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ELECTRICAL CONDUCTIVITY OF MOLTEN FLUORIDES. 

A REVIEW 

G. D.  Robb ins  

Reactor C h e m i s t r y  D i v i s i o n  
Oak Ridge N a t i o n a l  L a b o r a t o r y  

Oak R i d g e ,  T e n n e s s e e  

ABSTRACT/ SUMMARY 

A r e v i e w  of e lectr ical  c o n d u c t i v i t y  measurements  
i n  m o l t e n  f l u o r i d e  s y s t e m s  c o v e r i n g  t h e  p e r i o d  1927 t o  
1967 h a s  been  made, w i t h  p a r t i c u l a r  e m p h a s i s  on e x p e r i -  
m e n t a l  a p p r o a c h .  I t  is p o i n t e d  o u t  t h a t  t h e  common 
p r a c t i c e  of  m e a s u r i n g  r e s i s t a n c e  w i t h  a Whea t s tone  
b r i d g e  h a v i n g  a p a r a l l e l  r e s i s t a n c e  and  c a p a c i t a n c e ,  
R and  C i n  t h e  b a l a n c i n g  arm c a n  r e s u l t  i n  c o n s i d e r -  
able error i f  t h e  r e l a t i o n  R = R s [ l  + RpzCp2(211f)2] is 
n o t  employed i n  d e t e r m i n g  t h e  s o l u t i o n  r e s i s t a n c e ,  R,. 
The f r e q u e n c y  dependence  o f  t h e  measu red  r e s i s t a n c e  and  
t h e  p r a c t i c e  of  e x t r a p o l a t i n g  measu red  r e s i s t a n c e s  t o  
i n f i n i t e  f r e q u e n c y  v e r s u s  1 /d f  is examined  i n  terms of  
electrode p r o c e s s  c o n c e p t s .  A summary of e x p e r i m e n t a l  
a p p r o a c h e s  a n d  r e s u l t s  for 56 m o l t e n  f l u o r i d e  s y s t e m s  
is p r e s e n t e d .  
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P 

3 4 4 5 6  0 0 2 3 4 6 8  L 





1 

ELECTRICAL CONDUCTIVITY OF MOLTEN FLUORIDES. 
A REVIEW* 

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

I n v e s i t g a t i o n  of t h e  e lec t r ica l  c o n d u c t i v i t y  o f  m o l t e n  

s a l t  s y s t e m s  h a s  been a n  area of l i v e l y  r e s e a r c h  i n  r e c e n t  

y e a r s ,  and  a number of r e v i e w s  have  a p p e a r e d  which  d e a l  w i t h  

t h i s  a s p e c t  of  t r a n s p o r t  phenomena. (1-3) 

i n t e n t  of t h i s  r e v i e w  t o  l i m i t  i t s e l f  t o  t h e  s u b j e c t  o f  

c o n d u c t a n c e  measurements  i n  m o l t e n  f l u o r i d e s .  The c o n t a i n m e n t  

p rob lems  e n c o u n t e r e d  w i t h  t h e s e  mater ia ls  s e t  them a p a r t  f rom 

t h e  o t h e r  m o l t e n  h a l i d e s  w i t h  respect t o  e x p e r i m e n t a l  d i f f i -  

c u l t i e s  and  t h e  c o n s e q u e n t  p r e c i s i o n  o f  measurement  wh ich  c a n  

be e x p e c t e d .  By l i m i t i n g  t h i s  r e v i e w  t o  f u s e d  f l u o r i d e s ,  i t  

is hoped t h a t  s u f f i c i e n t  d e t a i l s  may be p r e s e n t e d  t o  p e r m i t  

w o r k e r s  i n  t h e  f i e l d  t o  o b t a i n  a comprehens ive  s u r v e y  c o v e r i n g  

t h e  p e r i o d  1927 t o  1967.  To o u r  knowledge ,  no s u c h  r e v i e w  

e x i s t s  wh ich  a d d r e s s e s  i t s e l f  t o  t h e  q u e s t i o n s  which  w e  pose  

be l o w .  

I t  w i l l  be t h e  

Many i n v e s t i g a t i o n s  i n  t h e  p a s t  have  been  c o n c e r n e d  w i t h  

c r y o l i t e - c o n t a i n i n g  melts b e c a u s e  of  t h e i r  r e l e v a n c e  t o  t h e  

aluminum i n d u s t r y ,  and a r e v i e w  of t h e s e  s y s t e m s  h a s  been  g i v e n  

by G r j o t h e i m  and  M a t i a s o v s k y .  (4 )  

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

t h e i r  u s e  as  f u e l ,  b l a n k e t ,  and c o o l a n t  mater ia ls  i n  m o l t e n  

s a l t  reactors. 

Renewed i n t e r e s t  i n  t h e  t r a n s -  

(5 )  

* 
R e s e a r c h  s p o n s o r e d  by t h e  U . S .  Atomic Ene rgy  Commission 

u n d e r  c o n t r a c t  w i t h  t h e  Union C a r b i d e  C o r p o r a t i o n .  
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Because  of t h e  h i g h  specif ic  c o n d u c t a n c e  of most m o l t e n  

s a l t s  (1-6 Q - 1  c m - l  ) ,  (6)  e x p e r i m e n t a l  a p p r o a c h e s  have t e n d e d  

t o  f a l l  i n t o  two g roups" ) :  ( 1 )  u s e  of  c a p i l l a r y - c o n t a i n i n g  

c e l l s ,  which r e s u l t s  i n  a c e l l  c o n s t a n t  of  s e v e r a l  h u n d r e d  

cm-I , t h e  c a p i l l a r i e s  b e i n g  c o n s t r u c t e d  f rom e l e c t r i c a l l y  

i n s u l a t i n g  materials;  or ( 2 )  u s e  of  metallic ce l l s  i n  wh ich  

t h e  c o n t a i n e r  is u s u a l l y  one e l e c t r o d e ,  w i t h  a s e c o n d  e l e c t r o d e  

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

c o n s t a n t s  of t h e  order of  a few t e n t h s  c m - ' ,  r e q u i r i n g  v e r y  

a c c u r a t e  m e a s u r i n g  b r i d g e s  and d e t e r m i n a t i o n  of  l e a d  resist- 

a n c e s .  S i n c e  t h e  v a l u e  of  measu red  r e s i s t a n c e  i n  s u c h  ce l l s  

is less t h a n  la,  errors due t o  t e m p e r a t u r e  g r a d i e n t s ,  c h a n g e s  

i n  c e l l  c o n s t a n t  w i t h  t e m p e r a t u r e ,  and  p o l a r i z a t i o n  become a 

s i g n i f i c a n t  p rob lem.  Hence, ce l l s  of t y p e  (1) are c l e a r l y  

d e s i r a b l e  f o r  u s e  i n  m o l t e n  s a l t s .  However, e l e c t r i c a l l y  

i n s u l a t i n g  mater ia ls  f o r  c a p i l l a r y  c o n s t r u c t i o n  wh ich  are 

r e s i s t a n t  t o  a t t ack  by m o l t e n  f l u o r i d e s  are  scarce. 

Measurement  of e l ec t r i ca l  c o n d u c t i v i t y  i n  m o l t e n  s a l t s  

d i f f e r s  f r o m  s imi l a r  s t u d i e s  i n  aqueous  s o l u t i o n s  i n  s e v e r a l  

s i g n i f i c a n t  a s p e c t s .  I t  is o f t e n  t h e  p r a c t i c e  t o  employ some 

form of a Whea t s tone  b r i d g e  '7) ( F i g u r e  1) i n  which t h e  t w o  

u p p e r  arms are m a t c h e d ,  s t a n d a r d  r e s i s t a n c e s ,  a n d  t h e  imped- 

a n c e  of t h e  c e l l  i n  one  lower  arm is b a l a n c e d  by a v a r i a b l e  

impedance,  Z, i n  t h e  f o u r t h  arm. The b a l a n c i n g  impedance is 

u s u a l l y  a v a r i a b l e  r e s i s t a n c e ,  

c o n n e c t e d  i n  p a r a l l e l .  The s o l u t i o n  r e s i s t a n c e ,  Rs, and  

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

are c o n s i d e r e d  t o  be i n  ser ies(8)  ( F i g u r e  2 ) .  

cP 
a n d  c a p a c i t a n c e ,  RP 

By r e q u i r i n g  
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one e l e c t r o d e  t o  have  a much g r e a t e r  area t h a n  t h e  o t h e r ,  t h e  

impedance a s s o c i a t e d  w i t h  s u c h  a n  electrode becomes n e g l i g i b l e ,  

a n d  t h e  e q u i v a l e n t  c i r c u i t  r e d u c e s  t o  t h a t  shown i n  F i g u r e  3 .  

( A l t e r n a t i v e l y ,  one c a n  employ e l e c t r o d e s  o f  s imilar  area and  

t r ea t  t h e  c a p a c i t a n c e  r e s u l t i n g  f rom t h e i r  series c o m b i n a t i o n  
1 -  1 1 

% Sr 3 2  

- + .) The c a p a c i -  as  a s i n g l e  t o t a l  c a p a c i t a n c e ,  

t a n c e  r e s u l t i n g  f rom t h e  electrode l e a d s  is i n  p a r a l l e l  across 

t h e  e n t i r e  c e l l  shown i n  F i g u r e  2 .  However, a t  f r e q u e n c i e s  

o r d i n a r i l y  employed ,  and  w i t h  some care i n  p o s i t i o n i n g ,  t h i s  

c a p a c i t a n c e  c a n  be n e g l e c t e d .  

When a s i n u s o i d a l  a l t e r n a t i n g  p o t e n t i a l  is i m p r e s s e d  across 

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

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

t o  o c c u r  a t  t h e  e l e c t r o d e s ,  t h e  e q u i v a l e n t  c i r c u i t  o f  F i g u r e  3 

is v a l i d ,  a n d  t h e  i n t e r f a c i a l  c a p a c i t a n c e  is c h a r g e d  and  dis-  

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

By employ ing  a n  o s c i l l o s c o p e  as t h e  n u l l  d e t e c t o r ,  one c a n  

P b a l a n c e  t h e  c e l l  impedance w i t h  t h e  p a r a l l e l  c o m b i n a t i o n  of  R 

and  C shown i n  F i g u r e  1. The two b a l a n c e  e q u a t i o n s  (when t h e  

s t a n d a r d  r e s i s t a n c e s  are matched)  are 
P 

C - RS + P = 1  
RP cS 

and  

RsRpCsCp(211f)2 = 1 

These  may be combined i n t o  

RP = R s [ l  + C p Z R p 2 ( 2 1 1 f ) 2 ]  ( 3 )  

I t  is o f t e n  t h e  p r a c t i c e  t o  e q u a t e  R ( t h e  v a l u e  of t h e  b r i d g e  

d i a l s )  t o  Rs ( t h e  t r u e  s o l u t i o n  r e s i s t a n c e ) .  (9,10) ( I n  t he  case 

o f  unmatched s t a n d a r d  res is tors ,  t h e i r  r a t i o  is u s e d . )  T h i s  

P 



4 

is u s u a l l y  v a l i d  i n  aqueous  s o l u t i o n s  where  Rs and  Cs are s u c h  

as  t o  r e s u l t  i n  R 2 C  2(211f)2 b e i n g  n e g l i g i b l y  smaller t h a n  

u n i t y .  However, i n  m o l t e n  s a l t s  e x p e r i m e n t a l  c o n d i t i o n s  f o r  
P P  

t h e  measurement  of e l ec t r i ca l  c o n d u c t a n c e  c a n  r e s u l t  i n  

c o n s i d e r a b l e  error i f  t h e s e  e q u a t i o n s  are n o t  c o n s i d e r e d  when 

u s i n g  p a r a l l e l  components  i n  t h e  b a l a n c i n g  arm of  a W h e a t s t o n e  

b r i d g e .  For e x a m p l e ,  on  r e w r i t i n g  e q u a t i o n s  ( 2 )  and  ( 3 )  i n  

t h e  form 

1 (4) 
1 

R p  = RsE1 -k Cs2Rs2(211f)2 

i t  is e v i d e n t  t h a t  i n  m o l t e n  s a l t s ,  where  Rs2 may be smaller by 

a f a c t o r  of 1 O 1 O  t h a t  i n  aqueous  s o l u t i o n s  (Cs h a v i n g  a p p r o x i -  

m a t e l y  s imi l a r  v a l u e s  ( 1 3 ) ) ,  a n  a w a r e n e s s  o f  t h e s e  r e l a t i o n s  is 

* 

n e c e s s a r y .  

U s e  o f  e q u a t i o n  ( 3 )  t o  c a l c u l a t e  Rs is l i m i t e d  by t h e  

a c c u r a c y  w i t h  which  t h e  v a l u e s  of  t h e  v a r i a b l e  c a p a c i t a n c e ,  

C p ,  and  t h e  f r e q u e n c y  are known. 

c a n  be a v o i d e d  by employ ing  a b r i d g e  i n  wh ich  t h e  b a l a n c i n g  

components  are i n  ser ies .  (14 )  

chemica l  r e a c t i o n ,  

U s e  o f  p r e c i s i o n  c a p a c i t o r s  

Then i n  t h e  case of no e l e c t r o -  

t h e  v a l u e  of Rs is w e l l  r e p r e s e n t e d  by t h e  

r e a d i n g  on t h e  b a l a n c e d  b r i d g e  ; however ,  t h i s  method d o e s  

r e q u i r e  t h e  u s e  of  l a r g e  c a p a c i t o r s .  

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

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

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

pond ing  t o  a n  e l e c t r o c h e m i c a l  r e a c t i o n ,  t h e  s i t u a t i o n  becomes 

c o n s i d e r a b l y  more complex.  However, i t  is u n d e r  t h e s e  c o n d i t i o n s  
~ ~~~ * 

The measu red  r e s i s t a n c e  of 0 . 0 0 0 5  m K C 1  i n  ce l l s  employed  - 
by J o n e s  and  B o l l i n g e r  was a p p r o x i m a t e l y  5 0 , 0 0 0  a. C u t h b e r t s o n  
and  Waddington ( 1 2 )  r e p o r t  a measu red  r e s i s t a n c e  of a p p r o x i m a t e l y  
0 . 5  C2 i n  m o l t e n  c r y o l i t e .  
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t h a t  c o n d u c t i v i t y  measurements  are u s u a l l y  p e r f o r m e d .  Based  

on t h e  work o f  J o n e s  and C h r i s t i a n ,  (15) r e s i s t a n c e  i n  aqueous  

s y s t e m s  is g e n e r a l l y  measu red  a t  a series of  f r e q u e n c i e s  and  

e x t r a p o l a t e d  t o  i n f i n i t e  f r e q u e n c y  e m p l o y i n g  t h e  f u n c t i o n a l  
1 

form f'? 

b u t e d  ( 1 5 )  t o  Warburg (16' .17) and  Neumann (18) who, on t h e  b a s i s  

U s e  of t h i s  p a r t i c u l a r  f u n c t i o n a l  form is a t t r i -  

of F i c k ' s  laws of d i f f u s i o n ,  p r e d i c t e d  t h a t  t h e  p o l a r i z a t i o n  

r e s i s t a n c e  ( t h a t  p a r t  o f  t h e  measured  r e s i s t a n c e  d u e  t o  elec- 

trode p o l a r i z a t i o n )  was i n v e r s l y  p r o p o r t i o n a l  t o  q f .  

A p p l y i n g  t h e  c o n c e p t s  r e s u l t i n g  from e l e c t r o d e  p r o c e s s  

s t u d i e s !  19-21) one  may e n v i s i o n  t h e  e q u i v a l e n t  c i r c u i t  shown 

i n  F i g u r e  4 f o r  an  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  across which  

c h a r g e  is b e i n g  t r a n s f e r r e d .  Z r e p r e s e n t s  t h e  impedance 

a s s o c i a t e d  w i t h  t h e  r e a c t i o n ,  which  is i n  p a r a l l e l  w i t h  t h e  

s o l u t i o n - e l e c t r o d e  i n t e r f a c i a l  c a p a c i t a n c e .  Under t he  e x a c t -  

r 

i n g  a s s u m p t i o n s  o f  faradaic  impedance s t u d i e s ,  z may be re- 

p r e s e n t e d  by a f r e q u e n c y - i n d e p e n d e n t  r e s i s t a n c e ,  0, i n  series 

w i t h  a f r e q u e n c y - d e p e n d e n t  impedance ,  -W-* t h e  Warburg imped- 

r 

a n c e .  The l a t t e r  is c o n v e n i e n t l y  r e p r e s e n t e d  as a r e s i s t a n c e  

a n d  c a p a c i t a n c e  i n  series, R, and  C r ,  a t  c o n s t a n t  f r e q u e n c y  

( F i g u r e  5 ) .  A t  a g i v e n  f r e q u e n c y  the  impedances  r e s u l t i n g  from 

Rr and Cr are e q u a l .  
1 

However, both v a r y  as f--" . 
The a s s u m p t i o n s  upon which the  mathematical a n a l y s i s  

1 1 - 
which  r e s u l t s  i n  f w 2  dependance  o f  R 

1) s e m i - i n f  i n i t e  l i n e a r  d i f f u s i o n  o f  r e a c t a n t s  and p r o d u c t s  

and  2 )  a small  a m p l i t u d e  a .c .  p o t e n t i a l  s u p e r i m p o s e d  on a n e t  

d . c .  p o l a r i z i n g  p o t e n t i a l .  These  are n o t  t h e  c o n d i t i o n s  of 

a n d  zlnfcr rests i n c l u d e  r 

c o n d u c t i v i t y  measu remen t s .  However, d u r i n g  t h a t  p a r t  of each 
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h a l f - c y c l e  d u r i n g  wh ich  r e a c t i o n  is o c c u r r i n g  a t  t h e  electrodes, 

t h e  e q u i v a l e n t  c i r c u i t  of F i g u r e  4 is a u s e f u l  c o n c e p t ,  e v e n  

though  Zr may n o t  be t r ea t ed  r i g o r o u s l y  a c c o r d i n g  t o  F i g u r e  5 .  

T h a t  t h e  above  c o n s i d e r a t i o n s  lead t o  t h e  same f r e q u e n c y  

dependence  as  t h a t  e x p e r i m e n t a l l y  d e t e r m i n e d  for many conduc-  

t i v i t y  measurements  (15? r e n d e r s  t h i s  c o n c e p t u a l  a n a l y s i s  

w o r t h  c o n s i d e r  i n g  . 
I n  b r i e f ,  t h e n ,  one  may c o n s i d e r  t h e  e q u i v a l e n t  c i r c u i t  

of F i g u r e  4 as a r o u g h  a n a l o g  of t h e  s o l u t i o n  r e s i s t a n c e ,  

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

impedance ( b e a r i n g  i n  mind t h a t  Zr c a n n o t  be r e p r e s e n t e d  

e x a c t l y  by a n y  f i n i t e  c o m b i n a t i o n  of r e s i s t a n c e ,  c a p a c i t a n c e ,  

and  i n d u c t a n c e  wh ich  w i l l  r e n d e r  i t  f r e q u e n c y  i n d e p e n d e n t ) .  

D u r i n g  t h a t  p a r t  of e a c h  h a l f - c y c l e  i n  wh ich  t h e  p o t e n t i a l  is 

below t h a t  wh ich  r e s u l t s  i n  a n  e l e c t r o d e  r e a c t i o n ,  t h e  e q u i -  

v a l e n t  c i r c u i t  of F i g u r e  4 r e d u c e s  t o  t h a t  of F i g u r e  3 ,  i . e . ,  

Z becomes i n f i n i t e .  I t  is a l s o  u s e f u l  t o  c o n s i d e r  t h e  e q u i -  

v a l e n t  c i r c u i t  o f  F i g u r e  4 i n  view o f  t h e  practice of ex t r a -  

polating measured  r e s i s t a n c e  t o  i n f i n i t e  f r e q u e n c y .  I t  c a n  

be s e e n  t h a t  a t  i n f i n i t e  f r e q u e n c y  t h e  impedance of C is 

i n f i n i t e l y  less t h a n  t h a t  of X r ,  and  F i g u r e  4 a g a i n  r e d u c e s  

t o  F i g u r e  3 .  

r 

S 

I t  s h o u l d  be emphas ized  t h a t  w h i l e  one  measu res  resist- 

a n c e  a t  a series of f r e q u e n c i e s  a n d  e x t r a p o l a t e s  t o  i n f i n i t e  

f r e q u e n c y ,  one  does n o t  make measurements  a t  f r e q u e n c i e s  

which  a p p r o a c h  i n f i n i t y .  I n  f a c t ,  v e r y  h i g h  f r e q u e n c y  measure-  

men t s  ( i n  t h e  m e g a h e r t z  r a n g e )  are t o  be a v o i d e d  because of the 

i n c r e a s e d  a d m i t t a n c e  of t h e  l e a d s  a n d  t h e  f a c t  t h a t  a t  v e r y  h i g h  

f r e q u e n c i e s  one  ceases t o  measure a p r o p e r t y  assoicated w i t h  i o n i c  
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m o b i l i t y  a n d  o b s e r v e s  p r o p e r t i e s  a s s o c i a t e d  w i t h  d i p o l e  moments 

a n d  p o l a r i z a b i l i t i e s .  Hence t h e  q u e s t i o n  of  c o n c e r n  r e m a i n s  

v i z ,  wha t  f u n c t i o n a l  form o f  t h e  f r e q u e n c y  d o e s  one employ t o  

e x t r a p o l a t e  t h e  measu red  r e s i s t a n c e  t o  i n f i n i t e  f r e q u e n c y ?  

- 

Robinson  and  S t o k e s  ( 2 2 )  c o n s i d e r  t h i s  q u e s t i o n  i n  terms 

o f  e l e c t r o d e  p r o c e s s  c o n c e p t s  as  a p p l i e d  t o  aqueous  media  a n d  

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

b a l a n c i n g  arm, a s s u m i n g  v a r i o u s  r e l a t i v e  m a g n i t u d e s  of  R 8, 

a n d  R r .  

f-” dependence  is p r e d i c t e d .  Rob inson  and  S t o k e s  c o n c l u d e  t h a t  

S ’  
(15 )  Under t h e  c o n d i t i o n s  employed by J o n e s  and C h r i s t i a n ,  

1 

one s h o u l d  measu re  r e s i s t a n c e  as a f u n c t i o n  o f  f r e q u e n c y  and  

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

b e h a v i o r .  T h i s  is a l s o  t h e  c o n c l u s i o n  of N i c h o l  and  FUOSS, ( 2 3  1 

who o b s e r v e d  a f-’ f r e q u e n c y  dependence  of  r e s i s t a n c e  i n  m e t h a n o l  

s o l u t i o n s .  

I n  m o l t e n  s a l t s  f r e q u e n c y  dependence  of  t h e  r e s i s t a n c e  h a s  

been  r e p o r t e d  a t  p o l a r i z i n g  p o t e n t i a l s  much lower  t h a n  r e q u i r e d  

f o r  f a r a d a i c  p r o c e s s e s .  (24  2 5 )  Bucke l  and T s a u s s o g l o u  (2 6 ,  have  

f o u n d  t h a t  measu red  r e s i s t a n c e  v s .  f r e q u e n c y  p l o t s  show a p l a t e a u  - 
i n  t h e  r a n g e  10-100 kHz i n  aqueous  p o t a s s i u m  c h l o r i d e  and  m o l t e n  

p o t a s s i u m  b romide .  They s u g g e s t  t h a t  e x t r a p o l a t i o n  of r e s i s t a n c e  

v s  . f m Z  would l e a d  t o  e r r o n e o u s  c o n d u c t a n c e s  and  t h a t  one s h o u l d  
1 

- 
s t u d y  f r e q u e n c y  d i s p e r s i o n  i n  a p a r t i c u l a r  a p p a r a t u s  and select  

a f r e q u e n c y - i n d e p e n d e n t  r e g i o n  f o r  p e r f o r m i n g  c o n d u c t i v i t y  

e x p e r i m e n t s .  

melts p l o t s  of  measu red  r e s i s t a n c e  E. f - 2  were n o t  l i n e a r ,  b u t  

a p p r o a c h e d  l i n e a r i t y  as  t h e  f r e q u e n c y  a p p r o a c h e d  i n f i n i t y .  H i s  

D e  Nooijer (27 )  r e p o r t e d  t h a t  i n  m o l t e n  n i t r a t e  
1 - 
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v a l u e s  o f  measu red  r e s i s t a n c e  a t  2 0  kHz o n l y  d i f f e r e d  from v a l u e s  

ex t rapola ted  t o  i n f i n i t e  f r e q u e n c y  by a b o u t  0 . 1  70. W i n t e r h a g e r  

and  Werner ( 2 8 9  2 9 )  have  c o n s i d e r e d  f r e q u e n c y  d i s p e r s i o n  i n  m o l t e n  

n i t r a t e ,  c h l o r i d e ,  and  f l u o r i d e  m e l t s  and  have  appl ied  "e lec t r ica l  

l o c u s  c u r v e  t h e o r y "  (30) t o  t h e i r  r e s u l t s  o b t a i n e d  e m p l o y i n g  a 

Thomson-type b r i d g e .  They c o n c l u d e  t h a t  a t  s u f f i c i e n t l y  h i g h  

f r e q u e n c i e s  measured  r e s i s t a n c e  becomes i n d e p e n d e n t  of f r e q u e n c y ,  

and  t h e y  employ a m e a s u r i n g  f r e q u e n c y  of 50 kHz. T h e r e f o r e ,  i n  

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

b e h a v i o r  of r e s i s t a n c e  w i t h  f r e q u e n c y  and  t o  t h e  c o n d i t i o n  of 

t h e  electrode s u r f a c e s ,  s i n c e  i n  aqueous  mdeia i t  is o b s e r v e d  

t h a t  f r e q u e n c y  d i s p e r s i o n  is less i n  cases of heavy  p l a t i n i z a -  
t i o n  ( i n c r e a s e d  Cs) . (11 )  

I n  l i g h t  of t h e  f o r e g o i n g  d i s c u s s i o n  t h e  f o l l o w i n g  in fo rma-  

t i o n  was s o u g h t  from e a c h  s t u d y  wh ich  was c o n s u l t e d :  

A .  

B. 

C. 

D. 

E. 

F. 

G. 

C e l l  mater ia l ,  its g e n e r a l  d e s i g n ,  and  t h e  r e s u l t i n g  c e l l  

c o n s t a n t ,  ( J / a ) ,  or g e n e r a l  r a n g e  of measured  r e s i s t a n c e ,  

E l e c t r o d e  ma te r i a l ,  s h a p e ,  s i ze ,  and  s u r f a c e  charac te r .  

Type of  b r i d g e  employed.  
* 

Frequency  r a n g e  employed.  

Dependence of measured  r e s i s t a n c e  on f r e q u e n c y .  

Voltage a p p l i e d  t o  t h e  b r i d g e .  

R e s u l t s .  R e s u l t s  are  r e p o r t e d  e i t h e r  i n  terms o f  t h e  

* 
The g e n e r a l  t y p e s  of b r i d g e  c i r c u i t s  employed are  shown 

i n  Appendix I as  a n  a i d  i n  d e s c r i p t i o n .  The c i r c u i t s  a c t u a l l y  
employed were u s u a l l y  m o d i f i e d  v e r s i o n s  of those shown. For 
d e t a i l s  o f  c i r c u i t y ,  t h e  r e a d e r  is r e f e r r e d  t o  t h e  c i t e d  work. 



Y 

s p e c i f i c  c o n d u c t a n c e ,  K ,  t h e  e q u i v a l e n t  c o n d u c t a n c e ,  Aeq, 

or t h e  molar c o n d u c t a n c e ,  Am. These  q u a n t i t i e s  are d e f i n e d  

Aeg = K e q u i v a l e n t  w e i g h t  
d e n s i t y  

d e n s i t y  
= * m o l e c u l a r  w e i g h t  

These  q u a n t i t i e s  are  r e p o r t e d  as  f u n c t i o n s  o f  t e m p e r a t u r e  f o r  

t h e  minimum, maximum, and  one  i n t e r m e d i a t e  v a l u e  f o r  p u r e  s a l t s .  

For  b i n a r y  m i x t u r e s  a 3 x 3 g r i d  a l s o  s t a t i n g  t h e  e x t r e m e s  and  

one  i n t e r m e d i a t e  v a l u e  of c o m p o s i t i o n  is employed where  conven-  

i e n t .  C o n d u c t i v i t i e s  of m i x t u r e s  of  more t h a n  two components  

are p r e s e n t e d  i n  a manner d e s i g n e d  t o  convey  maximum i n f o r m a t i o n .  

The t a b u l a t i o n  is o r d e r e d  a c c o r d i n g  t o  t h e  s y s t e m  u n d e r  

c o n s i d e r a t i o n ;  and  w i t h i n  e a c h  s y s t e m ,  by d a t e  o f  p u b l i c a t i o n ,  

t h e  e a r l i e s t  a p p e a r i n g  f i r s t .  Where one  i n v e s t i g a t i o n  h a s  

c o v e r e d  s e v e r a l  s y s t e m s ,  a cross r e f e r e n c e  is g i v e n .  A d d i t i o n a l  

v a l u e s  o f  K a n d  A may be found  i n  J a n z ' s  Mol ten  S a l t s  Handbook (31)  

f o r  many of t h e  s y s t e m s  r e p o r t e d  h e r e .  A s  p r e v i o u s l y  s t a t e d ,  

t h e  p r i m a r y  c o n c e r n  of t h i s  r e v i e w  is t o p i c s  A-F. The r e s u l t s  

p r e s e n t e d  h e r e i n  are g i v e n  f o r  compar i son  and  c o m p l e t e n e s s  and  

were, i n  a l l  cases, t a k e n  from t h e  o r i g i n a l  p u b l i c a t i o n s  

( e x c e p t i o n :  Appendix 1 1 ) .  

I t  w i l l  be o b s e r v e d  below t h a t  a number of p u b l i c a t i o n s  

have  n o t  addressed t h e m s e l v e s  t o  some of t h e  q u e s t i o n s  ra ised 

above .  If t h i s  r e v i e w  s e r v e s  o n l y  t o  remedy t h i s  pract ice ,  i t  

is c o n s i d e r e d  j u s t i f i e d .  

3 



P t  c r u c i b l e  and p l a t i n i z e d  P t  
f o i l  (3 x 4 mm) 

P t  c r u c i b l e  I R )  El 0 . 1  n 

'lbo P t  (80%) - Rh hemispheres (d = & Two P t  (80%) - Rh r o d s  (d = .01") 
2"). These a r e  a l s o  c u r r e n t  e l e c t r o d e s . T h e s e  a r e  poten t ia l -measur ing  

e l e c t r o d e s .  

R e s u l t s  VPP 
cv) T(OC) K ($I-* cm- '  ) or A(cm2R-'eq-' (mol-' ) )  

N.S. K 

905 20.3 
Wheatstone 6 N.S. = Not 
( t e l e p h o n e )  S t a t e d  

S p e c i a l l y  d e v e l -  N.S. N.S. 
oped by E. F a i r -  
s t e i n .  (34)  

Hot -pressured  BN c y l i n d e r .  ( i d  = 3/16") 
sur rounded by g r a p h i t e  I R I  '* 3-6 a. 
(A/a) = 17-39 cm-' 

P t  c r u c i b l e  ( v o l .  = 39 cm3) ( i / a )  - 
0.28 cm-' 

Inconel  rod and i n c b n e l  p l a t e  Wheats tone ,  no 2 "d id  n o t  v a r y  
a c r o s s  ends of BN c y l i n d e r .  c a p a c i t o r s  a p p r e c i a b l y  

(os c i 1 1 o s c  ope ) between 1 and 
20 kHz 

Two p l a t i n i z e d  P t  f o i l s  (10 x 10 Thomson-type 50 f-dependency 
mm 1 ( o s c i l l o s c o p e )  a t  lower f ,  

independent  a 
50 kHz 

TWO 2' MO tubes  f i t t i n g  i n t o  J o n e s  ( n u l l  
lupper p o r t i o n s  of BN c y l i n d e r s  d e t e c t o r )  

IHemispherical  P t  e l e c t r o d e s ,  Kelv in  
p l a t i n i z e d  o r i g i n a l l y .  1000 5.52 118 

1040 5.74 
1080 5.95 

# 5  # 5  #5 # 5  

System Re: q 

f range- .  2-6 kH 
R range=.01-10I1 
( o s c  11 l o s c o p e )  

4 

5 

- 
6 

- 
7 

10 I f i n d e p n d e n t  
1-20 kHz 

. 6  t R OC f-' 
e x t r a p o l a t e d  
t o f = o o  

G r a p h i t e  c r u c i b l e  ( i d  = 3.5",  5" deep)  
c o n t a i n i n g  2 BN c y l i n d e r s  ( i d  = 3/16") 
encased  i n  g r a p h i t e  and e n l a r g e d  a t  toE 
t o  accomodate e l e c t r o d e s . ( i / a )  = lO0cm 
P t  c r u c i b l e  (400 m l ) ,  (i?/a) = 0.0835cm' 

P 
0 

P t  c r u c i b l e  (0.2 mm w a l l )  IR) - 0.02 fl C r u c i b l e  and a P t  c y l i n d e r  ( a r e a  
= 2 cmz)) ,  both p l a t i n i z e d  

8 #3 

e = i . o 5  ~~q = 113 (+I%) 

1086 1138 5 .335  5.179 
9 

- 
10 

- 
11 

- 
12 

Nq 
KF 

#4 #4 #4 #4 # 4  

#5 4 ;;;:- ; , i 4 5 . 2 9  + 5 . 6 4 x 1 0 - ' < T - 1 0 3 0 ~  ~~ ~~ 

B=1.2 Aeq = 156.6 (* 1%) 

4.28  
1000 4 .77  

(a5  t o  10%) 
K = -3.493 + 1.480x10-zT(oC) 

- 6 . 6 0 8 ~ 1 0 - ~ T '  (u=. 00911-1 cm-1 ) 
1040 

#1 #1 #1 #I #1 

I 

I .  e 



#3 

#4 

N.S. 

#2 

9 0 0  K = 3 . 8 0  

-1.05 Aeq = 124  (.l%) 

859  3 . 5 7 3  
9 3 8  3 . 7 9 3  
1012  4 . 0 2 1  

9 0 5  3 . 7 7  
(+2%) 

725- K = - 4 . 5 1 1  + 1 . 6 4 2 ~ 1 0 - ~ T ( ~ C )  
9 2 1  - 7 . 6 3 2 ~ 1 0 - ~ T '  (u=. 0 0 9 ~ - 1  cm-l 

16  

17  

18 

1 9  

20 

2 1  

2 2  

23 

24 

2 5  

26 

27 

2 8  

CsF 

CSF 

AgF 

BeF, 

CaF, 

MnF, 

CuF, 

ZnFL 

PbF, 

KBF, 

Na,TaF, 

KzTIF6 

K,TaF, 

#4 5 9 0  6 7 0  4 . 0 1  6.0* 

N . S .  K 

700 0 . 7 1  x lo- '  
8 0 0  1 5 . 3  x lo- '  
9 5 0  2 3 6  x lo-' (*lo%) 

44 
45 

Pt-Rh (20%) c r u c i b l e  ( i d  = 2", h t .  = 2 i ' )  C r u c i b l e  a n d  Pt-Rh (20%) bob 
( l / a )  = . l l  or .28cm-' 

46 C a r b o n  c r u c i b l e  Mo e l e c t r o d e s  N.S. N.S. 

2 8  
29 

28  
29 

#4  #4 #4 #4 

#4 #4 #4 #4 

28  
29 
28 

114 #4 #4 #4 

#4 #4 #4 #? #4 

#4 

8 2 0  5 . 1 *  
1 0 0 0  5.8* 

545 1 . 0 5 2  
569 1 . 1 2 6  
652 1 . 2 4 5  

-- 29 

28  
29 

154 #4 #4 #4 

;;I" ~ f 4 

#4 #4 

#4  #4 #4 

#4 
7 

747 0 . 7 2 8 5  
8 0 0  0 . 9 1 9 3  
887  1 . 0 3 6 6  

f 
R e s u l t s  C e l l  B r i d g e  Range  VPP 

IR] or ( s / a )  E l e c t r o d e s  ( D e t e c t o r )  (kHz1 R v s .  f (V) T(OC) K (n-l cm-' ) or A(cm2Q-1eq-1 (mol-'  ) )  
I I I I I 1 I jz' 

KF 

#3 

#4 

#3  

#4 

35 43  #3  #3 

28 J4 #4 #4 

36 

29  

J o n e s  ti 
43 container 

MgO, s i n g l e  crystal, d i p  ce l l ;  P t  C o n t a i n e r  a n d  P t  e l e c t r o d e  

33 k 2  #2  #2 

42 # l 5  # I 5  #15 
43 

v a r i e d  <O. 3% - 
#2 

.5-10 

#2 

#15 784 2 . 7 3  
852 3 . 0 3  

#4 

1 I I I 

f i n d e p e n d e n t  
2-10 kHZ 

2-10 "Wheats  t o n e  
R-C b r i d g e "  
( s c o p e  or nvhi) 

N . S .  

#4 

#4 
1 1 1 0  2.5* 

9 0 0  3 .2 ,*  
9 6 0  3 . 7 *  

#4 

#4 

#4 

#4 
1 . 3 9 6  
1 . 5 9 5  

843  1 . 3 4 6  

9 7 6  1 . 6 0 4  
888  1 . 4 3 5  

#4 

#4 

I 



svs t C ~ l 1 1  

Nn,AIF6 

Nn , A I F,, 

Pt hemis h e r e  (od = 4 cm), ( l / a )  = 
.386 

1/3 

Nn,AlF,  

Na ,AlF6  

Conta iner  and P t  r o d  (d  = 3 mm) 

#3 + 
ThF, 

Thomson p l u s  
phase  i n d i c a t o r  

E l e c t r o d e s  C r l l  
IR) or (P/a) 

5 

Fusrd  MgO tube  (d - . 9 9 ,  
(p /a)  . m 5 z  cm-l 

'. 3 

d 6 

/I 5 #5 

It 5 #5 

Pt c i w c i b l c  [RI-' 0.1R C u r c i b l e  and P t  r o d ,  bo th  
p l a t i n i z e d  o r i g i n a l l y  

f 
Bridge  

#6 

. . I 

I #6 

#6 

7- 

~~~ 

1020 K - 1.5, 

K 

1000 2.80 
1040 2 .90  Aeq 2.744 - 
1080 3 .00  ( * s e v e r a l 9  
1013 K = 2.8~* 

K Am 
1000 ,?.eo* 284 a t  1010~ 
1060 2.95* 296 a t  1040' 

1025 2.8* 
1120 3.01* 

K 

1000 2.84 
1040 2.92 
1080 3.00  

K 

1000 2 . 2 2 *  
1060 2.42* 

3 e ( m q 0 )  LiF-ThF K - 7.14 + 10.97x10-'(T-880°C) 
kq = 1 1 7 . 2 ,  for 0 - 1 . 2  

~~q = 29.9.  for e - 1.2 
~~q - 31.0 ,  for e = 1.2  

78-22(m%) K = 2.50 + 7.58x10-'(T-640°C) 

50.2-49.8(m%) K = 2.13 + 4.19x10-'(T-820°C) 

( t l B  

H k )  K = 7.55 + 5.86x10-'(T-900°C) - 9 9 . 3 ,  for e - 1.2  

~~q = 23.8 ,  for e = 1.2  

~~q = 33.5 .  for e = 1.2 

60-40(n%) K = 2 . 1 7  + 5.68x10-'(T-700°C) 

40-60(m%) K 2.89  + 3.29XlO-' (T-900°C) 

~~ ~~~~ 

K 

900 4 .837  
1000 5.373 
1100 5.879 (a.54.) 



#39 1/39 

H39 #3 9 

Hot-pressed Be0 tube in a cylindrical 
Pt crucible (L/a) 01 24 cm-' 

Pt crucible across bottom of 
the tube and Pt rod at top 

I I 135.7-64.3(~1%) 3.12 3.23 3.33 100 

Pt cell N.S. 

VPP Results 

(kHz) VS* (%') T(0C) K (S2-l cm-1 ) or A(cmz~-Leq-L (mol-' ) ) 
I I I 

I I K 

System Ref (DetecTor) 

#39 
SrF, 
( 6 7  w%) 

BaF, 
(67 w%) 

( * . 5%) 

(*.5%) 

NaF-ZrF 

50-50(m%) 0.52 0.92 1-73 
r n k )  r 8 - z  r-27 zTI-6 

(*lo%) 

#39 

Wheats tone, ,p 
and b? in 
parallel (oscilloscope) 

# 5  #5 ~ M h )  
67-33(m%) 

K = 3.49 + 3.74x10-'(T-900°C) 
~~q = 71.3, for 8 = 1.2 
K = 1.76 + 3.88~10-~(T-800~C) 
~~q - 28.1, for 8 = 1.2 

I Aeq - 28.6, for 8 = 1.2 
L 

150-50(m%) K - 1.48 + 5.23~10-~(T-800~C) 

:=%) 

65-35(m%) K - 1.37 + 4.65~10-~(T-700~C) 

K = 2.81 + 3.56x10-'(T-850°C) 
lzeq = 57.7, for 8 = 1.2 

Aeq = 26.6, for 8 * 1.2 
K = 2.18 + 3.56x10-'(T-900°C) 
Aeq = 36.9, for 8 - 1.2 25-75(m%) 

(+1%) 

#5 85 #5 #5 

Described in Ref. 51, not readily 
available 

K 

-6302 
5 1 N.S. I 40-60(w%) 0.905 6.350 14.105 

10-90(w%) 2.408 8.801 14.978 

P w Pt electrodes Wheatstone, 
with balancing 
d 
(oscilloscope) 

NaBF, 

Na,AlF, 

I I 
I C=U 

# 6  > #4 5 

#6 io000 10400 10800 "iOoo0 
50-50 (m%) 3.19 99 

1 #45 $ Na,A1F6 

40-60(w%) - 2.255 - m 1  11.495 

10-90(~%) 0.281 3.601 12.703 

(oscilloscope) 



E l e c t r o d e s  C e l l  
.R'! o r  (e /a )  I System Ref 

Wheatstone, ,# 
and e" i n  
p a r a  1 le 1 
( te lephone)  

49 1 hfxl$, 1 ;; 1 G r a p h i t e  c r u c i b l e  fR)* 0.521 t w o  N.S. 
f's 

Carbon anode and molten A 1  
ca thode  

5 5  

50 CaF, + I Na,A1F6 j :," 1 '6 

LiF+NaF+ 49 Hemispher ica l  P t  c r u c i b l e  (e /a )  - 0.162 Curren t  e l e c t r o d e s :  c r u c i b l e  and 
KF(46.5- P t  s p h e r e ;  p o t e n t i a l  e l e c t r o d e s :  
11.5-42 c r u c i b l e  and P t  c y l i n d e r  
m%) sur rounding  s p h e r e  

52 AlF, - 52 #48 ! Na3A1F6 1 I 
53 AlF, + 1 Na,A1F6 I :8 1 #' 

I #55 

f 
Bridge  Range 

( D e t e c t o r )  (kHz) R vs. f 

N o  br idge :  
VTW and 
ammeter 

40-60(m%) 13-87(m%) 185 140 

K 

#6 CaF2-Na,A1F 1000" 1040" 1080° ' ~ ~ 0 O o  
d ) r n r n r n T  

2.68 2.79 2 .90  83  
12.3-87.7(m%) 2.74 2.85 2 .95  88 

740 2.12* 
880 2 . 8 2 .  

815 1.80* 
(*IO?# 

P -r 0.79 1 . 0 8  1.60 50-46-4 (m%) 

* I n t e r p o l a t e d  from a l i n e a r  p l o t  of K vs. T 

I I 

. . -~ 
c. 
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Figure  1 : Wheats t o n e  

arm 

I' 

ORNL-DWG 68-2245 

bridge: p a r a l l e l - c o m p o n e n t  b a l a n c i n g  

ORNL-DWG 68-2216 

Figure  2 :  E q u i v a l e n t  c i r c u i t  of c e l l  i n  a b s e n c e  of r e a c t i o n .  

O R N L - D W G  6 8 - 2 2 1 7  

3 

GS 

F i g u r e  3 :  E q u i v a l e n t  c i r c u i t  of s o l u t i o n  r e s i s t a n c e  a n d  

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

a b s e n c e  of r e a c t i o n .  
Y 
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ORNL-DWG 68-22i8 

R, 
I i  

Gs 
F i g u r e  4 :  E q u i v a l e n t  c i r c u i t  i n c l u d i n g  r e a c t i o n .  

ORNL-DWG 68-2249 

- -3 Rs C S  

CONSTANT FREQUENCY 

F i g u r e  5 :  E q u i v a l e n t  c i r c u i t  f o r  faradaic  impedance s t u d i e s .  

Y 
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ORNL- DW 68- 2220 

APPENDIX I 
IMPEDANCE BRIDGES 

r 

JONES BRlDGE'7'55' 
WHEATSTONE BRIDGE, 6. (WHEATSTONE BRIDGE, 
NO CAPACITORS(54) AND # IN PARALLEL) 

A. 

C. KELVIN BRIDGE(38) 

DETECTOR l E i L w # -  

Z= IMPEDANCE OF CONNECTIONS 

1 

THOMSON 
-TYPE" BRI DGE(28'29) 

E. (EMPLOYED BY WINTER- 
HAGER AND WERNER) I 1-1 I 

CAREY-FOSTER BRI DGE(48) 
(CELL AND S ARE INTER- 
CHANGEABLE) 

Z =  IMPEDANCE OF .CONNECTIONS 
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t e  s y s t e m s  whic.1 c o u l d  n o t  be c o n s u l t e d  i n  t h e  o r l g i n a  

are l i s t e d  i n  t h i s  a p p e n d i x .  An i n d i c a t i o n  of t h e i r  c o n t e n t ,  
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B a t a s h e v ,  K .  a n d  A .  Z h u r i n ,  M e t a l l u r g ,  1 0 ,  67 ( 1 9 3 5 ) ;  - C . A . ,  - 
- 3 0 ,  7 0 1 8 ~  ( 1 9 3 6 ) .  
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B a t a s h e v ,  K. P . ,  L e g k i e  M e t a l l y ,  1 0 ,  48  ( 1 9 3 6 ) ;  r e f .  4 .  - 
(K  of c r y o l i t e  v s .  T) 

B a t a s h e v ,  c i ted  by Mashovets  i n  The E l e c t r o m e t a l l u r g y  of 
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A n t i p i n ,  L .  N .  a n d  S. F.  Vazhen in ,  T s v e t n y e  M e t a l l y ,  3 1 ,  N o .  - 
1 2 ,  56 ( 1 9 5 8 ) ;  C . A . ,  5 3 ,  7824e ( 1 9 5 9 ) .  

(K of c r y o l i t e  w i t h  a d d i t i o n s  of CaF, or MgF,) 

- -  

Chu, Y .  A .  and  A .  I .  B e l y a e v ,  I z v e s t .  V y s s h i k h .  Ucheb . ,  

Z a v e d e n i f ,  T s v e t n a y a  M e t . ,  2 ,  N o .  2 ,  69 ( 1 9 5 9 ) ;  C . A . ,  5 4 ,  - -- - 
2 4 , 0 2 5 i  ( 1 9 6 0 ) .  

( K  of c r y o l i t e  a n d  c r y o l i t e  w i t h  a d d i t i o n s  of L i F  or BeF,) 

E k l y a e v ,  A .  I .  a n d  E .  A .  Zhemchuzhina,  T s v e t n y e  M e t a l l y ,  - 3 3 ,  

N o .  4 ,  45 ( 1 9 6 0 ) ;  C . A . ,  5 5 ,  1242a  ( 1 9 6 1 ) .  

(K  of NaF/A1F3 r a t i o  of 2 . 2  t o  2 . 7 8  w i t h  a d d i t i o n s  of MgF,) 

- -  

Kuvakin ,  M .  A .  and  P. S. K u s a k i n ,  T rudy  I n s t .  M e t . ,  Akad. Nauk. 

SSSR, Unal .  F i l i a l ,  5 ,  145  ( 1 9 6 0 ) ;  C . A . ,  5 5 ,  2 2 5 5 i  ( 1 9 6 1 ) .  

(K  of c r y o l i t e )  

-- - - -  

B e l y a e v ,  A .  I . ,  " E l e k t r o l i t  a l y u m i n i e v y k h  v a n n , "  M e t a l l u r g i z d a t ,  

MOSCOW, 1 9 6 1 ;  r e f .  4.  

(K  o f  c r y o l i t e  w i t h  EkF, a d d i t i o n s  u p  t o  1 7  w t .  70 a t  1000°C) 

M a t i a s o v s k y ,  K . ,  S .  Ordzovensky ,  and M .  Ma l inovsky ,  Chem.  z v e s t i ,  

1 7 ,  839 ( 1 9 6 3 ) ;  r e f .  4 .  

(K  o f  c r y o l i t e  v s  . T) 
- 

Vakhobov, A .  V .  a n d  A .  I .  B e l y a e v ,  " V l i a m i e  r a z l i c h n y k h  s o l e v y k h  

komponentov (dobavok)  n a  e l e k t r o p r o v o d n o s t  e l k t r o l i t a  

a l y u m i n i e v y k h  v a n n ,  '' i n  " F i z i c h e s k a y a  khima r a s p l a v l e m y k h  

s o l e i , "  e d .  by The I n s t i t u t e  of G e n e r a l  and  I n o r g a n i c  

L 

C h e m i s t r y  of t h e  S o v i e t  Academy of S c i e n c e . ,  M e t a l l u r g i z d a t ,  



24 

Moscow, 1965, pp. 99-104; ref. 4. 
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