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CORROSION BY MOLTEN FLUORID 

L b  s b  R i c h a r d s o n  D. cb Vreele 
W. D, Manly 

SUMMARY AND CONCLUSIONS m a t e r i a l s  tc 

B o t h  s t a t i c  a n d  d y n a m i c  c o r r o s i o n  
t e s t s  o f  m e t a l s  i n  m o l t e n  m i x t u r e s  o f  
a l k a l i  m e t a l  f l u o r i d e s  h a v e  b e e n  made 
by  t h e  M e t a l l u r g y  D i v i s i o n  i n  t h e  p a s t  
y e a r .  E v a l u a t i o n  o f  t h e s e  t e s t s  h a s  
l e d  t o  some d e f i n i t e  c o n c l u s i o n s  a s  
t o  t h e  n a t u r e  o f  c o r r o s i o n  by  m o l t e n  
f l u o r i d e s  u n d e r  c e r t a i n  t e s t  c o n d i t i o n s .  

The m a j o r  form o f  a t t a c k  by  f l u o r i d e s  
on I n c o n e l  r e s u l t s  i n  t h e  f o r m a t i o n  
o f  v o i d s  w h i c h  a r e  e i t h e r  s c a t t e r e d  
u n i f o r m l y  t h r o u g h o u t  t h e  a r e a  n e a r  
t h e  s u r f a c e  or a p p e a r  p r e f e r e n t i a l l y  
a t  g r a i n  b o u n d a r i e s  l e a d i n g  from t h e  
s u r f a c e  i n w a r d .  I t  i s  b e l i e v e d  t h a t  
t h e s e  v o i d s  a r e  c a u s e d  by  d e p l e t i o n  
o f  o n e  c o n s t i t u e n t  ( u s u a l l y  chromium), 
w h i c h  l e a v e s  v a c a n c i e s  a n d  p r e c i p i -  
t a t i o n  o f  t h e s e  v a c a n c i e s  ( c f . ,  
A p p e n d i x ) .  A t h i n ,  a d h e r e n t  f i l m  o f  
UO, fo rms  a t  t e m p e r a t u r e s  above  12OO0C’ 
( a n d  o c c a s i o n a l l y  l o w e r )  and a p p a r e n t l y  
i n h i b i t s  t h e  d e p l e t i o n  o f  c h r o m i u m .  
T h e  r a t e  o f  a t t a c k  ( a s  m e a s u r e d  b y  
d e p t h  o f  s u b s u r f a c e  v o i d s )  d e c r e a s e s  
w i t h  t i m e  a n d  l e v e l s  o f f  t o  a v e r y  
s l o w  r a t e  a f t e r  5 0 0  h o u r s .  P r i o r  
h e a t  t r e a t m e n t  a n d  t h e  p r e s e n c e  o f  
s m a l l  a m o u n t s  o f  i m p u r i t i e s  i n  t h e  
m e t a l  a p p a r e n t l y  d o  n o t  c h a n g e  t h e  
r a t e  o f  a t t a c k  a p p r e c i a b l y .  However ,  
i n  some c a s e s  i n  w h i c h  a v e r y  l a r g e  
g r a i n  s i z e  was i n d u c e d  by h e a t  t r e a t -  
m e n t ,  v o i d  f o r m a t i o n  was  f o u n d  t o  b e  
l o c a l i z e d  a t  t h e  g r a i n  b o u n d a r i e s  a n d  
c a u s e d  d e e p e r  b u t  l e s s  e x t e n s i v e  
damage. C o l d  w o r k i n g  t h e  m e t a l  seems 
t o  h a v e  n o  e f f e c t .  A d d i t i o n  o f  
n i c k e l  a n d  i r o n  f l u o r i d e s  t o  t h e  
c o r r o d i n g  medium was found t o  i n c r e a s e  
t h e  c o r r o s i o n ,  p r o b a b l y  b e c a u s e  o f  
t h e  r e d u c t i o n  o f  t h e s e  f l u o r i d e s  
by ch romium t h a t  e n t e r e d  t h e  s y s t e m  
f r o m  t h e  c o n t a i n e r  w a l l s .  T h e  a d -  
d i t i o n  o f  s m a l l  a m o u n t s  o f  c e r t a i n  
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D t h e  m o l t e n  f l u o r i d e  
n some c a s e s ,  e f f e c t i v e  
z o r r o s i o n .  I n  g e n e r a l ,  

i n  t h e  e l e c t r o m o t i v e  
A I  ,...1,:.,, L . - - . , 1 1 : . . -  

m i x t u r e  i s ,  i 
i n  r e d u c i n g  t 

m e t a l s  h i g h  
s e r i e s  ( s u c h  d a  L a i L l u i i i ,  U C L  y l l l u l l l ,  

a n d  t h e  a l k a l i  m e t a l s )  r e d u c e  o r  
e n t i r e l y  s t o p  v o i d  f o r m a t i o n ,  w h e r e a s  
m e t a l s  t h a t  a r e  r e l a t i v e l y  more  n o b l e  
( s u c h  a s  i r o n  a n d  s i l v e r )  h a v e  n o  
e f f e c t .  T h e  more  a c t i v e  m e t a l s  were 
s o  e f f e c t i v e  i n  m i n i m i z i n g  c o r r o s i o n  
t h a t  t h e y  a r e  b e i n g  u s e d  i n  t h e  
l a r g e r - s c a l e  t e s t i n g  p r o g r a m  a t  t h e  
Y - 1 2  s i t e .  A d d i t i o n s  o f  z i r c o n i u m ,  
s o d i u m ,  and t i t a n i u m  h a v e  b e e n  f o u n d  
t o  m i n i m i z e  c o r r o s i o n  i n  t h e  t h e r m a l  
c o n v e c t i o n  l o o p s  u s e d  i n  t h e s e  t e s t s .  
I t  i s  t h o u g h t  t h a t  t h e  a c t i v e  m e t a l s  
m i n i m i  z e  c o r r o s i o n  by r e d u c i n g  t h e  
a v a i l a b i l i t y  o f  f l u o r i n e  a n d / o r  oxygen 
t o  t h e  s t r u c t u r a l  m e t a l s .  

Mass t r a n s f e r  e f f e c t s  a r e  n o t  s o  
s e r i o u s  a p r o b l e m  i n  f l u o r i d e s  a s  i n  
l i q u i d  m e t a l s  or mol t e n  h y d r o x i d e s .  
M e t a l l i c  l a y e r s  or c r y s t a l s  a r e  n o t e d  
w i t h  p u r e  m e t a l s ,  a n d  n o n m e t a l l i c  
( s o m e t i m e s  p a r t i a l l y  UO,) f i l m s  a r e  
o f t e n  ( t h o u g h  n o t  a l w a y s )  n o t e d  w i t h  
a l l o y s .  M e t a l l i c  l a y e r s  h a v e  b e e n  
n o t e d  i n  I n c o n e l  i n  b o t h  t h e r m a l  
c o n v e c t i o n  l o o p s  and seesaw tes t s .  

I N T R O D U C T I O N  
One o f  t h e  b e t t e r  ways o f  i n t r o d u c i n g  

f u e l  i n t o  a h i g h - t e m p e r a t u r e  r e a c t o r  
i s  t h r o u g h  t h e  u s e  o f  u r a n i u m - b e a r i n g  
f u s e d  f l u o r i d e s .  T h e  v a r i o u s  m e t a l  
f l u o r i d e  s y s t e m s  a r e  b e i n g  i n v e s t i g a t e d  
by t h e  M a t e r i a l s  C h e m i s t r y  D i v i s i o n ,  
a n d  m i x t u r e s  o f  t h e  f l u o r i d e  s a l t s  
a r e  b e i n g  u s e d  i n  c o r r o s i o n  t e s t s  
by  t h e  M a t e r i a l s  C h e m i s t r y  D i v i s i o n ,  
t h e  E x p e r i m e n t a l  E n g i n e e r i n g  G r o u p  
o f  t h e  ANP D i v i s i o n ,  and t h e  M e t a l l u r g y  
D i  v i  s i  on. 

T h i s  r e p o r t  c o n t a i n s  t h e  r e s u l t s  
o f  t e s t s  made t o  d a t e  by t h e  M e t a l l u r g y  
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t u b e  by  m e t e r i n g  t h e  p r o p e r  g a s e s  
t h r o u g h  t h e  m a n i f o l d  s y s t e m .  U n l e s s  
o t h e r w i s e  m e n t i o n e d  i n  t h e  t e x t ,  
a l l  t h e  t e s t s  r e p o r t e d  w e r e  r u n  w i t h  
a vacuum i n  t h e  c a p s u l e .  

T h e  s p e c i m e n  t u b e s  u s e d  i n  t h e  
s e e s a w  t e s t  were p r e p a r e d  i n  t h e  same 
manner  a s  t h o s e  f o r  t h e  s t a t i c  t e s t s .  

S c r e e n i n g  T e s t s .  A s e r i e s  o f  
s c r e e n i n g  t e s t s  o f  v a r i o u s  m a t e r i a l s  
i n  m o l t e n  f l u o r i d e  m i x t u r e  No.  1 4  
were  m a d e .  T h e s e  t e s t s  were m a d e  
w i t h  d e h y d r a t e d ,  u n p r e t r e a t e d  f l u o r i d e  
m i x t u r e  f o r  1 0 0  h r  a t  8 1 6 ' C  u n d e r  
s t a t i c  vacuum. The  r e s u l t s  o f  t h e s e  
t e s t s  a r e  g i v e n  i n  T a b l e  1. Molybdenum, 
c o l u m b i u m ,  M o n e l ,  S t e l l i t e  No. 2 5 ,  
a n d  n i c k e l  p l u s  1 / 4 %  z i r c o n i u m  a l l o y  
were a p p a r e n t l y  u n a t t a c k e d .  A l l  o f  
t h e  300 s e r i e s  s t a i n l e s s  s t e e l s  t e s t e d  
( 3 0 4  ELC, 3 0 9 ,  3 1 0 ,  3 1 7 ,  3 2 1 ,  3 4 7 )  
were a t t a c k e d  t o  a d e p t h  o f  1 m i l  o r  
l e s s ,  e x c e p t  t y p e s  3 0 4  ELC a n d  3 0 9 ,  
w h i c h  were a t t a c k e d  t o  a d e p t h  o f  
2 m i l s .  Four -hundred  s e r i e s  s t a i n l e s s  
s t e e l s  ( o n l y  t w o  t y p e s )  were  n o t  
a t t a c k e d  o v e r  1 m i l .  2 n i c k e l  was 
t h e  m o s t  s e v e r e l y  a t t a c k e d  m a t e r i a l  
o f  t h o s e  t e s t e d ,  b e i n g  a f f e c t e d  t o  a 
d e p t h  o f  5 m i l s .  F i g u r e s  2 a n d  3 
show t y p i c a l  s a m p l e s  o f  t h e  t y p e s  o f  
a t t a c k  o b s e r v e d .  

A s e e s a w  t e s t  r u n  w i t h  n i c k e l - 1 / 4 %  
z i r c o n i u m  a l l o y  s h o w e d  s e v e r e  m a s s  
t r a n s f e r  e f f e c t s .  F i g u r e  4 s h o w s  
t h i s  t e s t .  

I n  T a b l e  2 a r e  shown t h e  r e s u l t s  
o f  a few s c r e e n i n g  t e s t s  w i t h  f l u o r i d e  
m i x t u r e  No. 2. A c o m p a r i s o n  o f  t h e s e  
r e s u l t s  w i t h  t h o s e  i n  T a b l e  1 r e v e a l s  
t h a t  c o r r o s i v e  a t t a c k  t o  a p p r o x i m a t e l y  
t h e  same e x t e n t  c a n  b e  e x p e c t e d  w i t h  
b o t h  f l u o r i d e  m i x t u r e s  No. 2 a n d  
No. 14 i n  s t a t i c  t e s t s .  

Effec t  of  Temperature on Corrosion. 
T e s t s  o n  t h e  e f f e c t  o f  t e m p e r a t u r e  
h a v e  been r u n i n  b o t h  f l u o r i d e  m i x t u r e s  
No. 2 and No. 14.  T a b l e s  3,  4 ,  and  5 
summar ize  t h e  r e s u l t s  o f  t h e s e  t e s t s .  
A t  t e m p e r a t u r e s  b e l o w  l l O O ° C ,  n o  
s i g n i f i c a n t  e f f e c t s  can  b e  n o t e d  t h a t  
c o u l d  n o t  b e  c a u s e d  b y  n o r m a l  t e s t  
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Fig. 1. Loading and T e s t i n g  T e c h n i q u e  Employed for  S t a t i c  Corrosion Tests. 
w 



CORROSION BY 

T A B L E  1. C O R R O S I O N  OF V A R I O U S  W A T E R I A L S  T E S T E D  I N  F L U O R I D E  X I X T U R E  NO. 14 
A T  1500'F FOR 100 hr I N  VACUUM 

MATERIAL 

Type 304 ELC s t a i n l e s s  s teel  

Type 309 s t a i n l e s s  s tee l  

Type 310 s t a i n l e s s  s t ee l  

Type 317 s t a i n l e s s  s t ee l  

Type 321 s t a i n l e s s  s t e e l  

Type 347 s t a i n l e s s  s t e e l  

Type 430 s t a i n l e s s  s t e e l  

Type 446 s t a i n l e s s  s teel  

N i c k e l  + 1/4% z i r c o n i u m  

H a s t e l l o y  B 

H a s t e l l o y  C 

2 n i c k e l  

S t e l l i t e  No. 25 

Nichrome V 

Monel 

I n c o n e l  

I n c o n e l  X 

Tan ta lum 

Columbium 

G l o b e  i r o n  

Vanadium 

Mo 1 y bd enum 

DEPTH OF METAL 
AFFEZTED 

( m i l s )  

2 

2 

1 

1 

0 t o  112 

1 

1 

1 

0 

0 t o  114 

2 

5 
0 

3 

0 

3 

1 

1 

0 

2 

1 

0 

METALLOGRAPHIC NOTES 

S u b s u r f a c e  v o i d s ,  some f o l l o w i n g  g r a i n  bound- 

S u b s u r f  a c e  v o i d s  

S u b s u r f a c e  v o i d s  

I n t e r g r a n u l a r  p e n e t r a t i o n  

I n t e r  g r a n u  1 a r  p e n e t r a t i o n  

S u b s u r f a c e  v o i d s  

S l i g h t  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  de-  
c a r  b u r i  z a  t i o n  

S u b s u r f a c e  v o i d s  

No v i s i b l e  a t t a c k  

S u b s u r f a c e  v o i d s  

S u b s u r f  a c e  v o i d s  

Vo i d s a 1 on g g r  a i n  bounda r i e s 

No v i s i b l e  a t t a c k  

S u b s u r f a c e  v o i d s ,  some f o l l o w i n g  g r a i n  

No v i s i b l e  a t t a c k  

S u b s u r f a c e  v o i d s ,  some f o l l o w i n g  g r a i n  

S u b s u r f a c e  v o i d s  

S u r f a c e  of spec imen  roughened  

S u r f  a c e  somewhat roughened  

S u r f a c e  of spec imen  v e r y  r o u g h ,  t h i c k n e s s  

V o i d s  and  i n t e r g r a n u l a r  p e n e t r a t i o n  

S u r  f a c e  somewha t roughened  

a r i e s ,  a t t a c k  somewhat i r r e g u l a r  

b o u n d a r i e s  

b o u n d a r i e s  

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

T A B L E  2. C O R R O S I O N  OF V A R I O U S  M A T E R I A L S  T E S T E D  I N  F L U O R I D E  M I X T U R E  N O .  2 
A T  1500'F F O R  100 hr  I N  VACUUM 

MATERIAL DEPTH OF METAL AFFECTED 
( m i l s )  

26% Mo-74% N i  
Molybdenum 
I n c o n e l  
Type 310 s t a i n l e s s  s t e e l  
Type 316 s t a i n l e s s  s t ee l  

1/ 2 
0 
2 

1 1 / 2  
1 

METALLOGRAPHIC NOTES 

S u b s u r f a c e  v o i d s  
No a t t a c k  
S u b s u r f a c e  v o i d s  
S u b s u r f a c e  v o i d s  
S u b s u r f a c e  v o i d s  

4 
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T E M P E R A T U R E  
( O C )  

800 
900 

1000 

w a s  m a a e  w v e ~  I ~ L I I I  

66 t o  3000 h o u r s .  
s u m m a r i z e d  i n  T a b 1  

TABLE 4. MAXIMUM PENETRATION I N  STATIC TESTS OF MATERIA1 

MAXIMUM P E N E T R A T I O N  f o r m a .  
( m i l s )  on t h  

f i l m  
3 which  I;ne ~ ~ u u K A u c :  i i 1 I A b u L  c L u i i b a A i i G u  

1 112 Na, L i ,  K ,  and U. 
1 E f f e c t  o f  T i m e  o n  C o r r o s i o n .  A 

1100 I 

M A T E R I A L  

I n c o n e l  

Type 310 s t a i n l e s s  s t e e l  

Type 317 s t a i n l e s s  s t e e l  

1 
n r  

MAXIMUM P E N E T R A T I O N  (mils) 

A t  8 1 6 O C  A t  8 5 O o C  A t  9 0 0 ° C  A t  1 0 0 0 ° C  

2 4 5 5 

1 112 2 4 3 

0 3 4 3 

s e r i e s  o f  s e e s a w  t e s t s  w i t h  I n c o n e l  
*:--e . i n t e r v a l s  f r o m  _ _ _ _ _  - - - l a  _ _ _ ^ _  

T h e  r e s u l t s  a r e  
e 6: A f t e r  a b o u t  

LS I N  FLUORIDE 

7 





MOLTEN FLUOR1 DES 

TABLE 5. MAXIMUM PENETRATION I N  STATIC TESTS OF MATERIALS I N  FLUORIDE 
MIXTURE NO. 1 4 A T  ELEVATED TEMPERATURES FOR 100 HOURS 

MAXIMUM PENETRATION ( m i l a )  

MATERIAL A t  S38OC A t  704OC A t  816OC A t  1000°C 
Tu be Specimen Specimen Tube Specimen Tube S p e c i m e a  Ta be  

I I I 
Inconel Slight Slight 4 

roughening roughening 

Type 430 
stainless steel 

Type 304 
stainless steel 

Type 321 
stainless steel 

F i g .  6 .  L a y e r  F o r m e d  on I n c o n e l  a t  1 2 O O 0 C  b y  E x p o s u r e  t o  F l u o r i d e  Mixture 
No. 14 i n  S t a t i c  T e s t  for 200 Hours. looox. 

5 0 0  h r ,  t h e  a m o u n t  o f  a d d i t i o n a l  o f  i m p u r i t i e s  i n  t h e  f l u o r i d e s .  T h e  
a t t a c k  i s  q u i t e  s m a l l .  T h i s  i s  t e s t  a t  3000 h r  h a d  o n e  s m a l l  a r e a  
p o s s i b l y  d u e  t o  s a t u r a t i o n  o f  t h e  o f  d e n s e  c o r r o s i o n ,  t h a t  was 13 m i l s  
f l u o r i d e  w i t h  chromium o r  t h e  r e m o v a l  in d e p t h .  

9 



CORROSION BY 

TIME OF 
TEST ( h r )  

E f f e c t  of  Cold Work on Corrosion. s t e e l  a n d  I n c o n e l  w e r e  t e s t e d  i n  
A s e r i e s  o f  c o l d - w o r k e d  I n c o n e l  f l u o r i d e  m i x t u r e  No. 2 i n  b o t h  t h e  

METALLOGRAPHIC OBSERVATI ONS TEMPERATURE (OC) 

H o t  Z o n e  I C o l d  Zone  
Hot Zone  

( d e p t h o f  v o i d s )  
C o l d  Zone  

s p e c i m e n s  was p r e p a r e d  w i t h  f r o m  
0 t o  70% r e d u c t i o n  i n  t h i c k n e s s  by 
r o l l i n g .  T h e s e  s p e c i m e n s  were t e s t e d  
i n  f l u o r i d e  m i x t u r e  No. 1 4  f o r  100  h r  
a t  81S'C. No s i g n i f i c a n t  d i f f e r e n c e s  
i n  b e h a v i o r  were  n o t e d .  A n o t h e r  
s e r i e s  o f  I n c o n e l  s p e c i m e n s  w a s  
p r e p a r e d  w i t h  from 0 t o  90% c o l d  work. 
No d i f f e r e n c e s  w e r e  n o t e d  i n  t h i s  

REDUCTION BY COLD-ROLLING 
( % I  

a s - r e c e i v e d  a n d  2 0 %  c o l d - w o r k e d  
c o n d i t i o n .  No a p p r e c i a b l e  d i f f e r e n c e s  
were n o t e d  i n  t h e s e  t e s t s .  D a t a  f rom 
t h e s e  t e s t s  a r e  p r e s e n t e d  i n  T a b l e s  7 
and 8 .  

Addit ion of  I n h i b i t o r s .  A l a r g e  
number o f  b o t h  s t a t i c  and  seesaw t e s t s  
h a v e  b e e n  r u n  w i t h  t h e  a d d i t i o n  o f  
s m a l l  p e r c e n t a g e s  o f  o t h e r  m a t e r i a l s  

WEIGHT LOSS DEPTH OF SUBSURFACE TH I CKN ESS 
( 8 )  VOIDS (mils) CHANGE 

s e r i e s .  T y p e s  316 a n d  310 s t a i n l e s s  t o  t h e  f l u o r i d e  m i x t u r e s .  I n  g e n e r a l ,  

66 

115 

2 10 

500 

750 

3000 

8 10 

780 

780 

750 

8 15 

800 

6 20 

600 

6 30 

6 10 

620 

560 

1 / 2  m i l ,  a v e r a g e  
1 m i l ,  maximum 

1 m i l ,  a v e r a g e  
2 m i l s ,  maximum 

2 m i l s ,  a v e r a g e  
5 m i l s ,  maximum 

3 m i l s ,  a v e r a g e  
7 m i l s ,  maximum 

3 1/2 m i l s ,  a v e r a g e  
6 m i l s ,  maximum 

4 m i l s ,  a v e r a g e  
13 m i l s ,  maximum 

No e v i d e n c e  of  
r e a c t  i o n  

No e v i d e n c e  of 
r e a c t i o n  

No e v i d e n c e  of  
re  a c t i o n  

M e t a l l i c  d e p o s i t  1 / 2  
m i l  t h i c k  

M e t a l l i c  d e p o s i t  1 /2  
m i l  t h i c k  

M e t a l l i c  d e p o s i t  1/2 
m i l  t h i c k  

0 
5 . 5  

11.5 
26.0 
50 .0  
71.0 

0 . 0020 
0.0043 
0.0036 
0.0036 
0.0023 
0 .0028 

1 
2 

1 112 
1 1 / 2  

1 
1 

10  



MOLTEN FLUORIDES 

ON 
%) 

TABLE 8. EFFECT OF COLD WORK ON CORROSION OF STAINLESS AND INCONEL 
TESTED IN FLUORIDE MIXTURE NO. 2 FOR 100 h r  AT 81b°C 

MAXIMUM DEPTH OF ATTACK 
(mils) 

MATERIAL 

Type 316 s t a i n l e s s  s t ee l  

Type 310 s t a i n l e s s  s t ee l  

I n c o n e l  

COLD WORK (%I 

A s - r e c e i v e d  
20 

A s - r e c e i v e d  
2 1  

A s - r e c e i v e d  
26 

PENETRATION (mi 1 s) 

1 
2 1/2 

1 t o  1 1/2 
1/2 t o  1 1/2 

1/2 t o  2 
112 

a c t i v e  m e t a l s  a r e  e f f e c t i v e  i n  r e d u c i n g  
c o r r o s i o n  a n d i n m a n y  t e s t s t h e y  s t o p p e d  
c o r r o s i o n  c o m p l e t e l y ;  o t h e r  m e t a l  
a d d i t i o n s  h a v e  n o  e f f e c t  o n  t h e  
c o r r o s i o n ;  t h e  a d d i t i o n  o f  c h e m i c a l  
compounds o f t e n  i n c r e a s e s  c o r r o s i o n ;  
h o w e v e r ,  many e x c e p t i o n s  a r e  n o t e d .  
T a b l e s  9 and  10 summar ize  t h e  r e s u l t s  
of  t h e  s e e s a w  and  s t a t i c  t e s t s .  

I n  b o t h  t y p e s  o f  t e s t s ,  Na, L i ,  T i ,  
a n d  C a  r e d u c e d  c o r r o s i o n .  G. M. 
Adamson h a s  f o u n d  t h a t  a d d i t i o n s  o f  
z i r c o n i u m  a n d  t i t a n i u m  a r e  q u i t e  
b e n e f i c i a l  i n  m i n i m i z i n g  c o r r o s i o n  
by f l u o r i d e  f u e l s  i n  I n c o n e l  t h e r m a l  
c o n v e c t i o n  l o o p s .  C o n t r a d i c t o r y  
r e s u l t s  were o b t a i n e d  on Z r ,  Mn, and  
Mg. The f o l l o w i n g  t a b u l a t i o n  c l a s s i f i e s  
m a t e r i a l s  a s  t h o s e  t h a t  h a v e  b e e n  
b e n e f i c i a l  and  t h o s e  t h a t  h a v e  n o t .  
I t  is t h o u g h t  t h a t  t h e  Z r  and  Mn u s e d  
i n  t h e  s e e s a w  t e s t s  were n o t  t h o r o u g h l y  
d r i e d .  

BENEFIC I AL NOT BENEFICIAL 

Na 
Be 
A1  
V 
Cr  
L i  
c u  
N a H  
Ca 
C 

Si  
Zn 
w 
Fe 
Ag 
NaI 
KC1 
KE3r 
MnO, 
NiF, 

TABLE 
FLU( 

ADDITIl 
(0.25 w t  

Na 
Be 
Mg 
A 1  
T i  
V 

C r  ( 2  t e s t s )  
L i  ( 2  t e s t s )  

c u  
NaH 
Ca 
C 
S i  

Zn 
W 
Fe 
Z r  
Mn 
Ag 
NaI 
KC1 
K E h  
K I  
N aC1 
Li IO,  

Mo (3  tes ts)  

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
2 
I/ 2 
4 
3 
3 
4 
4 
4 
8 
10 
10 
8 
8 

10 

*Seesaw t e s t s  run for 200 hr at  80OoC; m a t e r i a l  
t e n t e d  was I n c o n e l .  

11 



CORROSION BY 

T A B L E  10. E F F E C T  OF V A R I O U S  A D D I T I O N S  TO F L U O R I D E  NO. 14 I N  S T A T I C  CORROSION 

MATERIAL 

I n c o n e l  

Type 321  s t a i n l e s s  
steel 

A-nicke l  

Type 309 s t a i n l e s s  
s tee l  

Inconel  

T E S T S  A T  8 1 6 ° C  FOR 100 HOURS 

ADDITION 

2% Mg 
2% Zr 

10% Zr 

10% Ne 
1% Na 

10% u 
5% L i  
5% K 
5% Ca 

5% T i  

5% Mn 

10% Zr 

10% Na 
1% Na 
10% u 
5% L i  
5% K 
5% Ca 

5% T i  
5% Mn 

10% Zr 

10% Na 

2% Mg 

2% Zr 

10% MnO, 

10% MnO, 

10% CrF, 
10% NiF, 
10% FeF, 

3 1/3% CrF,, 
3 1/3% NiF, 
3 1/3% FeF, 

DE€”IM OF M E T A L  
AFFECTED 

(mi 1 s )  

5 
1 

1 

0 
1/2 

1/ 2 
1 

0 
0 

0 

0 

0 

0 
0 
0 

0 
0 

1/ 2 

0 
1 

0 

0 

5 

0 

4 

9 

4 
7 
9 
2 

METALLOGRAPHIC NOTES 

Large v o i d s  i n  both  specimen and t u b e  
S u r f a c e  l a y e r  1 1/2 t o  2 m i l s  t h i c k ,  

1/2 t o  1 m i l  o f  a t t a c k  benea th  s u r f a c e  
1 a y e r  

1 1 / 2 - n i l  s u r f a c e  l a y e r  on specimen and 
tube ,  s u b s u r f a c e  v o i d s  t o  1 m i l  under  
s u r f a c e  l a y e r .  

No a t t a c k  
Specimen and t u b e  have  a few s u b s u r f a c e  

1- t o  2-mil s u r f a c e  l a y e r  
l - m i l  s u r f a c e  l a y e r  
No a t t a c k  
1/2-mil s u r f a c e  l a y e r ,  no a t t a c k  be- 
n e a t h  s u r f a c e  l a y e r  

1/2-rnil s u r f a c e  l a y e r ,  no a t t a c k  be- 
n e a t h  i t  

No a t t a c k  

v o i d s  

1/2-mil s u r f a c e  l a y e r  on specimen and 

No a t t a c k  
No a t t a c k  
% t o  3 - m i l  a u r f a c e  l a y e r ,  no a t t a c k  

No a t t a c k  
No a t t a c k  
1/2-mil s u r f a c e  l a y e r ,  a t t a c k  t o  1/2 

No a t t a c k  
S u b s u r f a c e  v o i d s  1/2 t o  1 m i l  

t u b e ,  n o  a t t a c k  benea th  l a y e r  

under  l a y e r  

m i l  benea th  s u r f a c e  l a y e r  

2 1/2..mil s u r f a c e  l a y e r ,  no a t t a c k  

1/2-mil s u r f a c e  l a y e r ,  no a t t a c k  be- 
under  l a y e r  

n e a t h  l a y e r  

S u b s u r f a c e  v o i d s ,  a t t a c k  i r r e g u l a r  
i n  o c c u r r e n c e  

No a t t a c k  on specimen or tube ,  

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

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

S u b s u r f a c e  v o i d s  
S u b s u r f a c e  v o i d s  
S u b s u r f a c e  v o i d s  
S u b s u r f a c e  v o i d s  

specimen h a s  1/2-mil a u r f a c e  l a y e r  

p e n e t r a t i o n  t o  4 m i l s  

p ene  t r a  t i on 

12 



i 

1 

t 

L 
? 



ct 
nd 
a1  
an 

Y 



1 SUBSURFACE VOID FORMATION IN METAl 

L 

I n c o n e l  a n d  s i m i l a r  a l l o y s  h a v e  
b e e n  o b s e r v e d  t o  b e  s u s c e p t i b l e  t o  
s u b s u r f a c e  v o i d  f o r m a t i o n  d u r i n g  
p r o c e s s e s  i n v o l v i n g  chromium d e p l e t i o n  
o f  t h e  s u r f a c e  z o n e  b y  a n y  o f  t h e  
f ol l o w i n g  methods  : 
1. l e a c h i n g  w i t h  c e r t a i n  mol t en  s a l t s ,  
2 .  h i g h - t e m p e r a t u r e  vacuum t r e a t m e n t ,  
3 .  h i g h -  t e m p e r a t u r e  o x i d a t i o n .  

P o r o s i t y  i n  m e t a l s  h a s  been  o b s e r v e d  
p r e v i o u s l y  i n  d i f f u s i o n  e x p e r i -  
m e n t s ( l 9  2 * 3 )  and i s  a t t r i b u t e d  t o  t h e  
u n e v e n  d i f f u s i o n  r a t e s  o f  d i f f e r e n t  
m e t a l  a t o m s  t h r o u g h  a m e t a l  l a t t i c e .  
Al though  s i m i l a r  o b s e r v a t i o n s  have  n o t  
p r e v i o u s l y  been  r e p o r t e d  i n  c o r r o s i o n  
s t u d i e s ,  t h e i r  o c c u r r e n c e  s h o u l d  n o t  
be t o o  s u r p r i s i n g .  ( V o i d s  h a v e  been  
r e p o r t e d ( 4 *  '1  i n  t h e  o x i d e  l a y e r s  o f  
m e t a l s  and a l l o y s  u n d e r g o i n g  o x i d a t i o n  
i n  a i r .  Under t h e s e  c o n d i t i o n s ,  m e t a l  
i o n s  d i f f u s e  ou tward  more r a p i d l y  t h a n  
oxygen i o n s  c a n  d i f f u s e  inward  t h r o u g h  
t h e  o x i d e  l a y e r . )  A l l o y s  a r e  known t o  
c h a n g e  i n  c o m p o s i t i o n  i n  t h e  s u r f a c e  
r e g i o n s  because  o f  t h e  h i g h e r  r e a c t i v i t y  
( 

I 

1 

i 
t 

I 
I 

4 

~f c e r t a i n  a l l o y  c o n s t i t u e n t s  a t  t h e  
n e t a l  i n t e r f a c e ,  S u c h  d e p l e t i o n  
u i t h o u t  a d e q u a t e  r e p l a c e m e n t  o f r e m o v e d  
a t o m s  c a u s e s  v a c a n c i e s ,  w h i c h  may 
' p r e c i p i t a t e "  t o  form v i s i b l e  v o i d s .  
4 l t h o u g h  u n d e s i r a b l e ,  t h i s  f o r m  o f  
c o r r o s i o n  i s  n o t  a s  d a m a g i n g  a s  some 
and  c o u l d  b e  t o l e r a t e d  i n  c e r t a i n  
i n s t a n c e s .  

( l ) A .  S m i g e l s k a a  and E. K i r k e n d a l l ,  Trans. 

( * ) L .  C. C. d e s i l v a  and R. H. Mehl, J .  Y e t o l s  

( 3 ) R .  W .  B a l l u f f  and B. H. A lexander ,  S y l v a n i a  

A m .  I n s t .  Mining M e t .  Engrs .  171, 130 (1947) .  

191, 155 ( 1 9 5 1 ) .  

E l e c t r i c  Products ,  Inc .  , SEP-83 (Feb.  1952) .  
( 4 ) L .  B. P f e i l ,  J .  I n s t .  Y e t a I s ,  119, 5 0 1  

( 1 9 2 9 ) .  . .  

corrosion i n  moil;en r i u o r i a e  b a i ~ s .  
C o r r o s i o n  t e s t s  i n  which  f u s e d  a l k a l i  
m e t a l  f l u o r i d e  s a l t s  ( f l u o r i d e  m i x t u r e  
No. 1 4 )  come i n t o  c o n t a c t  w i t h  chromium- 
b e a r i n g  a l l o y s  s u c h  a s  I n c o n e l  a t  
t e m p e r a t u r e s  above  1300 'Fhave  r e s u l t e d  
i n  t h e  f o r m a t i o n  o f  a p o r o u s  s u r f a c e  
l a y e r ,  a s  i l l u s t r a t e d  i n  F i g s .  A 1  and  
A 2 .  A l t h o u g h  i t  i s  f u l l y  r e c o g n i z e d  
t h a t  i n  many c a s e s  v o i d s  h a v e  b e e n  
o b s e r v e d  m e t a l  l o g r a p h i c a l l y  b e c a u s e  
( 1 )  p a r t i c l e s  h a v e  b e e n  p h y s i c a l l y  
removed d u r i n g  p o l i s h i n g ,  ( 2 )  c e r t a i n  
p h a s e s  may r e a c t  w i t h  w a t e r  and d i s s o l v e ,  
or ( 3 )  e t c h  p i t s  c a n  r e s u l t ,  i t  seemed 
n e v e r t h e l e s s  p r o b a b l e  t h a t  t h e s e  may 
be  t r u e  v o i d s .  C a r e f u l  p o l i s h i n g  by 
u s i n g  nonaqueous  t e c h n i q u e s  h a s  f a i l e d  
t o  show any d i f f e r e n c e  i n  t h e  a p p e a r a n c e  
o f  t h e  p o r o u s  s u r f a c e  r e g i o n  o f  t h e  
m e t a l  s p e c i m e n s  i n  t h e  e t c h e d  or u n -  
e t c h e d  c o n d i t i o n s .  Chemica l  a n a l y s e s  
o f  t h e  m e t a l  s u r f a c e  b e f o r e  and  a f t e r  
t e s t i n g  h a v e  i n d i c a t e d  o n l y  o n e  
s i g n i f i c a n t  c h a n g e ;  t h e r e  w a s  a n  
a p p r e c i a b l e  d r o p  i n  t h e  chromium con-  

I The 
I b a t h  
omium- 
r a t i o s  
a t  t a c k  
1 i s h e s  
m.  

t e n t  f rom a b o u t  15% t o  a b o u t  5%( 
a n a l y s i s  o f  t h e  f l u o r i d e  s a l t  
showed c o r r e s p o n d i n g l y  h i g h e r  c h r  
t o - i r o n  and  c h r o m i u m - t o - n i c k e l  1 

t h a n  would r e s u l t  f rom u n i f o r m  : 
o f  t h e  a l l o y .  T h i s  c l e a r l y  e s t a b  
t h e  s e l e c t i v e  removal  o f  chromiu  

Supplementary Data. The s a t u  
o f  t h e  f l u o r i d e  s a l t  w i t h  c h r  
p r i o r  t o  t e s t i n g  w a s  e f f e c t i  
s u p p r e s s i n g  v o i d  f o r m a t i o n  i n  
t h a t  would  o t h e r w i s e  h a v e  r e s u l  
v o i d s  t o  a d e p t h  o f  s e v e r a l  
F u r t h e r m o r e ,  t h e  m e a s u r e d  a r  
v o i d s  o b s e r v e d  a g r e e s  v e r y  c l  
w i t h  t h e  a m o u n t  c a l c u l a t e d  o 
LA-:- -z L L -  ,L _ _ - _  :- ,L,,:,+ 

r a t i o n  
bomium 
v e  i n  
t e s t s  

t e d  i n  
m i l s .  
e a  o f  
o s e l y  
n t h e  

u a s i s  0 1  L i i e  cI1auge 1 1 1  cuc :w13 i ry  o f  
An. SOC. M e t a l s  44, 1117 ( 1 9 5 2 ) .  t h e  m e t a l  s u r f a c e  m e n t i o n e d  a b o v e .  

( ' ) A .  d e s .  Brasunaa  and N .  J .  G r a n t ,  Trans. 
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F i g .  A l .  S u b s u r f a c e  V o i d s  U s u a l l y  E n c o u n t e r e d  After I n c o n e l  or S t a i n l e s s  
S t e e l s  C o n t a c t  M o l t e n  A l k a l i  F l u o r i d e  a t  T e m p e r a t u r e s  of  About 816OC for  100 
Hours.  Tnconel .  u n e t c h e d .  250X.  

Lt 

*-  

F i g .  A2. Appearance o f  S u b s u r f a c e  V o i d s  a t  High M a g n i f i c a t i o n .  E t c h e d ,  2000X. 
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d e p i e t i o n ,  as' t h e s e  e x p e r  
c a t e ,  t h e n  v o i d s  s h o u l d  a l s o  be o b s e r v e d  
when loss o f  ch romium i s  e f f e c t e d  by 
o t h e r  m e a n s .  T h e r e f o r e .  two  m e t h o d s  
were t r i e d ;  t h e  f i r s t  t e c h n i q u e  i n -  
v o l v e d  h i g h - t e m p e r a t u r e  vacuum t r e a t -  
m e n t  a n d  t h e  s e c o n d  i n v o l v e d  h i g h -  
t e m p e r a t u r e  o x i d a t i o n .  B o t h  a t t e m p t s  
were s u c c e s s f u l  a n d  w i l l  be  d e s c r i b e d  
b r i e f  1 y. 

High-Temperature Vacuum Treatment. 
T h e  h i g h  v a p o r  p r e s s u r e  o f  c h r o m i u m  
r e l a t i v e  t o  t h a t  o f  i r o n  or n i c k e l  
s u g g e s t s  t h a t  h i g h - t e m p e r a t u r e  vacuum 
t r e a t m e n t  w o u l d  a l s o  be a s u i t a b l e  
means o f  p r o d u c i n g  a chromium g r a d i e n t .  
Specimens o f  I n c o n e l  and a n  80% Ni-20% 
Cr a l l o y  were e x p o s e d  t o  a vacuum o f  
0 . 1  mm Hg f o r  42 h r  a t  1375OC and  t h e n  
f u r n a c e - c o o l e d .  B o t h  s a m p l e s  showed 
many s u b s u r f a c e  v o i d s ;  t h e  v o i d s  i n  
I n c o n e l  a p p e a r e d  t o  b e  s p h e r i c a l ,  
w h e r e a s  t h o s e  i n  t h e  80% Ni-20% Cr 
a l l o y  were a n g u l a r .  T h e s e  a r e  shown 
i n  F i g .  A3.  

High-Temperature Oxidation. I t  i s  
w e l l  k n o w n  t h a t  c h r o m i u m - b e a r i n g  
a l l o y s  h a v e  g o o d  h i g h - t e m p e r a t u r e  
o x i d a t i o n  r e s i s t a n c e  t h a t  c a n  b e  
a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  a 

1 * I  I . * *  * -  - 

a s s u m e s  n o  o v e r - a l l  chromium d e p l e t i o n .  The f o r m a t i o n  o f  
volume chan a v i t i e s  l a r ' g e  e n o u g h  t o  be r e s o l v e d  

y an  o rd ina ' ry  m i c r o s c o p e  i s  v i s u a l i z e d  
t o  o c c u r  a s  i l l u s t r a t e d  s c h e m a t i c a l l y  
i n  F i g .  A 5 . '  A s  c h r o m i u m  i s  l e a c h e d  
from t h e  s u r f a c e  o f  t h e  m e t a l ,  a c o n -  
c e n t r a t i o n  ( a c t i v i t y )  g r a d i e n t  r e s u l t s  
t h a t  c a u s e s  c h r o m i u m  a t o m s  f r o m  t h e  
u n d e r l y i n g  r e g i o n  t o  d i f f u s e  t o w a r d  
t h e  s u r f a c e  a n d  l e a v e  b e h i n d  a z o n e  
e n r i c h e d  w i t h  v a c a n c i e s ,  a s  shown i n  
t h e  c e n t e r  s k e t c h  o f  F i g .  A s .  T h e s e  
v a c a n c i e s  c a n  a g g l o m e r a t e  a t  s u i t a b l e  
s i t e s  and become v i s i b l e  a s  v o i d s .  

A c e r t a i n  number o f  v a c a n c i e s  c a n  
be t o l e r a t e d  i n  c r y s t a l  l a t t i c e s  o f  
s o l i d  m e t a l s ,  and  s u c h  i m p e r f e c t i o n s  
a r e  b e l i e v e d  t o  e x i s t  i n  p r a c t i c a l l y  

c n r o m i u m - r i c n ,  a i r r u s i o n - r e s i s t a n t  

r 

a n t i c i p a t e d ;  t h e s e  a r e  s h o w n  i n  
F i g .  A4. 

T h e o r e t i c a l  Cons iderat ions .  T h e  
tes t s  j u s t  d e s c r i b e d  s t r o n g l y  i n d i c a t e  
t h a t  v o i d  f o r m a t i o n  i s  c a u s e d  by 

3 .  Sec t ion  of  80% Ni-20% Cr 
Al loy  Arzer 42-hr Exposure t o  Vacuum 
a t  13?b0C. V o i d  s h a p e  b e a r s  some  
r e l a t i o n s h i p  t o  tw in  l i n e s ;  n o t e  s i m i -  
l a r i t y  t o  F i g .  A 2 .  E t c h e d .  O r i g i n a l  
m a g n i f i c a t i o n  250X, r e d u c e d  32%. 
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Fig. A4. Section of Inconel Specimen After 200-hr Exposure to  Air a t  12S0°C. 
Note void f o r m a t i o n  b e n e a t h  o x i d i z e d  r e g i o n .  U n e t c h e d ,  250X. 
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The v o i d s  shown i n  F i g .  A3 a r e  o f  - 
; i n g  t e m p e r a t u r e .  F u r t h e r -  two s i z e s .  The l a r g e r  o n e s  a r e  be l ieved  
c a n  a l s o  b e  g e n e r a t e d  a t  t o  have  o c c u r r e d  a t  t e m p e r a t u r e  i n  t h e  

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

$ a m +  m v n e a  nna n.F t h n  . . : - * * . . I : - ~  tL-- L , , , , ; , ,  n - m i x m v n r I  nn 

mechan i sms  o f  d i f f u s i o n  i s  t h e r e f o r e  
v i s u a l i z e d  a s  t a k i n g  p l a c e  b y  t h e  
movement o f  t h e s e  v a c a n c i e s ;  t h a t  i s ,  
n e i g h b o r i n g  atoms move t o  occupy v a c a n t  
s i t e s  w h i c h  g i v e  t h e  i l l u s i o n  o f  
v a c a n c y  m o v e m e n t  i n  t h e  o p p o s i t e  
d i r e c t  i o n .  

For  t h e  s a k e  o f  c l a r i t y  none o f  t h e  
e x i s t i n g  “ t o l e r a t e d ”  v a c a n c i e s  a r e  
shown i n  F i g .  A 5 ,  a l t h o u g h  t h e y  m u s t  
be assumed t o  be p r e s e n t  a t  a l l  t imes.  
The  l e f t  s k e t c h  shows t h e  Fe,  N i ,  and  
Cr atoms a r r a n g e d  a t  random a s  one may 
e x p e c t  t o  f i n d  them on  t h e  111 p l a n e  
o f  an  Tnconel  spec imen.  A f t e r  s e l e c t i v e  
d i f f u s i o n  o f  chromium h a s  o c c u r  r e d  by 
any  o f  t h e  t e s t  c o n d i t i o n s  d e s c r i b e d  
( f r o m  a b o u t  15 t o  5%) ,  v a c a n c i e s  mus t  
r e s u l t  i f  t h e s e  v a c a n t  l a t t i c e  s i t e s  
a r e  n o t  f i l l e d  by d i f f u s i o n  o f  n i c k e l  
or i r o n  atoms from t h e  s u r f a c e  p r o p e r ,  
I f  t h e  l a t t i c e  h a d  b e e n  “ s a t u r a t e d ”  
w i t h  v a c a n c i e s ,  t h e n  t h e s e  a d d i t i o n a l  
o n e s  a r e  n o t  “ t o l e r a t e d ”  a n d  m u s t  
“ p r e c i p i t a t e ”  a s  shown i n  t h e  s k e t c h  
a t  t h e  r i g h t  i n  F ig .  AS.  For ease o f  
i l l u s t r a t i o n ,  o n l y  s i x  a toms a re  shown 
t o  h a v e  p r e c i p i t a t e d  t o  form a v o i d ;  
t h e  number o f  m i s s i n g  a t o m s  i n  v o i d s  
a c t u a l l y  o b s e r v e d  i n  t h e s e  e x p e r i m e n t s  
i s  o f  t h e  o r d e r  o f  1 0 l 2 .  

v i a u a i i ~ c  t , i i c i i i  a3 i i a v ~ i i ~ j  W L L U L  L L U  u a a  

c o o l i n g .  R o u g h  a p p r o x i m a t i o n s  o f  
v a c a n c y  d e n s i t i e s  a t  s e v e r a l  t e m p e r a -  
t u r e s  based  on t h e  fo rmula  o f  M o t t  and  
G u r n e y ( 6 )  i n d i c a t e  t h a t  s u c h  a t h e o r y  
i s  n o t  i m p r o b a b l e .  H e n c e ,  i t  may b e  
a s s u m e d  t h a t  t h e r e  i s  a t e m p e r a t u r e  
c o e f f i c i e n t  o f  “ s o l u b i l i t y ”  f o r  v a c a n t  
a t o m s  s u c h  a s  t h e r e  i s  f o r  f o r e i g n  
atoms . 

C o n c l u s i o n s .  I n  r e a c t i o n s  i n  wh ich  
t h e  n e t e f f e c t  o f  t h e  d i f f u s i o n  i n v o l v e d  
i s  e s s e n t i a l l y  m o n o d i r e c t i o n a l ,  t h e r e  
i s  a movement o f  mass t h a t  r e s u l t s  i n  
a c h a n g e  i n  d e n s i t y  a n d / o r  s h a p e  o f  
t h a t  p o r t i o n  o f  t h e  s p e c i m e n .  I f  t h e  
c o n c e n t r a t i o n  o f  v a c a n c i e s  l e f t  b e h i n d  
i s  g r e a t e r  t h a n  some c r i t i c a l  v a l u e ,  
t h e y  w i l l  t e n d  t o  c o l l e c t  a t  s u i t a b l e  
l o c a t i o n s  and a p p e a r  a s  v i s i b l e  v o i d s .  
S u c h  d i f f u s i o n  p h e n o m e n a  h a v e  b e e n  
o b s e r v e d  on a number o f  o c c a s i o n s  when 
b i m e t a l l i c  ( i . e . ,  m e t a l - m e t a l )  d i f -  
f u s i o n  c o u p l e s  w e r e   studied.('^^*^) 
I t  h a s  been  d e m o n s t r a t e d  t h a t  i d e n t i c a l  
e f f e c t s  c a n  b e  o b t a i n e d  i n  m e t a l -  
l i q u i d  and  m e t a l - g a s  s y s t e m s  i n  wh ich  
s i m i l a r  d i f f u s i o n  p h e n o m e n a  o c c u r .  

(6)N. F. Mott  a n d  R. W. G u r n e y ,  E l e c t r o n i c  
P r o c e s s e s  i n  I o n i c  C r y s t a l s ,  p .  3 1  O x f o r d  
Clarendon Press ,  1940. 
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