t r o l l e r  and a  Chromel-Alumel 

thermocouple. The temperature  p r o f i l e  o f  t h e  fu rnace  showed . 
a maximum v a r i a t i o n  o f  1 5  O C  from the  c o n t r o l  temperature  o f  

1100 O C .  O p e r a t i o n a l l y ,  t h e  fu rnace  was l e s s  r e l i a b l e  than 

t he  fu rnace  used f o r  t h e  Pm203 t e s t s .  Four power l o s s e s  were 

encountered dur ing  t h e  2-year  t e s t  schedule .  One was caused 

by a  burned o u t  thermocouple and t h e  o t h e r  t h r e e  r e s u l t e d  from 

h e a t i n g  element f a i l u r e .  

T e s t s  wi th  Sm203 i n  which t h e  temperature  was cyc led  

between 700 and1100 O C  were c a r r i e d  o u t  i n  a  fu rnace  i d e n t i c a l  

t o  t h e  one used f o r  t he  1100 "C Sm203 t e s t s .  The furnace  was 

ins t rumented s o  t h a t  t h e  power was t u rned  o f f  when t h e  fu rnace  

temperature  reached 1 1 0 0  O C  and came back on when t h e  tempera- 

t u r e  dropped t o  700 O C .  Heat-up and cool-down r a t e s  of t h e  

fu rnace  were such t h a t  2 4  h r  were r e q u i r e d  f o r  one temperature  

cyc l e .  R e l i a b i l i t y  o f  t h e  fu rnace  was poor and t h r e e  power 

l o s s e s  occurred dur ing  the  12-month t e s t  schedule :  two due t o  

h e a t i n g  element f a i l u r e  and one due t o  thermocouple f a i l u r e .  

The h igh- tempera ture  t e s t s  wi th  Sm203 were c a r r i e d  o u t  i n  

two r e s i s t a n c e - h e a t e d  vacuum fu rnaces  (F igure  7 ) .  The 1550 O C  





t e s t s  were conducted i n  a  fu rnace  equipped wi th  t an ta lum h e a t -  

i n g  e lements .  The furnace  had a  maximum temperature  c a p a b i l i t y  

of  2000 O C  and was c o n t r o l l e d  w i t h i n  + l o  o f  t h e  s e t  p o i n t  w i t h  

a  W/W-26% Re thermocouple. The temperature  was checked p e r i o d i -  

c a l l y  w i th  an o p t i c a l  pyrometer .  Chamber p r e s s u r e  was approx i -  

mately 1 x l o m 5  Tor r .  Furnace r e l i a b i l i t y  was e x c e l l e n t ,  and 

no power l o s s e s  occur red  du r ing  t he  1000 and 4300-hr t e s t s .  

The 2000 O C  Sm203 t e s t s  were c a r r i e d  o u t  i n  a  fu rnace  

equipped wi th  t ungs t en  h e a t i n g  e lements .  Maximum temperature  

c a p a b i l i t y  of the  fu rnace  was 3000 O C  and chamber o p e r a t i n g  

p r e s s u r e  was 2 x 1 0 ' ~  Tor r .  The temperature  was c o n t r o l l e d  

w i t h i n  +25 O C  of t h e  s e t  p o i n t  by l i m i t i n g  t h e  power i n p u t  t o  

t he  fu rnace .  The temperature  was monitored wi th  an o p t i c a l  

pyrometer .  Furnace r e l i a b i l i t y  was poor and s e v e r a l  power 

l o s s e s  occur red  dur ing  t h e  1000 and 3000 h r  t e s t s .  

4.4  C O U P L E  A N A L Y S I S  A N D  E V A L U A T I O N  

A t  the  conc lus ion  of a  t e s t  t h e  couple was cooled t o  room 

tempera ture ;  t he  p r o t e c t i v e  j a c k e t ,  i f  any,  was removed. The 

t e s t  couple was then  s e c t i o n e d  wi th  an a b r a s i v e  saw as  shown 

below. Water-cooled,  rubber-bonded s i l i c o n  ca rb ide  c u t - o f f  

F I R S T  CUT 

/ / 
SECOND C U T  

WELD 

BOTTOM S E C T I O N  
( m o u n t e d  f o r  
e v a l u a t i o n )  

B O T T O M  S E CTI O N  

FIGURE 8. S e c t i o n i n g  o f  T e s t  Couple f o r  Eva lua t ion  



b lades  were used f o r  t h e  s e c t i o n i n g .  J a c k e t  removal and s e c -  

t i o n i n g  of  t h e  Pm203 t e s t s  couples  was accomplished i n  a  l e a d -  

s h i e l d e d  glove box. 

A f t e r  s e c t i o n i n g ,  a  p o r t i o n  of  t h e  couple was mounted, 

p o l i s h e d ,  and e tched .  The e t ched  s e c t i o n  was examined by 

microscope,  and photomicrographs were ob ta ined  of t h e  metal  

s u r f a c e  i n  c o n t a c t  w i th  t h e  ox ide .  A l l  me ta l l og raph ic  ope ra -  

t i o n s  on t h e  Pm203 couples  were conducted i n  a  s h i e l d e d  glove 

box. The mounted s e c t i o n s  of  a  number o f  capsu les  were a l s o  

analyzed by e l e c t r o n  microprobe t o  measure t he  d i f f u s i o n  

be tween couple  components. 

The e x t e n t  o f  meta l -ox ide  i n t e r a c t i o n  was normally 

determined from t h e  photomicrographs and e l e c t r o n  microprobe 

a n a l y s i s .  I n  those  couples  where t h e r e  was evidence o f  ex t en -  

s i v e  i n t e r a c t i o n ,  a t t empts  were made t o  i d e n t i f y  t h e  r e a c t i o n  

produc ts  by X-ray d i f f r a c t i o n .  

R E S U L T S  A N D  D I S C U S S I O N  

Meta l lographic  examination and e l e c t r o n  microprobe 

a n a l y s i s  were t h e  primary t o o l s  used t o  measure oxide-metal  

i n t e r a c t i o n  i n  t h e  t e s t  couple .  Photomicrographs were ob t a ined  

of  t h e  a r e a s  of maximum oxide-metal  r e a c t i o n .  E l e c t r o n  micro-  

probe a n a l y s i s  was then performed on t h e  same a r e a s .  E x c e l l e n t  

agreement on couple  i n t e r a c t i o n  was achieved between me ta l -  

l o g r a p h i c  and microprobe e v a l u a t i o n .  Tables  6 through 1 3  

p r e s e n t  d a t a  r e p r e s e n t i n g  t h e  maximum a t t a c k  observed i n  t h e  

va r ious  coup le s .  

I n  t hose  couple where e x t e n s i v e  a t t a c k  was observed,  t h e  

previously-ment ioned a t t empts  t o  i d e n t i f y  r e a c t i o n  produc ts  by 

X-ray d i f f r a c t i o n  were l a r g e l y  unsucces s fu l .  Th is  method was 

abandoned a f t e r  s e v e r a l  couples  had been analyzed.  The on ly  

r e a c t i o n  produc t  d e f i n i t e l y  i d e n t i f i e d  by X-ray d i f f r a c t i o n  

was Ta203 which was found i n  Ta-Sm203 couples  which had been 

temperature  cyc led .  



I t  i s  p o s s i b l e  f o r  t h e  oxide-metal  components of  t h e  

d i f f e r e n t  couples  t o  r e a c t  i n  va r ious  ways. These i n c l u d e :  

Layer type c o r r o s i o n  o f  t h e  metal  s u r f a c e .  This 

p r i m a r i l y  invo lves  t h e  format ion of a  metal  oxide  

l a y e r  on t h e  s u r f a c e  o f  t h e  meta l .  

I n t e r g r a n u l a r  a t t a c k  where d i f f u s i o n  of  t h e  oxide  occurs  

a long t h e  g r a i n  boundar ies .  

A l t e r a t i o n s  i n  t h e  m i c r o - s t r u c t u r e  of  t h e  metal phase 

o f  t h e  couple .  

Void format ion below t h e  s u r f a c e  o f  t he  metal  phase .  

D i s s o l u t i o n  o f  t h e  metal  s u r f a c e .  

Each type of  a t t a c k  was observed i n  one o r  more o f  t h e  t e s t  

coup le s .  I n  some of  t h e  coup le s ,  two o r  more types  o f  r eac -  

t i o n  were p r e s e n t .  I t  i s  d i f f i c u l t  t o  o b t a i n  a  q u a n t i t a t i v e  

measure o f  oxide  metal  i n t e r a c t i o n  from t h e  microprobe 

a n a l y s i s  and photomicrographs.  The numerical  va lues  of ox ide-  

metal  r e a c t i o n  p r e s e n t e d  i n  Tables  6 through 13  r e p r e s e n t  

q u a l i t a t i v e  e s t i m a t e s  of  t h e  depth  o f  metal  a f f e c t e d  by t h e  

ox ide .  Where very  s l i g h t  i n t e r a c t i o n  was observed,an a r b i -  

t r a r y  va lue  o f  <1 m i l  was ass igned  t o  t h e  a f f e c t e d  metal  zone. 

Zero i n t e r a c t i o n  was assumed when t h e  metal  s u r f a c e  of  t h e  

couple was s i m i l a r  t o  r e f e r e n c e  metal  specimens which had been 

hea t ed  t o  t h e  t e s t  temperature  w i thou t  ox ide  p r e s e n t .  Fig-  

u re  9 shows photomicrographs of  t he  r e f e r e n c e  metal  specimens. 

Pneumatic impaction involves  h e a t i n g  t h e  t e s t  couple  t o  

a  r e l a t i v e l y  h igh  temperature  f o r  a  s h o r t  p e r i o d  of t ime .  

There i s  t he  p o s s i b i l i t y  t h a t  some oxide-metal  r e a c t i o n  might 

occur  dur ing  t h e  impaction s t e p .  The re fo re ,  Sm203 couples  of  

each metal  were s e c t i o n e d  and examined a f t e r  impact ion.  No 

r e a c t i o n  was found t o  have occur red  i n  most o f  t h e  couples .  

Only t h e  304L SS-.Sm203 and Ta-Sm203 couples showed a  very  

s l i g h t  r e a c t i o n  ( < 0 . 1  m i l s ) .  
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5.1 E 2 0 3  - M E T A L  C O M P A T I B I L I T Y  A T  1100 "C 

T e s t s  a t  1100 O C  f o r  p e r i o d s  up t o  18  months showed v e r y  

l i t t l e  r e a c t i o n  between Pm203 and any o f  t h e  n i n e  m e t a l s  t e s t e d  

( s e e  T a b l e  6 ) .  Pho tomic rographs  o f  a  number o f  t e s t  c a p s u l e s  

a r e  p r e s e n t e d  i n  F i g u r e s  10 and 11. When o x i d e - m e t a l  r e a c t i o n  

was found ,  i t  was p r i m a r i l y  l a y e r - t y p e  corrc  o r  s o l u t i o n  

a t t a c k .  There  was l i t t l e  e v i d e n c e  o f  v o i d  r u r - ~ u a i i o n ,  i n t e r -  

g r a n u l a r  a t t a c k  o r  changes  i n  t h e  m i c r o s t r u c t u r e  o f  t h e  m e t a l  

phase  a s  a  r e s u l t  o f  o x i d e  a t t a c k .  

Ox ide- meta l  r e a c t i o n  was o b s e r v e d  i n  a l l  o f  t h e  pneu-  

m a t i c a l l y  impac ted  c o u p l e s .  I n  no c a s e ,  however ,  d i d  t h e  

r e a c t i o n  l a y e r  t h i c k n e s s  exceed  o n e - h a l f  m i l .  Most o f  t h e  non- 

impac ted  c o u p l e s  showed e s s e n t i a l l y  z e r o  o x i d e - m e t a l  r e a c t i o n .  

Only t h e  304L SS-Pm203 and TZM-Pm203 nonimpacted  c o u p l e s  % 

showed some e v i d e n c e  o f  o x i d e  a t t a c k .  I n  e a c h  c a s e ,  t h e  a t t a c k  

was l e s s  t h a n  o n e - h a l f  m i l .  
C 

The W-Pm203 c o u p l e s  showed no e v i d e n c e  o f  o x i d e - m e t a l  

r e a c t i o n ,  b u t  some i n t e r g r a n u l a r  c r a c k i n g  o f  t h e  t u n g s t e n  f o i l  

was o b s e r v e d .  However, t h i s  d i d  n o t  a p p e a r  t o  be  due t o  o x i d e  

a t t a c k .  Tungs ten  f o i l  i n  a  dummy c a p s u l e  (no o x i d e  p r e s e n t )  

a f t e r  h e a t i n g  t o  1100 O C  showed t h e  same i n t e r g r a n u l a r  c r a c k i n g .  

5 .2  Sm 0 - M E T A L  C O M P A T I B I L I T Y  A T  1100 " C  -2-3 

T e s t s  w i t h  Sm203 a t  1100 O C  f o r  p e r i o d s  up t o  2 y e a r s  

gave r e s u l t s  which were  i n  good agreement  w i t h  t h e  r e s u l t s  

o b t a i n e d  w i t h  Pm203. I n  g e n e r a l ,  v e r y  l i t t l e  r e a c t i o n  was 

o b s e r v e d  between t h e  p u r i f i e d  Sm203 and t h e  n i n e  t e s t  m e t a l s .  

T h i s  can  be  s e e n  by r e f e r r i n g  t o  t h e  d a t a  p r e s e n t e d  i n  T a b l e  7 

and t h e  pho tomic rographs  shown i n  F i g u r e s  1 2  and 1 3 .  The maxi-  

mum i n t e r a c t i o n  o b s e r v e d  i n  any o f  t h e  t e s t  c o u p l e s  was 2 m i l s  

( w i t h  Ta-Sm203). I n  most  o f  t h e  c o u p l e s  l a y e r  t y p e  c o r r o s i o n  

o r  s u r f a c e  d i s s o l u t i o n  were t h e  predominant  t y p e  o f  a t t a c k .  



TABLE 6. Metal-Pm203 Compatibility Data at 1100 OC 

Metal 
F a b r i c a t i  n  

Method(ap 

304L SS 

304L SS 

Has t e l l oy  X 

Has t e l l oy  X 

Haynes 25 

Haynes 25 

Tantalum 

Tantalum 

Ta-10% W 

Ta-10% W 

Tungsten 

Rhenium 

W-25% Re 

TZM 

React ion Zone Thickness ,  m i l s  
1 2  months 18  months 

f a )  PS  - Pressed  and s i n t e r e d  p e l l e t s  
P I  - Pressed  and s i n t e r e d  p e l l e t s -  

c a p s u l e  pneumat icaZly  impac ted  

f b )  Some i n t e r g r a n u l a r  c r a c k i n g  observed  
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FIGURE 1 0 .  P r o m e t h i u m  S e s q u i o x i d e  C o u p l e s  T e s t e d  
a t  1 1 0 0  OC f o r 1 8  Months  



lOOX 
304L SIS 

lOOX 
HAYNES 25 

lOOX 
TANTALUM-10% TUNGSTEN 

Neg 701736-4 

lOOX 
HASTELLOY X 

lOOX 
TANTALUM 

FIGURE 11. P n e u m a t i c a l l y  I m p a c t e d  P rome th ium S e s -  
q u i o x i d e  C o u p l e s  T e s t e d  a t  1100  OC f o r  
1 2  Months  



TABLE 7. Metal-Sm203 C o m p a t i b i l i t y  Data a t  1100 'C 

F a b r i c a t i o n  Reac t ion  Zone Th i cknes s ,  m i l s  
Metal ~ e t h o d ( ~ )  1 ,500  h r  4,300 h r  8,800 h r  17,600 hr 

304L SS SP <1 <1 <1 

H a s t e l l o y  X SP <1 1 <1 

H a s t e l l o y  X PI < 1 1 2 < 1 

Haynes 25 SP <1 1 <1 

Haynes 25 PI 1 <1 2 1 

Tantalum SP 1 2 1 

Tantalum PI 2 2 2 2 

Tantalum PS 0  

Rhenium SP 0 0 0  

Rhenium PI 0  0 0  0 

Rhenium PS 

Ta-10% W SP 

TZM 

TZM 

TZM PS 0 

1 ,500 h r  8,800 . h r  12,000 h r  

Tungsten SP <1 <1 

Tungsten PI  0 <1 <1 

( a )  SP - Oxide  s t e p  p r e s s e d  i n t o  c a p s u l e  
P I  - Oxide s t e p  p r e s s e d  i n t o  c a p s u l e -  

c a p s u l e  p n e u m a t i c a l l y  impac ted  
PS - Capsule  f i l l e d  w i t h  p r e s s e d  

and s i n t e r e d  p e l l e t s  



k
d
 V

) 
b

o
d

 a
)
 

0
 

w
 

k
c
,
 

U
 
cd 
0
 

.r
l 

w
 

s
a
 

0
 
a
)
 
k
 

Q
U
O
 

0
 m-rl 

P
Iw

P
I 

m
 

I C
O

 
m

 
N

 
I- 

d
 

d
 

E
 B 3

 
m

u
 

a
) 

H
 

Z
 

Fr 



lOOX 
HAYNES 25 

17,600 HOURS 

500X 
TUNGSTEN-25% RHENIUM 
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FIGURE 1 3 .  N o n i m p a c t e d  S a m a r i u m  S e s q u i o x i d e  C o u p l e s  
T e s t e d  a t  1 1 0 0  OC 



There was l i t t l e  evidence o f  vo id  fo rmat ion ,  i n t e r g r a n u l a r  

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

metal  phases .  E l e c t r o n  microprobe a n a l y s i s  confirmed t h e  

r e s u l t s  ob t a ined  from the  photomicrographs.  

A s  was t h e  case  w i th  Pm203, t h e  amount of  oxide-metal  

i n t e r a c t i o n  observed i n  t he  va r ious  couple  combinations 

depended on the  method used t o  f a b r i c a t e  t h e  couples .  Couples 

p repared  by pneumatic impact ion showed t h e  g r e a t e s t  oxide-metal  

r e a c t i o n .  Couples p repared  by s t e p  p r e s s i n g  showed somewhat 

l e s s  r e a c t i o n ,  and no r e a c t i o n  was observed i n  couples 

p repared  u s ing  s i n t e r e d  p e l l e t s .  These r e s u l t s  confirm t h e  

o r i g i n a l  assumption t h a t  oxide  a t t a c k  a t  e l e v a t e d  temperatures  

depends t o  a  l a r g e  degree  on t h e  oxide-metal  c o n t a c t  ob t a ined  

i n  f a b r i c a t i n g  t h e  couple .  I t  i s  d i f f i c u l t  t o  p l a c e  a  q u a n t i -  

t a t i v e  measure on t h e  e f f e c t  o f  oxide-metal  c o n t a c t  on couple  

i n t e r a c t i o n .  A q u a l i t a t i v e  e s t i m a t e  would be t h a t  pneumatic 

impaction appears  t o  i n c r e a s e  oxide  metal  i n t e r a c t i o n  by about  

50% as  compared t o  couples  p repared  by s t e p  p r e s s i n g .  

I n  e v a l u a t i n g  t h e  d a t a  p r e s e n t e d  i n  Table 7 ,  one f a c t  

becomes obvious .  The amount o f  a t t a c k  observed i n  t h e  couples  

t e s t e d  f o r  2 y e a r s  i s  no g r e a t e r  t han  t h a t  observed i n  couples  

t e s t e d  f o r  6  months o r  1 y e a r .  And comparing t h e  r e s u l t s  o f  

t h e  c u r r e n t  t e s t s  wi th  t hose  ob t a ined  i n  t h e  i n i t i a l  s c o u t i n g  

s t u d i e s  makes i t  e v i d e n t  t h a t  t h e  a t t a c k  observed i n  t h e  

1500-hr t e s t s  (Table 1 )  i s  approximately  t h e  same a s  t h a t  

found a f t e r  2 y e a r s .  F igure  14 shows Sm203 - 304L SS couples  

(prepared by s t e p  p r e s s i n g )  which had been t e s t e d  f o r  1500 t o  

17,600 h r  a t  1100 O C .  I t  i s  obvious from the  photomicrographs 

t h a t  t h e  couple t e s t e d  f o r  17,600 h r  shows no more a t t a c k  

than t h e  couple t e s t e d  f o r  1500 h r .  These r e s u l t s  were com- 

p l e t e l y  unexpected.  One would p r e d i c t  an i n c r e a s e  i n  meta l -  

oxide i n t e r a c t i o n  wi th  t ime,  a l though t h e  r a t e  should  decrease  
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S t e p  P r e s s i n g ,  A f t e r  T e s t i n g  a t  1 1 0 0  O C  ( e a c h  
at 100X) 



as  the  r e a c t i o n  l a y e r  becomes t h i c k e r .  Since  t h i s  was n o t  t h e  

ca se ,  i t  would appear t h a t  t h e  r e a c t i o n s  observed involved 

more t han  a  s imple  r e a c t i o n  between t h e  oxide  and t h e  me ta l s .  

I t  i s  p o s s i b l e  t h a t  t h e  oxide-metal  i n t e r a c t i o n s  observed a r e  

due t o  an impur i ty  i n  t h e  ox ide ,  and t h e  impur i ty  i s  consumed 

i n  a  r e l a t i v e l y  s h o r t  t ime ( ~ 1 5 0 0  h r ) .  

A s  s t a t e d  p r e v i o u s l y ,  t h e r e  was good agreement between 

t h e  r e s u l t s  ob t a ined  wi th  Sm203 and those  ob t a ined  wi th  Pm203. 

I n  f a c t ,  t h e  Pm203 appears  t o  be s l i g h t l y  l e s s  r e a c t i v e  t o  t h e  

t e s t  meta ls  than Sm203. The re fo re ,  Sm203 appears  t o  be a  good 

s t a n d - i n  f o r  Pm203 i n  c o m p a t i b i l i t y  t e s t i n g ,  and t h e  r e s u l t s  

ob t a ined  wi th  Sm203 i n  t h e  va r ious  t e s t  programs should  be 

completely a p p l i c a b l e  t o  Pm203. 

Based on a l l  t h e  t e s t s  a t  1100 O C ,  rhenium appears  t o  be 

t h e  b e s t  metal  t o  c o n t a i n  Pm2OY No r e a c t i o n  was observed 

between rhenium and Pm203 o r  Sm203 i n  any of  t h e  1 1 0 0  O C  t e s t s .  

However, t h e  r e s u l t s  a l s o  show t h a t  any of  the  n ine  meta l s  

t e s t e d  w i l l  do an adequate  job of con ta in ing  p u r i f i e d  Pm203 a t  

1100 O C  f o r  p e r i o d s  up t o  2 y e a r s .  

T H E R M O C Y C L I N G  T E S T S  W I T H  S m p g 3  

T e s t s  wi th  SmZOg i n  which t h e  temperature  was cyc led  

d a i l y  between 700 and 1100 O C  gave e r r a t i c  and c o n f l i c t i n g  

r e s u l t s .  I n  t h e  o r i g i n a l l y  scheduled s e r i e s  of t e s t s  ( s ee  

Table 4 ) ,  which l a s t e d  up t o  1 y e a r ,  a  number o f  couples  

showed e x t e n s i v e  ox ide-meta l  i n t e r a c t i o n .  I n  a d d i t i o n ,  

s e v e r a l  o f  t h e  capsu l e s  rup tu red  dur ing  t e s t i n g  so  no v a l i d  

measure o f  oxide-me t a l  i n t e r a c t i o n  could  be made. Only rhenium 

and W-25% Re showed s i g n i f i c a n t  r e s i s t a n c e  t o  ox ide  a t t a c k  

dur ing  temperature  c y c l i n g  t e s t s  ( s ee  Table 8 A ) .  

Layer- type co r ros ion  o r  s u r f a c e  d i s s o l u t i o n  was apparen t  

i n  a l l  t h e  couples  showing e x t e n s i v e  a t t a c k .  I n  a d d i t i o n ,  



i n t e r g r a n u l a r  p e n e t r a t i o n  and v o i d  f o r m a t i o n  was e v i d e n t  i n  

s e v e r a l  o f  t h e  c o u p l e s  ( s e e  F i g u r e  1 5 ) .  The s u p e r a l l o y s ,  

H a s t e l l o y  X and Haynes 25,  appea red  t o  be e s p e c i a l l y  r e c e p t i v e  

t o  o x i d e  a t t a c k  d u r i n g  the rmocyc l ing .  

The e x c e s s i v e  amount o f  a t t a c k  obse rved  and t h e  e r r a t i c  

n a t u r e  o f  t h e  r e s u l t s  r a i s e d  some q u e s t i o n  a s  t o  t h e  v a l i d i t y  

o f  t h e  r e s u l t s .  T h e r e f o r e ,  a  second s e r i e s  o f  t e s t s  was 

run  u s i n g  H a s t e l l o y  X-Sm203 and Haynes 25-Sm203 c o u p l e s .  S i x  

coup les  o f  e a c h  compos i t ion  were p r e p a r e d  and t e s t e d  f o r  

1500 h r  w i t h  t h e  t e m p e r a t u r e  c y c l e d  d a i l y  between 700 and 

1100 O C .  Extreme c a r e  was t a k e n  t o  i n s u r e  t h a t  no i m p u r i t i e s  

were i n t r o d u c e d  i n t o  t h e  c o u p l e s  d u r i n g  f a b r i c a t i o n .  The 

r e s u l t s  o f  t h e  t e s t s  a r e  p r e s e n t e d  i n  Tab le  8 B .  Very l i t t l e  

o x i d e - m e t a l  i n t e r a c t i o n  was obse rved  i n  any o f  t h e  c o u p l e s .  

The a v e r a g e  r e a c t i o n  o f  each  s e t  o f  s i x  c o u p l e s  was l e s s  than  

1 m i l ,  w i t h  t h e  maximum r e a c t i o n  zone t h i c k n e s s  d e t e c t e d  

b e i n g  1 m i l  ( s e e  F i g u r e  1 6 ) .  

The r e s u l t s  o f  t h e  second s e r i e s  o f  t e s t s  would seem t o  

i n d i c a t e  t h a t  t h e  i n i t i a l  t e s t s  were i n v a l i d .  The e r r a t i c  

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

c a p s u l e s  r u p t u r e d  i n d i c a t e d  t h a t  something was wrong w i t h  

t h e  t e s t  program. I t  may be t h a t  i m p u r i t i e s  ( i . e . ,  wa te r -C02)  

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

t i o n ,  and t h e  i m p u r i t i e s  a f f e c t e d  t h e  r e s u l t s  o b t a i n e d .  Such 

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

s u c h  a s  w a t e r  and ca rbon  were i n t e n t i o n a l l y  i n t r o d u c e d  i n t o  

Sm203 t e s t  c o u p l e s ,  t h e  r a t e  o f  o x i d e - m e t a l  i n t e r a c t i o n  was 

g r e a t l y  i n c r e a s e d  (see  S e c t i o n  5 . 5 ) .  

I t  i s  a p p a r e n t  t h a t  a d d i t i o n a l  work i s  needed t o  ade-  

q u a t e l y  d e f i n e  t h e  e f f e c t  o f  t e m p e r a t u r e  c y c l i n g  on o x i d e -  

m e t a l  i n t e r a c t i o n .  Time and budge t  c o n s i d e r a t i o n s  d i d  n o t  

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



TABLE 8. Sm203-Metal Compatibility with Temperature Cycled 
Daily Between 700 and 1100 OC 

F a b r i c a t i o n  R e a c t i o n  Zone T h i c k n e s s ,  m i l s  
M e t a l  ~ e t h o d ( a )  1 , 0 0 0  h r  4 ,300 h r  8 ,800  h r  

(A) F i r s t  S e r i e s  o f  T e s t s  

304L SS SP 1 3  R ( b )  

304L SS P I  2 

H a s t e l l o v  X SP 2 

H a s t e l l o y  X PI  R ( b )  5  5  

Haynes 25 SP 5  10  R 

Haynes 25 PI  5  15  5  

Tanta lum SP 3  2 R 

Tanta lum P I  R 2 4  

Rhenium SP R 0  0  

Rhenium P I  R <1 0  

Tungs ten  SP 

Tungs ten  . P I  

TZM 

TZM 

R e a c t i o n  Zone 
F a b r i c a t i o n  T h i c k n e s s .  m i l s  

Meta l  Method 1 , 5 0 0  h; l c )  

( B )  Second S e r i e s  o f  T e s t s  

H a s t e l l o y  X P I  <1 

Haynes 25 P I  <1 

- -  - 

( a )  SP - Oxide s t e p  pressed  i n t o  c a p s u l e  
P I  - Oxide s t e p  pressed  i n t o  c a p s u l e -  

c a p s u l e  pneumat ica l l y  impacted  

( )  R - Capsule r u p t u r e d  

c Average o f  s i x  c o u p l e s .  
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FIGURE 16. Sm2O3 - Haste l loy  X and Sm203 - Haynes 25 Couples 
A f t e r  Daily Cycling Between 700 and 1 1 0 0  OC f o r  
1500 h r  - Repeat Tes t s  



5.4 Sm2Cg - METAL COMPATIBILITY AT 1550 a n d  2000 O C  

The Sm203-metal couples  t e s t e d  a t  1550 O C  f o r  p e r i o d s  up 

t o  4300 h r  showed e s s e n t i a l l y  t h e  same type of  i n t e r a c t i o n  as  

was observed wi th  couples  t e s t e d  a t  1 1 0 0  O C .  Layer type c o r r o -  

s i o n  and s u r f a c e  d i s s o l u t i o n  predominated w i th  l i t t l e  evidence 

of i n t e r g r a n u l a r  a t t a c k  o r  void  fo rmat ion .  The amount o f  

oxide-metal  r e a c t i o n  found was g e n e r a l l y  low w i t h  a  r e a c t i o n  

l a y e r  t h i cknes s  of  2 m i l s  be ing  t h e  maximum observed i n  any of  

t h e  t e s t  couples .  The d a t a  f o r  t h e  1550 O C  t e s t s  a r e  p r e s e n t e d  

i n  Table 9 .  Photomicrographs o f  va r ious  t e s t  couples  a r e  shown 

i n  F igure  1 7 .  

Three t o  s i x  couples  o f  each composit ion were t e s t e d  a t  

1550 O C  f o r  each time p e r i o d .  I n  g e n e r a l ,  t h e  r e s u l t s  f o r  each 

s e t  o f  couples  were q u i t e  v a r i a b l e .  The r e s u l t s  p r e s e n t e d  i n  

Table  9 a r e  f o r  t h e  couples  showing t h e  maximum i n t e r a c t i o n .  

The average i n t e r a c t i o n  f o r  a  s e t  of  couples  was normal ly  much 

l e s s  than t h e  maximum r e p o r t e d .  For example, s i x  Ta-Sm203 

couples  were t e s t e d  f o r  4300 h r .  The i n t e r a c t i o n  observed i n  

each couple  was a s  fo l l ows :  

Couple 

1 

Average 

React ion Layer ,  
m i l s  

0  

F igure  18  shows some of the  Ta-Srn2O3 couples .  The v a r i a t i o n  i n  

ox ide  a t t a c k  i s  r e a d i l y  appa ren t .  The o t h e r  couple combina- 

t i o n s  showed a  s i m i l a r  v a r i a t i o n  i n  d a t a ,  excep t  f o r  t h e  

Re-Sm203 and W-Sm203 coup le s ,  none of  which showed any 

i n t e r a c t i o n .  



TABLE 9 .  SmZOj-Metal Compatibility at 1550 OC 

F a b r i c a t i o n  React ion Zone Thickness ,  m i l s  
Metal ~ e t h o d ( a )  1,000 h r  4,300 h r  

Tantalum PI 2 2 

Tungsten PI 

Rhenium PI 

W- 2 5 %  Re P I  

TZM PI 

( a )  P I  - Oxide s t e p  p r e s s e d  i n t o  c a p s u l e -  
c a p s u l e  p n e u m a t i c a l l y  impac ted .  
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FIGURE 17. Samarium Sesquioxide Couples Tested a t  1550 O C  f o r  
4300 hr 

TUNGSTEN 



Neg 701736-9 

FIGURE 18. Photomicrographs o f  Ta-Sm203 Couples, Tested 
f o r  4300 h r  a t  1550 O C ,  Showing V a r i a t i o n s  
i n  Ex ten t  of  At tack f o r  ~ u p l i c a t e  Couples Tested 
Under I d e n t i c a l  Condi t ions  (Each a t  500X) 



I n  agreement w i th  t h e  1 1 0 0  O C  Sm203 t e s t  r e s u l t s ,  t h e  

e x t e n t  o f  oxide-metal  r e a c t i o n  a t  1550 O C  d i d  n o t  appear  t o  

i n c r e a s e  wi th  i n c r e a s e d  exposure t ime.  The couples  t e s t e d  

f o r  4300 h r  showed approximately t h e  same amount of  ox ide  

a t t a c k  a s  couples  t e s t e d  f o r  1000 h r .  

The r e s u l t s  ob t a ined  i n  t h e  2000 O C  t e s t s  w i th  Srn2O3 

were s i m i l a r  t o  t hose  ob t a ined  a t  1550 O C .  The same v a r i -  

a b i l i t y  i n  r e s u l t s  was found i n  each s e t  o f  couples  ( 2  t o  6 )  

o f  a  g iven  composit ion.  The 2000 O C  d a t a  a r e  p r e s e n t e d  i n  

Table 10 and r e p r e s e n t  t h e  maximum i n t e r a c t i o n  observed f o r  

each couple  composi t ion.  

A t  2000 O C ,  t h e  e x t e n t  o f  meta l -ox ide  r e a c t i o n  d id  

appear t o  i n c r e a s e  s l i g h t l y  w i t h  exposure t ime.  The i n c r e a s e  

was so  s m a l l ,  however, t h a t  i t  may be c o i n c i d e n t a l .  

One p o t e n t i a l  problem was encountered i n  t h e  2000 O C  

t e s t s .  The t e s t  couples  were p repared  u s ing  capsu l e s  

machined from tan ta lum o r  Ta-10% W .  The capsu l e s  were used 

d i r e c t l y  i n  making t h e  couples ,  o r  were l i n e d  w i t h  rhenium, 

t ungs t en ,  o r  W-  25% Re a s  r e q u i r e d .  When t h e  couples  were 

examined a f t e r  t e s t i n g  a t  2000 " C ,  ex t raneous  d i s c r e t e  p a r t i -  

c l e s  were observed i n  t h e  oxide  phase of  some of  t h e  couples  

( s ee  F igure  1 9 ) .  E l ec t ron  microprobe ana lyse s  i d e n t i f i e d  

t h e  p a r t i c l e s  t o  be tanta lum.  The mechanism by which t h e  

t an ta lum was d i s p e r s e d  as  d i s c r e t e  p a r t i c l e s  th roughout  t h e  

oxide  phase  o f  t h e  couple  i s  no t  known. Couples i n  which 

tan ta lum p a r t i c l e s  were observed i n  t h e  oxide  phase showed 

no g r e a t e r  evidence of ox ide-meta l  r e a c t i o n  t han  t hose  

couples  i n  which no tan ta lum d i s p e r s i o n  was observed.  The 

tan ta lum d i s p e r s i o n  was found i n  a l l  t h e  couple composit ions 

t e s t e d ,  b u t  n o t  i n  a l l  t h e  couples  o f  each composit ion.  

The capsu l e  m a t e r i a l  o f  couples  t e s t e d  a t  1550 and 

2 0 0 0  O C  showed e x t e n s i v e  g r a i n  growth. F igure  20 shows 



TABLE 10. Sm2O3-Metal Compatibility at 2000 OC 

F a b r i c a t i o n  Reaction Zone Thickness ,  m i l s  
Metal ~ e t h o d ( a )  1 3 , 0 0 0  h r  

Tantalum PI <1 1 

Tungsten PI 

Rhenium P I  

Ta-10% W PI 

( a )  P I  - Oxide s t e p  pressed  i n t o  capsuZe- 
capsuZe pneumaticaZZy impac ted .  
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FIGURF,  1 9 .  Samarium Sesquioxide Couples Tested f o r  3000 h r  a t  
2000 O C ,  Showing Disc re te  P a r t i c l e s  of Tantalum 
Dispersed ~ h r o u g h o u t  t h e  Oxide Phase 



N e g  0691783- 1  

FIGURE 20 .  T a n t a l u m  a n d  Ta-10% W C o u p l e s  o f  Sm2O3 T e s t e d  a t  
2000  OC fo r  3000  h r  - B e f o r e  S e c t i o n i n g  



tanta lum and Ta-10% W capsu les  a f t e r  3000 h r  a t  2000 O C .  I n  

a d d i t i o n  t o  g r a i n  growth, some v o l a t i l i z a t i o n  o f  metal  from 

the  capsu l e  s u r f a c e  occu r r ed .  The e x t e n s i v e  g r a i n  growth i n  

t h e  capsu les  m a t e r i a l s  could  have a  d e l e t e r i o u s  e f f e c t  on 

capsu le  s t r e n g t h .  Res i s t ance  t o  mechanical  shock would be 

expected t o  be g r e a t l y  reduced,  and r u p t u r e  o f  t h e  capsu l e  

wa l l  would be more l i k e l y  i n  ca se  o f  an a c c i d e n t .  

From t h e  l i m i t e d  d a t a  a v a i l a b l e ,  i t  i s  d i f f i c u l t  t o  com- 

p a r e  t h e  i n t e r a c t i o n s  observed a t  1550 and 2000 O C  w i t h  t hose  

observed a t  1100 O C .  However a  q u a l i t a t i v e  e s t i m a t e  would be 

t h a t  i n c r e a s i n g  t h e  t e s t  temperature  t o  2000 *C from 1100 O C  

i n c r e a s e s  t he  r e a c t i o n  observed f o r  i d e n t i c a l  couples  by l e s s  

than 50%.  

5.5  M I S C E L L A N E O U S  Sm2Qj - M E T A L  C O M P A T I B I L I T Y  T E S T S  

A v a r i e t y  of c o m p a t i b i l i t y  t e s t s ,  n o t  a  p a r t  o f  t h e  main 

t e s t i n g  program, were c a r r i e d  o u t  a t  1100 O C  u s ing  Sm203. 

These i nc luded :  

a t e s t s  i n  which s p e c i f i c  i m p u r i t i e s  were i n t e n t i o n a l l y  

added t o  t h e  Srn2O3 p r i o r  t o  couple p r e p a r a t i o n ,  

t e s t s  i n  which compacted ox ide  shapes ,  p r epa red  by 

v a r i o u s  methods (such as  h o t  p r e s s i n g ) ,  were used i n  

p r e p a r i n g  t he  t e s t  coup le s ,  

t e s t s  u s ing  Sm203-Nd203 mix tures  as  t h e  ox ide  component 

o f  t h e  t e s t  couple .  

A l l  o f  t h e  t e s t s  were c a r r i e d  o u t  a t  1100 O C  and l a s t e d  f o r  

a  p e r i o d  of  6 months. Only f o u r  meta l s  (304L SS, t an t a lum,  

rhenium and Has t e l l oy  X)  were eva lua t ed  i n  t h e  s p e c i a l  t e s t s .  

Th-e i n i t i a l  s c o u t i n g  s t u d i e s  showed t h a t  c e r t a i n  impuri -  

t i e s  (H20, C02, C O ,  e t c . )  appeared t o  a c c e l e r a t e  ox ide-meta l  

i n t e r a c t i o n  a t  1100 O C .  To confirm t h e s e  r e s u l t s  a  s e r i e s  



of t e s t s  was c a r r i e d  o u t  i n  which wa te r ,  carbon and o x a l a t e  

were i n t e n t i o n a l l y  i n t roduced  i n t o  t h e  t e s t  coup le s .  Each 

impur i ty  was added t o  t h e  Sm203 i n  t h e  amount o f  0.01 w t % .  

Water was added i n  t h e  form of  hydra ted  samarium oxide  

(Sm203*3H20). Carbon-containing couples  were p repared  by mix- 

ing  g r a p h i t e  powder wi th  t h e  ox ide .  Oxa la te  was added by mixing 

samarium o x a l a t e  (which had been d r i e d  under argon a t  250 OC) 

wi th  t h e  Sm203. The couples  were p repared  i n  t h e  s t anda rd  way 

by s t e p  p r e s s i n g  t h e  ox ide  i n t o  t h e  t e s t  c apsu l e .  

Ex tens ive  a t t a c k  was observed i n  a l l  t h e  couples c o n t a i n -  

i ng  added i m p u r i t i e s ,  excep t  f o r  t h e  rhenium couples which 

showed no a t t a c k  ( s ee  Table  1 1 ) .  Layer t ype  co r ros ion  and 

s u r f a c e  d i s s o l u t i o n  predominated,  and i n  some o f  t h e  couples  

t h e  r e a c t i o n  l a y e r  t h i c k n e s s  exceeded f i v e  m i l s .  Each of  

t h e  t h r e e  i m p u r i t i e s  appeared t o  have about t h e  same e f f e c t  

on ox ide-meta l  i n t e r a c t i o n .  Photomicrographs o f  va r ious  

couples a r e  shown i n  F igure  2 1 .  

Two impor tan t  conc lus ions  can be reached from t h e  t e s t s  

w i th  i m p u r i t i e s  : 

To reduce oxide  a t t a c k  t o  a  minimum, i t  i s  e s s e n t i a l  

t h a t  c r i t i c a l  i m p u r i t i e s  i n  t he  oxide  such as wa te r  

and carbon be reduced t o  a s  low a  l e v e l  as  p o s s i b l e .  

Rhenium i s  t h e  b e s t  m a t e r i a l  f o r  con ta in ing  Pm203 a t  

e l e v a t e d  temperatures  s i n c e  i t  r e s i s t s  oxide  a t t a c k  

even when narmful i m p u r i t i e s  a r e  p r e s e n t .  

I n  some case s  i t  may be d e s i r a b l e  t o  use  Pm203 which 

has  been compacted i n t o  shapes by s p e c i a l  methods. For 

example, h o t  p r e s s i n g  can be used t o  form h igh  d e n s i t y  

(>95% of t h e o r e t i c a l )  Pm203 p e l l e t s .  I t  i s  d e s i r a b l e  t o  know 

what e f f e c t  t h e  use  o f  t he  s p e c i a l l y  compacted shapes might 

have an oxide-metal  c o m p a t i b i l i t y .  The re fo re ,  a  s e r i e s  of  

t e s t s  was run u s ing  Sm203 p e l l e t s  which had been prepared  by 



TABLE 11. T h e  E f f e c t  of I m p u r i t i e s  on S m 2 0 3 - M e t a l  C o m p a t i b i l i t y  
a t  1 1 0 0  OC 

R e a c t i o n  
I m p u r i t y  I m p u r i t y  i n  T i m e ,  z o n e ,  ( a )  

Metal A d d e d  O x i d e ,  w t %  h r  m i l s  

3 0 4 L  SS 

T a n t a l u m  
H2° 

*2O 
R h e n i u m  2O 
H a s t e l l o y  X H2° 0 . 0 1  4 , 3 0 0  4  

3 0 4 L  SS c a r b o n  0 . 0 1  4 , 3 0 0  3 

T a n t a l u m  c a r b o n  0 . 0 1  4 , 3 0 0  5 

R h e n i u m  c a r b o n  0 . 0 1  4 , 3 0 0  0  

H a s t e l l o y  X carbon 0 . 0 1  4 , 3 0 0  5 

3 0 4 L  SS o x a l a t e  0 . 0 1  4 , 3 0 0  5 

T a n t a l u m  o x a l a t e  0 . 0 1  4 , 3 0 0  6 

R h e n i u m  o x a l a t e  0 . 0 1  4 , 3 0 0  0  

H a s t e l l o y  X o x a l a t e  0 . 0 1  4 , 3 0 0  3 

A l l  coup les  w e r e  p r e p a r e d  b y  s t e p  p r e s s i n g  the  o x i d e  
i n t o  t he  t e s t  capsu le  

( a )  Average o f  two c o u p l e s  
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FIGURE 21. Samarium Sesqu iox ide  Couples w i t h  I m p u r i t i e s  Added- 
A f t e r  T e s t i n g  f o r  4300 h r  a t  1100 OC 



e i t h e r  h o t  p r e s s i n g  o r  s l i p  c a s t i n g .  The metal  component of  

each couple was 304L SS o r  t an ta lum.  

The h o t - p r e s s e d  p e l l e t s  were p repared  i n  g r a p h i t e  d i e s  a t  

temperatures  between 1 5 0 0  and 1700 O C .  P e l l e t  d e n s i t y  was 

g r e a t e r  than  9 5 %  of  t h e o r e t i c a l .  The p e l l e t s  a f t e r  removal 

from the  d i e  had a  t h i n  carbon l a y e r  (probably a  ca rb ide )  on 

t he  s u r f a c e .  Some p e l l e t s  were t e s t e d  wi th  t h e  carbon l a y e r  

p r e s e n t .  Others  were t e s t e d  a f t e r  t he  carbon l a y e r  had been 

removed by f i r i n g  t h e  p e l l e t s  i n  a i r  a t  1 1 0 0  O C .  The h o t  

p r e s s e d  p e l l e t s  were i n s e r t e d  i n  t h e  t e s t  c apsu l e s  and t h e  

capsu les  c l o s e d  i n  t h e  s t a n d a r d  manner. 

The s l i p  c a s t  p e l l e t s  were p repa red  by c a s t i n g  t h e  Sm203 

i n  a  c y l i n d r i c a l  shape and then  s e c t i o n i n g  t h e  green c y l i n d e r  

t o  produce t h e  p e l l e t s .  The green p e l l e t s  were s i n t e r e d  i n  

a i r  a t  1400 O C  t o  a  d e n s i t y  g r e a t e r  than  90% o f  t h e o r e t i c a l .  

An o r g a n i c  a c i d  (Daxad-23) was used i n  p r e p a r i n g  t h e  Sm203 

s l i p .  The a c i d  was ox id i zed  du r ing  t h e  s i n t e r i n g  s t e p .  The 

s i n t e r e d  p e l l e t s  were then  loaded  i n t o  t he  t e s t  c apsu l e s  and 

t h e  capsu les  welded. 

The r e s u l t s  o f  t h e  t e s t  a r e  p r e s e n t e d  i n  Table  1 2 .  They 

show t h a t  ox ide-meta l  c o m p a t i b i l i t y  i s  no t  a f f e c t e d  by u s ing  

t h e  s p e c i a l  p e l l e t s  as  long as  t h e  carbon i s  removed p r i o r  

t o  couple p r e p a r a t i o n .  The h o t  p r e s s e d  p e l l e t s  which had 

n o t  been t r e a t e d  t o  remove t h e  carbon from t h e  p e l l e t  s u r f a c e  

showed e x t e n s i v e  a t t a c k .  Those p e l l e t s  w i th  t h e  carbon removed 

showed e s s e n t i a l l y  zero ox ide-meta l  i n t e r a c t i o n ,  as  d i d  t h e  

couple p repa red  from s l i p  c a s t  and s i n t e r e d  p e l l e t s .  

Seve ra l  oxide-3041 SS couples  were t e s t e d  ( a t  1 1 0 0  OC) i n  

which t h e  ox ide  phase  was a  mixture  o f  Nd203 and Sm203. The 

r e s u l t s  o f  t h e  t e s t  show t h a t  t h e  ox ide  mixtures  e x h i b i t  

e s s e n t i a l l y  t h e  same c o m p a t i b i l i t y  c h a r a c t e r i s t i c s  as  t h e  pure  

Sm203 ( s ee  Table  1 3 ) .  



TABLE 12. 

Meta l  

304L SS 

304L SS 

304L SS 

Tanta lum 

Tanta lum 

Tanta lum 

Compatibility of Hot Pressed and Slip Cast Sm203 
Pellets at 1100 OC 

P e l l e t  Time, R e a c t i o n  Zone, 
P r e p a r a t i o n  h r  m i  1s 

Hot P r e s s e d  4,300 3  

Hot P r e s s e d  4 ,300  
(C Removed) 

S l i p  C a s t  4 ,300  

Hot P r e s s e d  4 ,300  

Hot P r e s s e d  4 ,300  
( C  Removed) 

S l i p  C a s t  4,300 0  

TABLE 13. Compatibility of Sm203-Nd203 Mixtures at 1100 OC 

Composi t ion  o f  Time, R e a c t i o n  Zone, 
Me ta l  Ox ide ,  w t %  h r  m i  1s 

304L SS 100 Sm203 4 ,300  <1 

304L SS 75 Sm-25 Nd 4,300 0  

304L SS 50 Sm-50 Nd 4,300 <1 

304L SS 25 Sm-75 Nd 4,300 

304L SS 100 Nd203 4,300 

A l l  c o u p l e s  p r e p a r e d  by s t e p - p r e s s i n g  o x i d e  
i n t o  t e s t  c a p s u l e .  



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

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

b e r  o f  i m p o r t a n t  c o n c l u s i o n s  can  be  r eached  r e g a r d i n g  t h e  h i g h  

t e m p e r a t u r e  c o m p a t i b i l i t y  o f  Pm203 w i t h  m e t a l s  and a l l o y s .  

The p u r i t y  o f  t h e  o x i d e  i s  t h e  most c r i t i c a l  f a c t o r  

a f f e c t i n g  t h e  h i g h - t e m p e r a t u r e  c o m p a t i b i l i t y  o f  Pm203. 

When i m p u r i t i e s  such  a s  w a t e r ,  ca rbon  o r  o r g a n i c s  a r e  

p r e s e n t  i n  t h e  o x i d e ,  t h e  i n t e r a c t i o n  o f  t h e  o x i d e  w i t h  

most m e t a l s  and a l l o y s  i s  g r e a t l y  a c c e l e r a t e d .  Only 

rhenium and t h e  rhenium a l l o y s  appear  u n a f f e c t e d  by t h e  

p r e s e n c e  o f  t h e  i m p u r i t i e s .  

A v a r i e t y  o f  m e t a l s  and a l l o y s  can be  used  t o  c o n t a i n  

Pm203 a t  t e m p e r a t u r e s  up t o  2000 O C ,  p r o v i d e d  t h e  c r i t i -  

c a l  i m p u r i t i e s  a r e  removed from t h e  o x i d e  p r i o r  t o  u s e .  

T h i s  means t h a t  t h e  s e l e c t i o n  o f  a  con ta inment  m a t e r i a l  

f o r  a  s p e c i f i c  o x i d e  a p p l i c a t i o n  can  be  b a s e d  on f a c t o r s  

o t h e r  t h a n  i t s  o x i d e  c o m p a t i b i l i t y .  A method f o r  a d e -  

q u a t e l y  p u r i f y i n g  t h e  o x i d e  h a s  been d e v e l o p e d ;  i t  con-  

s i s t s  o f  f i r i n g  t h e  o x i d e  i n  oxygen a t  1100 O C  f o l l o w e d  

by exposure  t o  hydrogen a t  1100 O C .  Oxide g i v e n  such  a  

t r e a t m e n t  e x h i b i t s  a  minimum o f  r e a c t i o n  w i t h  m e t a l s  and 

a l l o y s  a t  t e m p e r a t u r e s  up t o  2000 O C .  

The r e a c t i o n  o f  p u r i f i e d  Pm203 w i t h  con ta inment  m e t a l s  

appea r s  t o  be r e l a t i v e l y  independen t  o f  t ime  a t  tempera-  

t u r e .  Oxide c o u p l e s  t e s t e d  f o r  long  p e r i o d s  o f  t ime  (up 

t o  2 y e a r s )  show e s s e n t i a l l y  t h e  same amount o f  o x i d e -  

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

These r e s u l t s  were comple te ly  unexpec ted ,  and i n d i c a t e  t h a t  

t h e  mechanisms o f  o x i d e - m e t a l  i n t e r a c t i o n  a r e  n o t  f u l l y  

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

o x i d e - m e t a l  r e a c t i o n s  t h e n  t h e y  s h o u l d  c o n t i n u e  w i t h  t i m e ,  

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



up. S ince  t h e  r e a c t i o n  appa ren t ly  s t o p s  a f t e r  a  r e l a -  

t i v e l y  s h o r t  p e r i o d  o f  time (51500 h r )  i t  would seem 

t h a t  t h e  r e a c t i o n  i nvo lves  more than  j u s t  t he  metal  and 

t h e  ox ide .  Apparent ly  some impur i ty  i s  involved i n  t h e  

r e a c t i o n s ,  and the  impur i ty  i s  consumed i n  a  r e l a t i v e l y  

s h o r t  t ime.  A t  t h i s  t ime ,  t h e  r e a c t i o n  s t o p s  o r  t h e  

r a t e  i s  reduced by o r d e r s  o f  magnitude. 

a S ince  t h e  e x t e n t  o f  oxide-metal  r e a c t i o n  does n o t  appear 

t o  i n c r e a s e  wi th  time ( a f t e r  1500 h r )  , one can p r e d i c t  

adequate Pm203 h e a t  sou rce  c ladd ing  i n t e g r i t y  f o r  

ext remely long  p e r i o d s .  Cladding f a i l u r e  due t o  ox ide  

a t t a c k  should  n o t  be a  problem dur ing  t he  u s e f u l  l i f e  

o f  any Pm203 source .  

Temperature c y c l i n g  of a  Pm203 sou rce  may have some 

a f f e c t  on oxide-metal  c o m p a t i b i l i t y .  C o n f l i c t i n g  

r e s u l t s  were ob t a ined  du r ing  t he  program: some d a t a  

i n d i c a t e d  thermocycling had a  pronounced e f f e c t  on com- 

p a t i b i l i t y  ; o t h e r  t e s t s  i n d i c a t e d  thermocycling had no 

e f f e c t .  For Pm203 a p p l i c a t i o n s  where thermocycl ing 

occu r s ,  a d d i t i o n a l  t e s t i n g  should  be c a r r i e d  o u t  t o  

determine i t s  e f f e c t  on c o m p a t i b i l i t y .  

The r e s u l t s  ob t a ined  show t h a t  Sm203 makes an e x c e l l e n t  

s t a n d - i n  f o r  Pm203 i n  c o m p a t i b i l i t y  s t u d i e s .  The r e s u l t s  

ob t a ined  wi th  Sm203 a r e  completely a p p l i c a b l e  t o  Pm203. 

I n  f a c t ,  they  a r e  probably  on t h e  conse rva t ive  s i d e  s i n c e  

Pm203 couples  showed s l i g h t l y  l e s s  ox ide -meta l  r e a c t i o n  

than  Sm203 couples  t e s t e d  under s i m i l a r  c o n d i t i o n s .  

The o v e r - r i d i n g  conc lus ion  t o  be reached from t h e  Pm203 

c o m p a t i b i l i t y  program can be summarized a s  fo l l ows :  Poten-  

t i a l  u s e r s  o f  Pm20g should  n o t  l e t  f e a r  o f  oxide  c o m p a t i b i l i t y  

problems d e t e r  them from us ing  Pm203 i n  h igh- tempera ture  

a p p l i c a t i o n s .  Any one of a  number of  meta l s  and a l l o y s  can 



be  used  t o  c o n t a i n  t h e  Pm203 a t  t e m p e r a t u r e s  up t o  2 0 0 0  O C  f o r  

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

m a t e r i a l  can  b e  b a s e d  p r i m a r i l y  on f a c t o r s  o t h e r  t h a n  o x i d e -  

m e t a l  c o m p a t i b i l i t y .  
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A P P E N D I X  

P R O P O S E D  MECHANISM FOR OXIDE- METAL INTERACTION 

The importance of  t he  mechanism of  i n t e r a c t i o n  between 

promethium oxide  and a  metal  c ladd ing  m a t e r i a l  was recognized 

a t  t h e  i n c e p t i o n  o f  t h e s e  c o m p a t i b i l i t y  s t u d i e s .  A knowledge 

o f  t h e  mechanism was b e l i e v e d  necessary  t o  e x t r a p o l a t e  v a l i d  

i n t e r a c t i o n  r a t e s  t o  long  t imes o r  h i g h e r  temperatures  and t o  

p rov ide  p o s s i b l e  remedial  a c t i o n s  f o r  reducing o r  e l i m i n a t i n g  

the  e x t e n t  o f  co re -  c ladd ing  i n t e r a c t i o n .  

While s c r een ing  p o s s i b l e  c ladd ing  m a t e r i a l s  f o r  i n e r t n e s s  

toward r a r e  e a r t h  o x i d e s ,  a v a i l a b l e  thermodynamic d a t a  were 

used t o  e s t a b l i s h  s t a n d a r d  f r e e  energy changes f o r  r e a c t i o n s  

t h a t  might be expected t o  occur .  Thus, f o r  t an ta lum,  t h e  

r e a c t i o n  

can be w r i t t e n .  The e s t i m a t e d  s t a n d a r d  f r e e  energy o f  r e a c -  

t i o n  a t  298 O K  i s  +680 k c a l  o r  about  + 4 5  kcal/g-atom 0 ,  and 

a t  1500 O C ,  t h e  va lues  a r e  e s s e n t i a l l y  t he  same. The l a r g e  

p o s i t i v e  s t a n d a r d  f r e e  energy change f o r  t h e  r e a c t i o n ,  a s  

w r i t t e n ,  s t r o n g l y  imp l i e s  t h a t  t h e  e q u i l i b r i u m  w i l l  be l a r g e l y  

t o  t h e  l e f t  and t h a t  t an ta lum should  n o t  be ox id ized  t o  Ta205 

n o r  Sm203 reduced t o  t h e  meta l .  

However, t h e  exper iments  w i t h  u n t r e a t e d  oxide  showed 

e x t e n s i v e  a t t a c k  o f  t an ta lum by t h e  ox ide .  P o s s i b l e  explana-  

t i o n s  f o r  t h e  a t t a c k  observed were: 

The oxide  con ta ined  an o x i d i z i n g  impur i t y  (gaseous o r  

gas-forming) a s  a  r e s u l t  o f  p roces s  c o n d i t i o n s ,  and t h i s  

impur i ty  was f r e e  t o  r e a c t  wi th  tanta lum.  

React ion (1) a s  w r i t t e n  d i d  n o t  app ly ,  and p roduc t s  o t h e r  

than  Ta205 and samarium were formed. 



The a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  p r o d u c t s  o f  r e a c t i o n  

d i f f e r e d  markedly from t h e  v a l u e  o f  u n i t y  u s u a l l y  a s c r i b e d  

t o  them. 

( I n  a  s e n s e ,  t h e  l a t t e r  two e x p l a n a t i o n s  a r e  q u i t e  s i m i l a r :  

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

t h e  o t h e r  invokes  an u n d e f i n e d  n o n s t o i c h i o m e t r i c  m a t e r i a l . )  

To d i s t i n g u i s h  which ( i f  any) o f  t h e s e  mechanisms might  

p r e d o m i n a t e ,  r e s i d u a l  gas  was measured and found t o  be  g r o s s l y  

i n s u f f i c i e n t  t o  accoun t  f o r  t h e  e x t e n s i v e  c o r r o s i o n  o b s e r v e d  

i n  t h e  t a n t a l u m  e x p e r i m e n t s .  T h e r e f o r e ,  i t  was h y p o t h e s i z e d  

t h a t  e i t h e r  o r  b o t h  o f  t h e  l a s t  two mechanisms a p p l y .  I n  o t h e r  

words t h e  r e a c t i o n ,  s i n c e  i t  o c c u r r e d ,  was " thermodynamical ly  

p o s s i b l e "  and undoubtedly  dependent  upon t h e  f o r m a t i o n  o f  

r e a c t i o n  p r o d u c t s  o t h e r  t h a n  t h o s e  shown i n  Equa t ion  ( 1 ) .  

Because t h e  r a t e  o f  a t t a c k  was dependent  upon t h e  p u r i t y  o f  t h e  

c o r e  m a t e r i a l ,  i t  was f u r t h e r  h y p o t h e s i z e d  t h a t  i m p u r i t i e s  

c a t a l y z e d  t h e  r e a c t i o n .  

The i m p l i c a t i o n s  o f  t h e s e  h y p o t h e s e s ,  if t r u e ,  were  q u i t e  

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

v a t e d  t e m p e r a t u r e s .  C e r t a i n l y  some o f  t h e  promethium o x i d e -  

m e t a l  c o u p l e s  a r e  thermodynamical ly  u n s t a b l e ,  and k i n e t i c  f a c -  

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

k i n e t i c s  i s  i n d e e d  t h e  i m p o r t a n t  f a c t o r ,  t h e n  c a t a l y t i c  e f f e c t s  

become o f  v i t a l  i n t e r e s t ,  p a r t i c u l a r l y  a t  h i g h e r  t e m p e r a t u r e s  

where r a t e  p r o c e s s e s  a c c e l e r a t e .  Also  i m p o r t a n t  a r e  f a c t o r s  

which might  l i m i t  t h e  e x t e n t  of i n t e r a c t i o n ,  such  a s  n a t u r a l l y  

o c c u r r i n g  o r  a p p l i e d  d i f f u s i o n  b a r r i e r s .  

I m p u r i t i e s  t h a t  might  be e x p e c t e d  i n  u n t r e a t e d  Pm203 w i l l  

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

which might  be i n t r o d u c e d  i n  s u b s e q u e n t  t r e a t m e n t  and h a n d l i n g  

o f  t h e  o x i d e .  The former  group i n c l u d e s  r e s i d u a l  c a r b o n a t e  

groups  from incomple te  o x a l a t e  c a l c i n a t i o n ,  ca rbon  t r a c e s ,  H20, 



and ( i n d i r e c t l y )  o x i d i z i n g  gases  formed du r ing  h e a t i n g  o f  t h e  

ox ide .  I n t roduced  i m p u r i t i e s  cou ld  i n c l u d e  wa t e r  o r  carbon 

d iox ide  adsorbed from t h e  a i r .  

The p o s s i b i l i t y  t h a t  such  i m p u r i t i e s  cou ld  c a t a l y z e  a  

r e a c t i o n  was i n d i c a t e d  by t h e  l a c k  o f  r e a c t i o n  i n  exper iments  

where t h e  impur i t y  c o n t e n t  was pu rpose ly  lowered and by cons id -  

e r a t i o n  o f  t h e  fo l l owing  c y c l i c  r e a c t i o n  sequences  t h a t  p r o -  

v i d e  a  gas phase  r e a c t a n t  f o r  oxygen t r a n s f e r .  ( I n  t h e s e  

systems SmO and TaO a r e  a r b i t r a r i l y  assumed t o  be sub-ox ide  

p r o d u c t s .  Other  ox ides  cou ld  e q u a l l y  w e l l  have been chosen. )  

Sm203 + C = 2 SmO + CO 

CO + Ta = TaO + C (3)  

Ta + H20 = TaO + H 2  

Sm203 + H 2  = H20 + 2 SmO 

Ta + C02 = TaO + CO 

CO + Sm203 = 2 SmO + C02 

Note t h a t  t h e  n e t  r e a c t i o n  i n  each ca se  i s  

Sm203 + Ta = TaO + 2 SmO 

The a r e  n o t  consumed, and i f  no d i f f u s i o n  b a r r i e r s  

e x i s t ,  r e a c t i o n  would con t i nue  u n t i l  thermodynamic e q u i l i b r i u m  

was reached.  I t  shou ld  be emphasized t h a t  such a  c a t a l y t i c  



e f f e c t  c o u l d  o c c u r  w i t h  r e l a t i v e l y  low i m p u r i t y  l e v e l s .  I n  

f a c t ,  i m p u r i t y  c o n t e n t s  s i g n i f i c a n t  a t  h i g h e r  t e m p e r a t u r e s  may 

n o t  be d e t e c t a b l e  by normal methods.  

S e v e r a l  e x p e r i m e n t s  and o b s e r v a t i o n s  i n  t h e  l a b o r a t o r y  

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

d e t e c t e d  f o r  some metal-Sm203 c o u p l e s .  For example,  t h e  

t i t an ium-Sm203  c o u p l e  was s t u d i e d  i n  some d e t a i l .  Complete 

r e d u c t i o n  o f  samarium s e s q u i o x i d e  by t i t a n i u m  i s  n o t  f a v o r e d  

a t  1000 O C .  

3  T i  + 2 Sm203 = 4  Sm + 3  T i 0 2 ( ~ F 0 1 2 7 3  = + 192 k c a l )  (9)  

The p o s s i b i l i t y  f o r  p a r t i a l  r e d u c t i o n  o f  t h e  s e s q u i o x i d e  t o  

o c c u r  by t h e  f o l l o w i n g  r e a c t i o n  e x i s t s .  

T i  + 2 Sm203 = 4  SmO + T i 0 2 ( ~ F 0 1 2 7 3  = + 8 k c a l )  (10)  

The more l o g i c a l  a s sumpt ion ,  however,  i s  t h a t  t h e  s u b - o x i d e s  

o f  b o t h  samarium and t i t a n i u m  a r e  formed. 

2 T i  + 3  Smp03 = 6 SmO + T i 2 0 3 ( ~ F 0 1 2 7 3  - - - 1 4  k c a l )  (11) 

C o r r o s i o n  o f  t i t a n i u m  by samarium s e s q u i o x i d e  h a s  been  o b s e r v e d ,  

and t i t a n i u m  s e s q u i o x i d e  i d e n t i f i e d  by X-ray d i f f r a c t i o n  a s  

one o f  t h e  r e a c t i o n  p r o d u c t s .  

G e n e r a l l y  s o l i d - s o l i d  r e a c t i o n s  o f  t h i s  t y p e  p r o c e e d  

r e l a t i v e l y  s l o w l y .  To t e s t  t h e  v a l i d i t y  of  t h e  h y p o t h e s i s  t h a t  

gaseous  i m p u r i t i e s  would c a t a l y z e  t h e  r e a c t i o n ,  a  s e r i e s  of  

e x p e r i m e n t s  was c a r r i e d  o u t  where t r a c e  amounts o f  gaseous  

i m p u r i t i e s  were p l a c e d  i n  s e a l e d  t u b e s  c o n t a i n i n g  ( i n  each  t u b e )  

p h y s i c a l l y  s e p a r a t e d  t i t a n i u m  and samarium s e s q u i o x i d e  ( s e e  

F i g u r e  22).  The t u b e s  were h e l d  a t  1000 O C  f o r  v a r y i n g  p e r i o d s  



QUARTZ TUBE, C02 ( O R  H 2 0 )  ~ 1 0 3  v 

S m 2 0 3  P E L L E T  T I T A N I U M  D I S K  

FIGURE 22. Titanium-Samarium Sesquioxide Reaction System 

o f  t ime,  and t h e  weight  change of t i t a n i u m  was determined a s  

a  f u n c t i o n  o f  t ime.  T e s t s  where minute amounts of  C02, H20, 

o r  carbon (mixed wi th  t he  Sm203) were added t o  t h e  r e a c t i o n  

tube showed a  much g r e a t e r  r e a c t i o n  r a t e  than where j u s t  

t i t a n i u m  and samarium se squ iox ide  were p r e s e n t  (Figure  23).  

The observed co r ros ion  i s  b e l i e v e d  t o  have proceeded by 

mechanisms s i m i l a r  t o  those  desc r ibed  i n  Equations (2) through 

( 7 )  

3  CO + 3  Sm203 = 6 SmO + 3  C02 

3 Sm203 + 3 H Z  = 6 SmO + 3  H20 

Sm203 + C = 2 SmO + CO 

The n e t  r e a c t i o n  i n  each ca se  i s  

2 T i  + 3  Sm203 = 6 SmO + Ti203.  



0 T i  + S m 2 0 3  (CONTROL S A M P L E S )  

T i  + Sm203  + C - 
A T i  + Sm2Q3 + H 2 0  

A T i  + S m 2 0 3  + C 0 2  

- 

- 

- 

CONTROL 
J 

0 1 "  I 0, 0 I I I I I 
n 

U 

0  5 0  1 0 0  1 5 3  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  

EXPOSURE T I M E ,  h r  

FIGURE 2 3 .  R e a c t i o n  B e t w e e n  T i t a n i u m  and S m 2 O 3  a t  1000 OC 
V e r s u s  R e a c t i o n  T i m e  

The gaseous i m p u r i t i e s  s e r v e  a s  c a r r i e r s  f o r  oxygen t r a n s f e r ,  

and the  r a t e  o f r e a c t i o n b e t w e e n  oxide  and metal  i s  g r e a t l y  

a c c e l e r a t e d .  

S P E C I F I C A T I O N S  FOR TEST METALS 

Havnes 25 Al lov Rod 

Vendor - Union Carbide Corpora t ion  

Heat No. 186-5-1200 1 i n .  d iamete r  x RL 

T e n s i l e  T e s t  a t  Room Temperature 

Ul t imate  0 . 2 %  Y ie ld ,  % El'ongation 
p s i  p s i  i n  4 D ,  i n .  



C h e m i c a l  A n a l y s i s  

E l e m e n t  % E l e m e n t  % 

C r  2 0 . 4 5  N i  9 . 9 3  

W 1 5 . 1 0  Mn 1 . 0 3  

F e  1 . 9 5  P 0 . 0 1 6  

C 0 . 0 7  S 0 . 0 1 1  

S i  0 . 0 7  Co B a l a n c e  

H a s t e l l o y  X A l l o y  Rod 

V e n d o r  - Union  C a r b i d e  C o r p o r a t i o n  

Heat No. 2 6 0 - 6 - 2 9 2 1  1 i n .  d i a m e t e r  x RL 

T e n s i l e  T e s t  a t  Room T e m p e r a t u r e  

Ul t imate  
p s i  

1 2 0 , 1 0 0  

0 . 2 %  Y i e l d ,  % E l o n g a t i o n  
p s i  i n  4D, i n .  

56 ,950  6 4 . 0  

C h e m i c a l  A n a l y s i s  

E l e m e n t  

C r  

% E l e m e n t  % 

2 1 . 4 6  N i  B a l a n c e  

0 . 5 2  Mn 0 . 7 3  

1 8 . 0 0  Mo 9 . 0 4  

0 . 1 0  P 0 . 0 1 8  

0 . 1 9  S 0 . 0 0 3  

1 . 2 7  

T a n t a l u m  - 1 0 %  T u n g s t e n  A l l o y  Rod 

V e n d o r  - N o r t o n  Company 

Heat No. 8175  1 i n .  d i a m e t e r  x RL 

H a r d n e s s  - R o c k w e l l  A  5 5 . 9  t o  5 7 . 0  

C h e m i c a l  A n a l y s i s  

E l e m e n t  ppm E l e m e n t  ppm 

0 2  7  Ca <1 

H 1 F e  5  

N 1 6  Mo < l o  



Element  PPm Element  

C 26 Nb 

A 1  < l o  N i  

C r  < 5 T i  

W - 9 . 8 %  

Ta - Balance  

Tanta lum Rod 

Vendor - Fans t e e 1  M e t a l l u r g i c a l  C o r p o r a t i o n  

L o t  No. 69B 1879 1 i n .  d i a m e t e r  x RL 

Chemical  A n a l y s i s  

L o t  A n a l v s i s  

ppm 

<25 

<1 

< 5  

10  PPm 
2 2  PPm 
10-  ppm 

5- ppm 
80 PPm 
60 PPm 

5-  PPm 
5- PPm 
5- PPm 
5- PPm 
5- PPm 
5-  PPm 
5- PPm 
5- PPm 
5-  PPm 
5-  PPm 
5- PPm 
5- PPm 
5-  PPm 
5- PPm 

Ba lance  

T Z M  - Wrought Bar  

Vendor - Climax Molybdenum Company of  Michigan  

Hea t  No. TZM 7949 1 i n .  d i a m e t e r  x RL 

S t r u c t u r a l  C o n d i t i o n  

S t r e s s  R e l i e v e d  3/4 h r  a t  2350 OF 



Mechanical P r o p e r t i e s  
E longa t ion  

U l t ima te ,  k s i  % Yie ld ,  k s i  % i n  4 D  

120 - 123.7 104.1  - 105 .3  28 - 31 

Hardness,  10 k g  

283 - 292 DPN 

Chemical Analys is  

Element % Element % 

T i  0.45 Nb 0.0001 

< o .  002 

Balance 

W-25% Re Sheet  

Vendor - Chase Brass  and Copper Company 

Lot RWS-21 1 i n .  x 0.003 i n .  x RL 

S t a r t i n g  Bar 

(Powder Metal lurgy)  

S i ze  - 5.0 i n .  long x 1 .6  i n .  wide x 0.17 i n  t h i c k  

Densi ty  9 7 %  

S i n t e r e d  

Time - 3  h r  a t  temperature  

Temperature - 2550 O C  

Atmosphere - Hydrogen 

Ro l l i ng  H i s t o r v  

Bars c ros sed  r o l l e d  warm t o  2-1/2 in. wide,  f o r  a  t o t a l  

r educ t ion  of approximately 25% where p i e c e s  were annealed f o r  

1 / 2  h r  i n  cracked ammonia a t  1000 O C .  

Bars tu rned  end s t r a i g h t  r o l l e d ,  warm, f o r  a t o t a l  o f  50% 

reduc t ion .  P i eces  aga in  annealed 1000 "C f o r  1 / 2  h r .  



Bars  c o n t i n u e d  t o  be  s t r a i g h t  r o l l e d ,  warm, f o r  a n o t h e r  

50% r e d u c t i o n  and a g a i n  a n n e a l e d  same a s  above.  

From 0.010 i n .  t h i c k  t o  f i n a l  s i z e  p i e c e s  were c o l d  

r o l l e d .  

P i e c e s  c u t  t o  f i n a l  s i z e  and a n n e a l e d  a t  1400 O C  f o r  

1 5  min i n  c r a c k e d  ammonia a tmosphere  and s h i p p e d .  

Chemical A n a l y s i s  - S p e c t r o g r a p h i c  

Element  ppm Element ppm 
A 1  < l o  Mn <1 

Ca <10 Mo <50 

C r  5  Na < 5  

Cu <10 N i  1 5  

Fe 20 S i  <10 

Mg <1 

No o t h e r  m e t a l s  d e t e c t e d  

Rhenium S h e e t  

Vendor - Chase B r a s s  and Copper Company 

L o t  No. RS-55 1 i n .  x 0 . 0 0 3  i n .  x RL 

S t a r t i n g  Bar 

(Powder M e t a l l u r g y )  

S i z e  4 . 8  i n .  l o n g  x 1 . 6  i n .  wide x 0 .18  i n .  t h i c k  

D e n s i t y  93% 

S i n t e r e d  

Time - 3  h r  a t  t e m p e r a t u r e  

Tempera ture  - 2550 O C  

Atmosphere - Hydrogen 



Rol l i ng  H i s to ry  

Rol led a t  room temperature .  Crossed r o l l e d  t o  2-1/8 i n .  

wide w i th  annea l s  a t  1650 O C  a f t e r  every 10% reduc t ion  i n  

cracked ammonia atmosphere. 

P i eces  now s t r a i g h t  r o l l e d  t o  f i n a l  s i z e s  w i th  annea l s  

a t  1650 O C  a f t e r  each 15% reduc t ion  i n  cracked ammonia 

atmosphere. 

M a t e r i a l  c u t  t o  s i z e  and annealed a t  1650 O C  f o r  15 min 

i n  cracked ammonia atmosphere. 

Chemical Analys is  

Spec t rographic  

Element ppm Element 

A 1  <1 Mn 

Ca <1 Mo 

C r  <1 Na 

Cu <1 N i  

Fe 36 S i  

Mg <1 
No o t h e r  meta l s  d e t e c t e d  

Chemical 

304L S t a i n l e s s  S t e e l  Rod 

ppm 
1 

Vendor - Allen-Fry  S t e e l  Company (Republic)  

Heat No. 10356392 1 i n .  d iameter  x RL 

Phvs i ca l  P r o ~ e r t i e s  

Y ie ld ,  T e n s i l e ,  E longa t ion ,  Reduction 
psi p s i  % of  Area, % 

57,500 89,500 45.2 75.5 



Chemical Ana lys i s  

Element % Element 

Tungsten Shee t  

Vendor - General  E l e c t r i c  Company 

Arc c a s t  and r o l l e d  

No chemical a n a l y s i s  a v a i l a b l e .  



D I S T R I B U T I O N  

No. o f  
Copies 

OFFSITE 

1 A E C  Chicago P a t e n t  Group 

G .  H .  Lee 

AEC D i v i s i o n  o f  I s o t o p e  Development 

W .  E i s t e r  ( 2 )  
D .  W .  Cole (2)  
J.  E .  Machurek (2 )  
J. N .  Maddox (2)  
W .  E .  Mott  

A E C  D i v i s i o n  o f  Space Nuc lea r  Sys terns 

W .  K .  Kern 
J .  A .  Powers 

AEC D i v i s i o n  o f  T e c h n i c a l  I n f o r m a t i o n  E x t e n s i o n  

AEC L i b r a r y ,  Washington 

J .  R. B a r c o f t  (DOC) 

Aeroj  e t -  Genera l  Nuc leon ics  (SAN) 

W .  G .  Ruehle 

Atomics I n t e r n a t i o n a l  

R .  Y .  P a r k i n s o n  

Union Carb ide  C o r p o r a t i o n  (ORNL) 

0 .  L .  K e l l e r  
E .  Lamb 
P.  B .  O r r  
J .  E .  R a t l e d g e  

ONSITE-HANFORD 

1 AEC Chicago P a t e n t  Group 

R .  K .  Sharp  (R ich land)  

2 AEC RDT S i t e  R e p r e s e n t a t i v e  

P. G .  H o l s t e d  

D i s  t r -1 



No. o f  
Copies 

4 AEC Richland Ope ra t i ons  O f f i c e  

C .  L .  Robinson 
B .  A.  Ryan (3) 

B a t t e l l e  Memorial I n s t i t u t e  

Donald W .  Douglas Labora to ry  

R.  L .  Andelin 

B a t t e l l e - N o r t h w e s t  

F.  W .  Albaugh ( 2 )  
J .  W .  B a r t l e t t  (2)  
R. E .  Burns 
S .  H .  Bush 
T .  D .  C h i k a l l a  
G .  M .  Dalen 
D. R .  de Halas  
K .  Drumheller  
H .  T .  Fullam (30) 
V.  L .  Hammond 
J .  E .  Hansen 
J.  H .  J a r r e t t  
L .  J .  Kirby 
R .  E .  N i g h t i n g a l e  
A. M .  P l a t t  
F .  P. Rober ts  
C .  A .  Rohrmann 
H .  H .  Van Tuyl  
E .  J .  Wheelwright 
0 .  J .  Wick 
Techn ica l  I n fo rma t ion  ( 5 )  
Techn ica l  P u b l i c a t i o n s  (2) 




