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ABSTRACT 

I n  s p i t e  of many a t t r a c t i v e  fea tures ,  t h e  u s e  of s p i r a l l y  wound 
l i t h i u m -  t h i o n y l  ch lo r ide  (Li -SOC12)  cel ls  is c u r r e n t l y  l i m i t e d  because  of 
t h e i r  haza rdous  behavior .  Unsafe  i n c i d e n t s  r e p o r t e d  t h u s  far have ranged  
from m i l d  v e n t i n g  of t o x i c  m a t e r i a l s  t o  v i o l e n t  e x p l o s i o n s  a n d  f i res .  
T h e s e  i n c i d e n t s  may b e  r e l a t e d  t o  b o t h  u s e r -  a n d  m a n u f a c t u r e r - i n d u c e d  
causes .  User- induced c a u s e s  may be a t t r i b u t e d  t o  o p e r a t i o n a l ,  a b u s i v e ,  or  
h a n d l i n g  c o n d i t i o n s  t o  which  the  c e l l  is  s u b j e c t e d .  Manufac turer - induced  
c a u s e s  may be re la ted t o  d e s i g n  and /o r  q u a l i t y  c o n t r o l  d e f i c i e n c i e s .  

Many e x p l a n a t i o n s  have been offered t o  e x p l a i n  t he  u n s a f e  b e h a v i o r  of 
t h e  c e l l s  u n d e r  t h e  a b o v e  o p e r a t i n g  and a b u s e  c o n d i t i o n s .  E x p l a n a t i o n s  
f a l l  i n t o  two categories: 1 )  thermal  mechanisms and 2) chemical mechanisms. 
However, i t  i s  q u i t e  d i f f i c u l t  t o  separate t h e  effect  of each. The i m p a c t  
of b o t h  may b e  r e s p o n s i b l e  f o r  c e l l  v e n t i n g  o r  e x p l o s i o n .  Some s a f e t y  
p rob lems  e n c o u n t e r e d  w i t h  these ce l l s  also may be due  t o  d e s i g n  d e f i c i e n -  
cies and i n e f f e c t i v e  q u a l i t y  c o n t r o l  d u r i n g  c e l l  f a b r i c a t i o n .  

A w e l l - c o o r d i n a t e d  b a s i c  a n d  a p p l i e d  research  p r o g r a m  i s  n e e d e d  t o  
d e v e l o p  s a f e  L i - S 0 C l 2  c e l l s .  Recommendat ions  i n c l u d e :  1) l e a r n i n g  more 
a b o u t  L i - S O L 2  c e l l  c h e m i s t r y ,  2 )  m o d e l i n g  c e l l  and  b a t t e r y  b e h a v i o r ,  3 )  
op t imiz ing  c e l l  d e s i g n  for  s a f e t y  and per formance ,  4)  i m p l e m e n t i n g  q u a l i t y  
c o n t r o l  p rocedures ,  and 5) e d u c a t i n g  users .  
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SECTION 1 

INTRODUCTION 

The l i t h i u m -  t h i o n y l  c h l o r i d e  ( L i - S O C 1 2 )  c e l l  p o s s e s s e s  h i g h e r  ene rgy  
d e n s i t y  t h a n  a n y  c u r r e n t l y  a v a i l a b l e  p r i m a r y  c e l l s .  The  c e l l  a l s o  h a s  many 
o t h e r  d e s i r a b l e  f e a t u r e s :  h i g h  o p e r a t i n g  v o l t a g e ,  e x c e l l e n t  v o l t a g e  s t a b i l i t y  
o v e r  95 p e r c e n t  of t h e  d i s c h a r g e ,  o p e r a t i n g  c a p a b i l i t i e s  o v e r  a wide  tempera-  
t u r e  r a n g e  (-40% t o  +8OoC), e x c e p t i o n a l l y  l o n g  storage l i fe ,  and low cost of 
materia1s.l-5 F i g u r e  1-1 o f fe rs  a n  e n e r g y / p o w e r  p e r f o r m a n c e  c o m p a r i s o n  of 
v a r i o u s  p r i m a r y  e l e c t r o c h e m i c a l  sys tems.  

I n  v i e w  of t h e s e  f e a t u r e s ,  N A S A  i s  c o n s i d e r i n g  u s i n g  t h e  L i - S 0 C l 2  
s y s t e m  a s  a s o u r c e  of  e l e c t r i c a l  power  i n  f u t u r e  s p a c e  m i s s i o n s .  Among t h e  
p o t e n t i a l  a p p l i c a t i o n s  a r e  t h e  s h u t t l e ,  s p a c e  s t a t i o n ,  p l a n e t a r y  p r o b e s ,  
o r b i t a l  t r a n s f e r  v e h i c l e s ,  s o l i d  r o c k e t  b o o s t e r s ,  s t a n d - a l o n e  p l a t f o r m s ,  
a s t r o n a u t  equipment ,  etc. ( F i g u r e  1-2). The development  of L i - S 0 C l 2  cel ls  h a s  
b e e n  a s s i g n e d  t o  JPL ,  w h i c h  h a s  b e e n  d e s i g n a t e d  by  N A S A  H e a d q u a r t e r s  a s  t h e  
l e a d  c e n t e r  for  l i t h i u m  e l e c t r o c h e m i c a l  technology.  The p r i m e  o b j e c t i v e  of 
t h i s  program is t o  d e v e l o p  a e r o s p a c e  q u a l i t y ,  safe Li-SOC12 ce l l s  c a p a b l e  of 
b e i n g  d i s c h a r g e d  i n  2 -p lus  h o u r s  (<C/2*ra te ) ,  h a v i n g  a n  e n e r g y  d e n s i t y  of 300 
Wh/kg, and a n  a c t i v e  s h e l f  l i f e  of 5 years .  

L i - S O C 1 2  c e l l s  of v a r i o u s  c a p a c i t i e s  have  a l r e a d y  been  developed  by 
i n d u s t r y  ( T a b l e  1-1)  f o r  v a r i o u s  a p p l i c a t i o n s 6  ( m o s t l y  f o r  r a t e s  l e s s  t h a n  
C / l O ) .  However ,  t h e  u s e  of t h e s e  c e l l s  i s  c u r r e n t l y  l i m i t e d  f o r  s p a c e  u s e  
b e c a u s e  o f  r e p o r t e d  h a z a r d o u s  b e h a v i 0 r . 7 ' ~ ~  The s a f e t y  i s s u e  i s  of p r i m e  
conce rn  f o r  s p a c e f l i g h t  a p p l i c a t i o n s ,  e s p e c i a l l y  when p e r s o n n e l  are involved .  

materials to  v i o l e n t  e x p l o s i o n s  and fires. So far,  t h e s e  ce l l s  have not  been 
deve loped  t o  N A S A  h i g h - r e l i a b i l i  t y  a e r o s p a c e  r e q u i r e m e n t s .  

1 
I The u n s a f e  i n c i d e n t s  r e p o r t e d  t o  d a t e  have r anged  from m i l d  v e n t i n g  of t ox ic  

A s  p a r t  of i t s  o v e r a l l  r e s p o n s i b i l i t y  f o r  d e v e l o p i n g  s a f e  s p a c e  
q u a l i t y  c e l l s ,  J P L  h a s  u n d e r t a k e n  a c o o r d i n a t e d  b a s i c  and  a p p l i e d  research  
p r o g r a m  t o  a c h i e v e  an u n d e r s t a n d i n g  o f  t h e  v a r i o u s  chemical a n d  e l e c t r o -  
c h e m i c a l  p r o c e s s e s  t h a t  g o v e r n  t h e  s a f e t y  a n d  p e r f o r m a n c e  o f  t h e s e  c e l l s .  
T h i s  u n d e r s t a n d i n g  i s  b e i n g  a p p l i e d  t o  t h e  s e l e c t i o n  o f  materials,  c e l l  
d e s i g n ,  and f a b r i c a t i o n .  Major t e c h n i c a l  q u e s t i o n s  t h a t  are b e i n g  a d d r e s s e d  
i n  t h e  s a f e t y  area of t h e  program are: ( 1 )  under  what  o p e r a t i n g  and h a n d l i n g  
c o n d i t i o n s  do t h e  c e l l s  v e n t  or explode ,  (2)  why do t h e  ce l l s  v e n t  or exp lode ,  
a n d  ( 3 )  u n d e r  w h a t  c o n d i t i o n s  d o  t h e y  o p e r a t e  s a f e l y ?  T h i s  r e p o r t  h a s  b e e n  
p repa red  t o  a d d r e s s  t h e s e  q u e s t i o n s  and r e v i e w s  work done to  d a t e  a t  JPL and 
e l s e w h e r e  on t h e  s a f e t y  a s p e c t s  of L i - S O C l z  c e l l s .  T h i s  r e p o r t  a t t e m p t s  t o  
i d e n t i f y  t h e  r e a l  s a f e t y  i s s u e s  a n d  p r o v i d e  s u g g e s t i o n s  f o r  o v e r c o m i n g  t h e  
a s s o c i a t e d  problems.  

C/2 ra te  refers t o  t h e  c u r r e n t  ( r a t e )  a t  which t h e  nominal  c a p a c i t y  w i l l  
be removed i n  2 hours :  e.g., 5 amps for  a normal  10 Ah cell. 
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Figure 1-1. Energy and Power Characteristics of Prima-v Cells 
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SECTION 2 

DESCRIPTION OF THE L i - S 0 C l 2  CELL 

The Li-SOC12 c e l l  ( F i g u r e  2-1)  c o n s i s t s  o f  a l i t h i u m  (ti) f o i l  
anode, a porous ca rbon  (C)  ca thode ,  and a n e u t r a l  s o l u t i o n  of l i t h i u m  tetra- 
c h l o r o a l u m i n a t e  ( L i A l C 1 4 )  i n  t h i o n y l  c h l o r i d e  (SOC12) a s  the  e l e c t r o l y t e .  The 
e l e c t r o d e s  are p h y s i c a l l y  s e p a r a t e d  by a glass f i b e r  paper.  I n  these ce l l s ,  
L i  is t h e  anode a c t i v e  material and SOC12 s e r v e s  as  both  a c a t h o d i c  r e a c t a n t  
( c a t h o l y t e )  and s o l v e n t  fo r  t h e  e l e c t r o l y t e .  The ca rbon  e l e c t r o d e  h a s  v a r i o u s  
r o l e s  i n  t h i s  s y s t e m .  It a c t s  a s  a c a t a l y s t  f o r  t h e  r e d u c t i o n  of SOC12; 
t o g e t h e r  w i t h  a n  expanded metal s c r e e n  i t  f u n c t i o n s  as a c u r r e n t  c o l l e c t o r ,  
a n d  a l s o  s e r v e s  as  a c o n t a i n e r  f o r  t h e  i n s o l u b l e  d i scha rge  p r o d u c t s .  The  
e l e c t r o c h e m i c a l  r e a c t i o n  is not  y e t  f u l l y  unders tood ,  bu t  t h e  o v e r a l l  r e a c t i o n  
is  b e l i e v e d  t o  be:12-l3 

t i o n  of  
t o g e t h e r  

The d e t a i l s  of v a r i o u s  r e a c t i o n  mechanisms proposed  f o r  t h e  reduc-  

$ 
SOC1214-16 are g i v e n  i n  Table  2-1. Thermodynamical ly ,  L i  and S O C l  
are u n s t a b l e  and shou ld  react v igo rous ly .  The observed  s t a b i l i t y  o 

t h e  L i  a n o d e  i s  d u e  t o  t h e  p r e s e n c e  of a L i C l  p r o t e c t i v e  f i l m  p r e s e n t  o n  i t s  
s u r f a c e  which p r e v e n t s  f u r t h e r  a t t a c k  by SOC12.17 Hence, any  c o n d i t i o n  t h a t  
can  l e a d  t o  t h e  d i s r u p t i o n  of  t h e  p r o t e c t i v e  f i l m  may make t h e  c e l l  p o t e n t i a l -  
l y  h a z a r d o u s .  It  i s  a l s o  known t h a t  b o t h  L i  a n d  S O C l 2  a re  q u i t e  m o i s t u r e  
s e n s i t i v e .  Any s i t u a t i o n  that b r i n g s  t h e s e  mater ia ls  i n t o  c o n t a c t  w i t h  water 
vapor  ( v i a  h u m i d i t y  o r  i m p u r i t y )  may a l s o  c a u s e  s a f e t y  problems.  

I 

~ 

The c e l l  e x h i b i t s  an o p e n  c i r c u i t  v o l t a g e  o f  a b o u t  3.65 V a t  2OoC- 
3OoC. The t h e o r e t i c a l  s p e c i f i c  ene rgy  of t h e  e l e c t r o c h e m i c a l  r e a c t i o n  is  1453 
Wh/kg a t  3.6 V. More t h a n  h a l f  of t h e  t h e o r e t i c a l  s p e c i f i c  e n e r g y  h a s  b e e n  
r e a l i z e d  i n  manufac tured  ce l l s  o f  l ow- ra t e  des ign .  ~ 

I Ce l l s  h a v e  b e e n  f a b r i c a t e d  i n  many c o n f i g u r a t i o n s  s u c h  a s  c y l i n -  
d r i c a l ,  b u t  t o n ,  d i s c ,  and  p r i s m a t i c  s h a p e s  d e p e n d i n g  on  t h e  a p p l i c a t i o n .  
J e l l y r o l l - t y p e  c o n s t r u c t i o n  ( F i g u r e  2-2) i s  used i n  c y l i n d r i c a l  c e l l s  r e q u i r e d  
f o r  l o w -  t o  m o d e r a t e - r a t e  ( < C / 2 )  a p p l i c a t i o n s .  B o b b i n - t y p e  c o n s t r u c t i o n  
( F i g u r e  2-2)  i s  p r e f e r r e d  f o r  c y l i n d r i c a l  c e l l s  r e q u i r e d  f o r  v e r y  l o w - r a t e  

(1.5M-1.8M LiA1C14 i n  SOCl2). Some v e r y  h i g h - r a t e  (>C/2) r e s e r v e  type  ce l l s  
have a l s o  been developed. They use acidic e l e c t r o l y t e s  ( t y p i c a l l y  1.9M L i C 1 -  
2.2M A l C 1 3  i n  S O C l z ) ,  w h i c h  r e s u l t  i n  h i g h  s e l f - d i s c h a r g e  r a t e s  a n d ,  there-  

I f o r e ,  m u s t  h a v e  t h e  e l e c t r o l y t e  i s o l a t e d  f r o m  t h e  e l e c t r o d e s  u n t i l  use. 
Reserve ce l l s  are not  cons ide red  i n  t h i s  review.  T h i s  document f o c u s e s  on t h e  
s a f e t y  o f  s p i r a l l y  wound c y l i n d r i c a l  c e l l s .  

I a p p l i c a t i o n s  (<C/lOO). B o t h  t y p e s  of c e l l s  e m p l o y  a n e u t r a l  e l e c t r o l y t e  

I 
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I 
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SECTION 3 

RECORDED SAFETY INCIDENTS 

A number  o f  i n c i d e n t s  a r e  on r e c o r d  i n v o l v i n g  L i - S 0 C l 2  c e l l s  t h a t  
r e s u l t e d  i n  p h y s i c a l  damage and one f a t a l  a c c i d e n t .  D e t a i l s  of  some of these 
i n c i d e n t s  h a v e  b e e n  r e v i e w e d  by N. M a r i n c i c . l 8  T h e s e  a r e  b r i e f l y  d i s c u s s e d  
h e r e  f o r  g e n e r a l  i n t e r e s t .  I n  August  1976,  a 1 0 , 0 0 0  Ah s i z e  Li-SOC12 c e l l  
( p a r t i a l l y  d i s c h a r g e d )  exploded  k i l l i n g  one p e r s o n  and i n j u r i n g  a t  l eas t  two 
o t h e r s  a t  H i l l  Air F o r c e  Base. A number of c e l l s  had  b e e n  t e s t e d  a n d  were 
b e i n g  p r e p a r e d  f o r  s h i p m e n t  b a c k  t o  t h e  m a n u f a c t u r e r  when t h e  a c c i d e n t  
o c c u r r e d .  I n  a n o t h e r  case,  a d e v a s t i n g  e x p l o s i o n  of  D - s i z e  c e l l s  o c c u r r e d  
w i t h i n  a n  o i l  w e l l  l o g g i n g  t o o l .  The p o w e r  p a c k  c o n s i s t e d  of  2 8  D c e l l s  of 
b o b b i n - t y p e  c o n s t r u c t i o n .  The t o o l  e x p l o d e d  a t  room t e m p e r a t u r e  u p o n  t h e  
r e m o v a l  of a n  e n d  p l u g  c a r r y i n g  a s p r i n g - l o a d e d  f i x t u r e  t h a t  k e p t  t h e  c e l l s  
t o g e t h e r .  The i n v e s t i g a t i - o n  of t h e  i n c i d e n t  r e v e a l e d  t h a t  t h e  ce l l s  were less 
t h a n  5 0 - p e r c e n t  d i s c h a r g e d  before  t h e  a c c i d e n t .  A l l  2 8  c e l l s  b l e w  up ,  p r e -  
sumably  o n e  a f t e r  a n o t h e r ,  s h r e d d i n g  t h e  h o u s i n g  itself. S i m i l a r l y ,  a d o u b l e  
D c e l l  e x p l o d e d  d u r i n g  q u a l i f i c a t i o n  t e s t i n g  f o r  a n  o i l - w e l l  l o g g i n g  t o o l  
a p p l i c a t i o n .  The e x p l o s i o n  o c c u r r e d  when t h e  c e l l  was h e a t e d  f o r  t e s t i n g .  I n  
a d d i t i o n  t o  t h e s e  a c c i d e n t s ,  many i n c i d e n t s  have been r e p o r t e d  i n  t h e  l i t e ra -  
t u r e ;  b u t  many o f  these  were d u e  t o  the d e l i b e r a t e  a n d  extreme a b u s e  of t h e  
c e l l s  undergoing  s a f e t y  e v a l u a t i o n .  Unexpected i n c i d e n t s  a l so  have o c c u r r e d  
t h a t  may b e  r e l a t e d  t o  a b n o r m a l  o p e r a t i o n  o r  i m p r o p e r  a p p l i c a t i o n  o f  t h e  
cel ls .  
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SECTION 4 

CLASSIFICATION OF H A Z A R D S  AND ANALYSIS OF FACTORS AFFECTING SAFETY 

For  t h e  most p a r t ,  a l l  hazardous  i n c i d e n t s  i n v o l v i n g  Li-S0Cl2 ce l l s  
r e p o r t e d  t o  date may be c lass i f ied i n t o  one  o f  the  f o l l o w i n g  categories:  

1. Leaking  of e l e c t r o l y t e  (and gases i f  p r e s e n t )  t h rough  seals o r  
welds  under  m i l d  or  non-ope ra t iona l  c o n d i t i o n s .  

2.  High-pressure  v e n t i n g  of i n t e r n a l  gases and e l e c t r o l y t e  through 
seal and weld areas. 

3. V i o l e n t  or c o n t r o l l e d  r u p t u r e  of a c e l l  case w i t h  t h e  e x p u l s i o n  
of  toxic  materials, sometimes e x p l o s i v e l y  w i t h  f i re .  

A l l  of these i n c i d e n t s  pose  c o n s i d e r a b l e  s a f e t y  p r o b l e m s .  The  
s a f e t y  p rob lems  b a s i c a l l y  are due  t o  the  extreme r e a c t i v i t y  and t o x i c  n a t u r e  
of c e l l  components  and discharge products .  For  example,  l i t h i u m  reac ts  v io-  
l e n t l y  w i t h  water, w h i c h  may somet imes  r e s u l t  i n  a n  exp los ion .  L i  and L i O H  
c a u s e s  c a u s t i c  b u r n s  t o  t h e  s k i n .  S0Cl2 ,  so2, a n d  S02C12 a r e  t o x i c  a n d ,  if 
i n h a l e d ,  c a u s e  s e r i o u s  i n f l a m m a t i o n  of t h e  l u n g  t i s s u e .  Thus, t h e  c e l l  com- 
POnen tS  L i ,  SOCl.2, a n d  L iAlC14  a n d  t h e  d i s c h a r g e  p r o d u c t s  a r e  a l l  h i g h l y  
h a z a r d o u s / t o x i c  materials. 

I n  a t t e m p t i n g  t o  a n a l y z e  the above  hazards, one  f i n d s  i t  d i f f i c u l t  t o  
s e p a r a t e  t h e  c a u s e  of a v i o l e n t  o r  c o n t r o l l e d  r u p t u r e  f rom t h a t  of  v e n t i n g .  
Ce l l  r u p t u r e  may o c c u r  when a c e l l  i s  b e i n g  o p e r a t e d  a t  a h i g h  r a t e  a n d  h e a t  
r emova l  is  inadequa te .  I n t e r n a l  p r e s s u r e  i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  
t e m p e r a t u r e  due t o  both gas expans ion  and t h e  i n c r e a s e  i n  SOC12 vapor  pres- 
s u r e .  A t  t h i s  p o i n t ,  i f  a w e a k n e s s  e x i s t s  i n  t h e  c e l l  c o n s t r u c t i o n  ( o r  if a 
b u i l t - i n  v e n t  ex is t s ) ,  v e n t i n g  may occur  ( c a t e g o r y  B). F u r t h e r ,  as t h e  tem- 
p e r a t u r e  of the  ce l l  rises, new e x o t h e r m i c  r e a c t i o n s  (e.g., r e a c t i o n  be tween 
L i  and S) may occur ,  t h u s  r a p i d l y  i n c r e a s i n g  t h e  t e m p e r a t u r e  even  f u r t h e r .  If 
t h e r e  is no b u i l t - i n v e n t  o r  i f  a w e a k n e s s  i n  t h e  w e l d  o r  s e a l  c o n s t r u c t i o n  
e x i s t s ,  t h e  c e l l  may r u p t u r e d  v i o l e n t l y  ( c a t e g o r y  C). If t h e  c e l l  i n g r e d i e n t s  
are "just r i g h t , "  a n  e x p l o s i o n  w i t h  f i re  may occur .  Leaks a n d / o r  m i l d  low- 
p r e s s u r e  v e n t i n g  under  normal  o p e r a t i o n  or storage c o n d i t i o n s  may be a t t r i -  
bu ted  t o  i n e f f e c t i v e  w e l d s  or glass/metal seals ( c a t e g o r y  A). 

The basis  f o r  a l l  of these i n c i d e n t s  may be related t o  e i t h e r  user- 
induced  o r  manufac turer - induced  causes  o r  both. User- induced c a u s e s  may be 
a t t r i b u t e d  t o  e i the r  o p e r a t i o n a l ,  abus ive ,  or h a n d l i n g  c o n d i t i o n s  t o  which  t h e  
c e l l  is s u b j e c t e d .  M a n u f a c t u r e r - i n d u c e d  h a z a r d  c a u s e s  may be  r e l a t e d  t o  
d e s i g n  a n d / o r  q u a l i t y  c o n t r o l  d e f i c i e n c i e s .  After a c a r e f u l  a n a l y s i s ,  t h e  
s o u r c e s  of  t h e  p r o b l e m s  c i t e d  above h a v e  b e e n  c l a s s i f i e d  i n t o  u s e r -  a n d  
manufac ture- induced  categories described i n  t h e  b l o c k  diagram ( F i g u r e  4-1). 

F a c t o r s  a f f e c t i n g  s a f e t y  are d e s c r i b e d  i n  d e t a i l  iii S e c t i o r .  5 (use r -  
i n d u c e d  f a c t o r s )  a n d  S e c t i o n  6 ( m a n u f a c t u r e r - i n d u c e d  f a c t o r s )  a l o n g  w i t h  
s u g g e s t e d  s o l u t i o n s  and c o n d i t i o n s  f o r  t h e i r  safe use. 

4- 1 
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SECTION 5 

USER- I N D U C E D  FACTORS 

The  u s e r  may i n d u c e  hazards  d u r i n g  n o r m a l  c e l l  o p e r a t i o n  i f  t h e  
d i s c h a r g e  r a t e  o r  d u t y  c y c l e  i s  e x c e s s i v e  o r  i f  e n v i r o n m e n t a l  c o n d i t i o n s  
(e.g., t e m p e r a t u r e ,  v i b r a t i o n ,  a n d  s h o c k )  e x c e e d  t h e  c e l l  d e s i g n  c a p a b i l i t y .  
H a z a r d s  may a l s o  be i n d u c e d  by e l e c t r i c a l  a b u s e ,  (e.g., s h o r t i n g ,  r e v e r s a l ,  
and /o r  c h a r g i n g )  mechan ica l  abuse ,  (e.g., punc tu r ing ,  c r u s h i n g ,  or i m p a c t ) ,  o r  
by  thermal/chemical  a b u s e  (e.g., f i r e ,  c o r r o s i o n ,  etc.). F i n a l l y ,  t h e  u s e r  
may a b u s e  a c e l l  by u n c o n t r o l l e d  s t o r a g e ,  i m p r o p e r  t r a n s p o r t a t i o n ,  o r  d i s -  
posa l .  Normal o p e r a t i o n  is  g e n e r a l l y  safe. However, a lack of knowledge o r  
u n d e r s t a n d i n g  of s a f e t y  i s s u e s  may l ead  t o  problems. 

Env i ronmen ta l  test  condi t ' ions  may c a u s e  h a z a r d s  i f  the ce l l  is  n o t  
d e s i g n e d  t o  h a n d l e  t h e  r e q u i r e d  s h o c k  a n d  v i b r a t i o n  e x p e r i e n c e d  i n  space- 
f l i g h t .  An a d e q u a t e  sa fe  d e s i g n  s h o u l d  meet a l l  l a u n c h  r e q u i r e m e n t s .  L i -  
SOC12 c e l l s  a r e  c a p a b l e  o f  l o n g - t e r m  s to rage  o v e r  a w i d e  r a n g e  of tempera- 
t u r e s .  An u n u s u a l l y  h i g h  t e m p e r a t u r e  e x c u r s i o n  (>8OoC) d u r i n g  storage c o u l d  
a f fec t  pe r fo rmance  and may a l so  r e s u l t  i n  ven t ing .  

Abuse is p robab ly  t h e  most  p r e v a l e n t  Li -SOC12 ce l l  hazard. E l e c t r i -  
cal  abuse  t e s t i n g  i s  purpose ly  performed on ce l l s  t o  d e t e r m i n e  how t h e  c e l l  
w i l l  r e s p o n d  t o  a s h o r t  c i r c u i t ,  f o r c e d  o v e r - d i s c h a r g e ,  o r  charge. Test  
s e v e r i t y  i s  g e n e r a l l y  wel l  beyond  t h a t  s e e n  i n  a c t u a l  u s e  a n d  i s  u s e d  t o  
d e t e r m i n e  s a fe  o p e r a t i o n a l  e n v e l o p e s .  Abuse t e s t s  a re  p e r f o r m e d  m a i n l y  t o  
d e t e r m i n e  w h a t  w i l l  h a p p e n  when t h e  c e l l s  a r e  i n a d v e r t a n t l y  s u b j e c t e d  t o  
abuse.  Examples of unexpected abuse i n c l u d e  the  use  of these ce l l s  i n  equip-  
ment f o r  which c e l l s  of o the r  e l e c t r o c h e m i s t r i e s  (eg HgO/Zn) were d e s i g n e d  or  
d e f i c i e n c i e s  i n  t h e  e lec t r ica l  equipment  planned t h a t  p e r m i t  the  cel ls  t o  be  
r e v e r s e d ,  charged, or  shor ted .  

O t h e r  a b u s e  c o n d i t i o n s  a r e  m e c h a n i c a l  o r  p h y s i c a l  i n  n a t u r e  a n d  
i n c l u d e  c r u s h i n g ,  p u n c t u r i n g ,  o r  mishand l ing ,  s u c h  as  p l a c i n g  the cel ls  on a 
metal bench and/or  d r o p p i n g  a heavy p i e c e  of equipment  or  nail a c r o s s  t h e  c e l l  
t e r m i n a l s .  These c o n d i t i o n s  are u s u a l l y  b rough t  a b o u t  by u n t r a i n e d  p e r s o n n e l  
who are unaware of t h e  high energy  c o n t e n t  and s a f e t y  c o n c e r n  f o r  these cells. 
Disposal of these cells,  e s p e c i a l l y  i n  a discharged or  p a r t i a l l y  discharged 
c o n d i t i o n ,  r e q u i r e s  c a r e f u l ,  a1 though n o t  n e c e s s a r i l y  unusua l  handl ing .  

Many e x p l a n a t i o n s  have been o f f e r e d  t o  e x p l a i n  t h e  u n s a f e  b e h a v i o r  
of the  ce l l s  under  t h e  above o p e r a t i n g  and a b u s e  c o n d i t i o n s .  The e x p l a n a t i o n s  
f a l l  i n t o  two categories: 1 )  thermal mechanisms and 2) chemical mechanisms. 
However, i t  is q u i t e  d i f f i c u l t  t o  s e p a r a t e  t h e  effect  of each. The impact of 
b o t h  may be  r e s p o n s i b l e  f o r  c e l l  v e n t i n g  or e x p l o s i o n .  

The i n f l u e n c e  of these user - induced  a b u s e  p a r a m e t e r s  are d i s c u s s e d  
i n  d e t a i l  i n  t h i s  s e c t i o n  together w i t h  s u g g e s t e d  s o l u t i o n s .  
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5.1 NORMAL OPERATION 

A c e l l / b a t t e r y  may be  c o n s i d e r e d  f o r  u s e  o n l y  when i t  c a n  be  
o p e r a t e d  s a f e l y  u n d e r  a l l  n o r m a l  o p e r a t i n g  c o n d i  t i o n s / r e q u i r e m e n t s .  I n  
g e n e r a l ,  L i - S O C 1 2  c e l l s  perform s d f e l y  a t  low discharge rates. However, when 
t h e  ce l l s  are discharged a t  h i g h e r  r a t e s  t h a n  recommended by the  m a n u f a c t u r e r  

Cells a l s o  have e x h i b i t e d  abnormal  b e h a v i o r  when s u b j e c t e d  t o  e n v i r o n m e n t a l  
c o n d i t i o n s  (e.g., t e m p e r a t u r e ,  v i b r a t i o n ,  and shock) e x c e e d i n g  t h e i r  opera- 
t i o n a l  d e s i g n  c a p a b i l i t y .  The i n f l u e n c e  of v a r i o u s  normal  o p e r a t i o n a l  condi -  
t i o n s  ( e l e c t r i c a l  and  e n v i r o n m e n t a l )  o n  c e l l  s a f e t y  is  d i s c u s s e d  i n  subsec-  
t i o n s  5.1.1 a n d  5.1.2. 

t h e y  may v e n t  o r  e x p l o d e  d e p e n d i n g  o n  c e l l  d e s i g n  a n d / o r  d i s c h a r g e  ra te .  .t 

5.1.1 Electrical  

5.1.1.1 Discharge Rate. T h e  r a t e  o f  d i s c h a r g e  i s  a s i g n i f i c a n t  f a c t o r  i n  
t he  s a f e t y  of Li-SOC12 cells. It a l s o  p l a y s  an  i m p o r t a n t  pa r t  i n  pe r fo rmance  
a s  w e l l .  The discharge v o l t a g e  and ce l l  c a p a c i t y  decrease w i t h  a n  i n c r e a s e  i n  
t h e  d i s c h a r g e  r a t e l 9  ( F i g u r e  5-11. 

T h e  i n f l u e n c e  o f  t h e  d i s c h a r g e  r a t e  o n  s a f e t y  i s  g i v e n  i n  F i g u r e  
5-2. The d i s c h a r g e  r a t e  becomes a s a f e t y  f a c t o r  b e c a u s e  h e a t  i s  p r o d u c e d  
d u r i n g  discharge due t o  p o l a r i z a t i o n ;  t h u s ,  t h e  h i g h e r  t he  discharge c u r r e n t  
t h e  g rea t e r  t h e  q u a n t i t y  o f  h e a t  p r o d u c e d  i n  t h e  c e l l .  The g r e a t e r  t h e  
q u a n t i t y  of heat, t h e  more d i f f i c u l t  i t  is f o r  the heat t o  be t r a n s f e r r e d  away 
from t h e  e l ec t rode  s t a c k .  A t  low t o  moderate r a t e s  of d i scha rge  ( < C / l O ) ,  
c e l l s  a re  r e l a t i v e l y  s a f e  b e c a u s e  t h e  r a t e  i s  low e n o u g h  t o  a l l o w  t h e  hea t  
g e n e r a t e d  by t h e  e x o t h e r m i c  r e a c t i o n s  t o  b e  absorbed  o r  t r a n s f e r r e d  t o  t h e  
s u r r o u n d i n g s  w i t h  l i t t l e  t e m p e r a t u r e  i n c r e a s e  i n  t h e  c e l l  o r  its components. 
A t  d i s c h a r g e  r a t e s  a b o v e  t h e  C/3 ra te ,  c e l l s  u n d e r g o  p h y s i c a l  d e f o r m a t i o n ,  
v e n t  t o x i c  gases ,  and /o r  exp lode  v i o l e n t l y  under  c e r t a i n  cond i t ions .20  A D- 
s ize  c e l l  (10-15 Ah c a p a c i t y )  o f  j e l l y r o l l  c o n f i g u r a , i o n ,  when d i s c h a r g e d  a t  
1 0  amps ( C  r a t e ) ,  e x p l o d e s  a f t e r  2 8  m i n u t e s . 2 0  A c e l l  s h o r t  c a n  c a u s e  t h e  
most s e v e r e  s a f e t y  problem (see s u b s e c t i o n  5.2.1.1). 

Many e x p l a n a t i o n s  h a v e  b e e n  o f f e red  t o  a c c o u n t  f o r  v e n t i n g  a n d  
e x p l o s i o n  of  t h e  c e l l s  d u r i n g  d i scha rge .  They  may be c l a s s i f i e d  i n t o  t h r e e  
ca t egor i e s :  1 )  o v e r p r e s s u r i z a t i o n ,  2 )  thermal  r u n a w a y ,  a n d  3)  h a z a r d o u s  
i n t e r m e d i a t e s  fo rma t ion .  These categories are d i s c u s s e d  below i n  d e t a i l .  

1 )  O v e r p r e s s u r i z a t i o n .  The p o s s i b i l i t y  of v e n t i n g  of t h e  c e l l s  
due t o  o v e r p r e s s u r i z a t i o n  was examined i n  detai1.21,22 Many s o u r c e s  of gas 
may c o n t r i b u t e  to t h e  i n c r e a s e  i n  p r e s s u r e  i n  L i - S O C 1 2  cells .  Sources  i n c l u d e  
( a )  SO2 e v o l v e d  d u r i n g  d i scha rge ,  ( b )  SOC12 v a p o r ,  ( c )  gases  t r a p p e d  by  
a b s o r p t i o n  i n  t he  ca rbon  electrode and released a s  i n s o l u b l e  discharge pro- 
d u c t s  are d e p o s i t e d ,  (d )  N2 released from t h e  l i t h i u m  anode  d u r i n g  discharge, 
( e )  h y d r o g e n  p r o d u c e d  f r o m  t h e  r e d u c t i o n  of h y d r o l y s i s  p r o d u c t s  a n d  o t h e r  
p r o t i c  species, and ( f )  g a s e o u s  p r o d u c t s  created by the  r e a c t i o n s  ca rbon  and 
s u l f u r  and ca rbon  and SO2. Among t h e  p o s s i b l e  gas g e n e r a t i o n  mechanisms o f  
P r e s s u r i z a t i o n ,  t h e  e l e c  t rochemica1 g e n e r a t i o n  of SO2 o n  d i s c h a r g e  a n d  t h e  
i n c r e a s e  i n  S O C 1 2  v a p o r  p r e s s u r e  p l a y  major  r o l e s  i n  p r e s s u r e  b u i l d u p .  The  
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p r e s s u r e  b u i l d - u p  i n  t h e  c e l l s  i s  m i n i m a l  a t  low t o  moderate ra tes  of d i s -  
charge. H e a t i n g  of t h e  c e l l  w h e t h e r  by  h i g h  r a t e s  o f  d i s c h a r g e  o r  by  a n  
e x t e r n a l  heat s o u r c e  or ad iaba t ic  c o n d i t i o n  a l so  r e d u c e s  SO2 s o l u b i l i t y  i n  t h e  
e l e c t r o l y t e  a n d  f u r t h e r  i n c r e a s e s  i n t e r n a l  p r e s s u r e .  I n  s u c h  a n  e v e n t ,  t h e  
i n c r e a s e d  c e l l  i n t e r n a l  p r e s s u r e  leads t o  i n t e r n a l  stress of t h e  case, cove r ,  
a n d  sea l ;  t h u s  some d e f o r m a t i o n  o f  t h e  c e l l  case i s  p o s s i b l e .  If t h e r e  i s  a 
b u i l t - i n  v e n t ,  i t  c a n  be  a c t i v a t e d  a s  t h e  p r e s s u r e  g e t s  beyond  i t s  d e s i g n  
l i m i t .  Wi thout  t h e  v e n t  release mechanism i n  t h e  case o r  seal ,  t h e  p r e s s u r e  
can  be r e l i e v e d  o n l y  by h igh -p res su re  v e n t i n g  th rough  the  weakest p o i n t s  i n  
t h e  we ld  o r  seal. 

2)  Thermal  Runawav. Thermal runaway may o c c u r  when a n  e x c e s s i v e l y  
h igh  discharge rate c a u s e s  a large q u a n t i t y  o f  i n t e r n a l  heat t o  be g e n e r a t e d  
i n  t h e  c e l l  a n d  t h e  c e l l  is u n a b l e  t o  d i s s i p a t e  t h e  hea t  t o  t h e  s u r r o u n d i n g s  
f a s t  enough. The t e m p e r a t u r e  b u i l d u p  may i n i t i a t e  exothermic r e a c t i o n s  t h a t  
would n o t  no rma l ly  occur .  These new exothermic r e a c t i o n s  add a s i g n i f i c a n t  
q u a n t i t y  of  hea t  t o  t h e  s y s t e m  i n  a d d i t i o n  t o  hea t  p r o d u c e d  by  n o r m a l  d i s -  
charge r e a c t i o n s .  The  new p r o d u c t s  formed a n d  t h e  h i g h e r  t e m p e r a t u r e  may 
r e s u l t  i n  u n s a f e  c o n d i t i o n s .  A s  a minimum,  t h e  c e l l  w i l l  v e n t  i t s  p r o d u c t s  
t h r o u g h  t h e  w e l d s  o r  seal. Under  e x t r e m e  c o n d i t i o n s  (e.g., c e l l  s h o r t )  t h e  
t e m p e r a t u r e  of  t h e  r e a c t i o n  may i n c r e a s e  a t  a v e r y  h i g h  ra te ,  p r o d u c i n g  a 
s i t u a t i o n  t h a t  may be v i o l e n t  enough t o  r e s u l t  i n  a n  e x p l o s i o n ,  p o s s i b l y  w i t h  
f i re .  

Heat g e n e r a t i o n  a t  v a r i o u s  discharge rates was examined theoretical-  
l y  b y  N. M a r i n c i c  e t  a l . ,23 H.A. F r a n k , 2 4 a  a n d  Young I. Cho e t  a l .24b  i n  
detail .  N. M a r i n c i c  c a l c u l a t e d  t h a t  a D-size ce l l  would e x p l o d e  i n  2 3  m i n u t e s  
i f  i t  were discharged a t  10 amps. I n  p r a c t i c e  i t  was found t o  e x p l o d e  af ter  
2 8  minutes20.  H.A. F rank  r e p o r t e d  t h a t  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  heat was 
s l i g h t l y  g r e a t e r  t h a n  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  h e a t  ( F i g u r e  5-3). The  
d i f f e r e n c e  be tween t h e  two was a t t r i b u t e d  t o  heat from t h e  chemical r e a c t i o n s .  
An empi r i ca l  f o r m u l a  was u s e d  t o  c a l c u l a t e  h e a t  e v o l v e d  d u r i n g  n o r m a l  d i s -  
charge : 

Q = I (3 .7  - E.oP) 

I n  t h i s  e q u a t i o n ,  Q is t h e  heat o u t p u t  i n  watts,  I is t h e  o p e r a t i n g  
c u r r e n t  i n  amps, and E.op is the  o p e r a t i n g  v o l t a g e .  

The  r e s u l t s  of t h e  s t u d i e s  i n d i c a t e  t h a t  t e m p e r a t u r e s  h i g h e r  t h a n  
18OoC may r e s u l t  if t h e  c e l l s  a r e  d i s c h a r g e d  a t  r a t e s  h i g h e r  t h a n  C / 3  u n d e r  
ad iaba t ic  condi t ions .24  A t  low t o  modera te  discharge rates ( < C / l O ) ,  c e l l s  may 
reach 8OoC a t  t h e  end of discharge at  room tempera tu re .  

Young I. Cho e t  al.24b i n v e s t i g a t e d  the  heat flow p a t h s  i n  c y l i n d r i -  
c a l  D-size, s p i r a l l y  wound L i - S 0 C l 2  c e l l s .  The  s t u d i e s  i n d i c a t e  t h a t  8 9  
p e r c e n t  of t h e  heat flows n o r m a l l y  t o  the  e l e c t r o d e s ,  s e p a r a t o r ,  and s i d e  wal l  
case can .  The  r e m a i n i n g  11  percent of t h e  hea t  f l o w s  a x i a l l y  t o  t h e  e lec-  
t rodes  and a r r i v e s  a t  t h e  bot tom wall o f  the  cell.  Tabs have  a h igh  t h e r m a l  
r e s i s t a n c e ,  and heat flow through them is not  p o s s i b l e .  
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The wall s t r u c t u r e s  and f i n i s h e s  of  t he  ce l l  have been i d e n t i f i e d  as 
i m p o r t a n t  f a c t o r s  i n  h e a t  d i s s i p a t i o n .  It  h a s  a l s o  b e e n  d e m o n s t r a t e d  t h a t  
thermal  r e s i s t a n c e s  may be used t o  estimate t h e  maximum a l l o w a b l e  heat genera-  
t i o n  w i t h i n  t h e  c e l l ,  w h i c h  i s  found  t o  b e  2.8 w ;  i.e., C/2.2 d i scharge  r a t e  
f o r  a D-size, s p i r a l l y  wound cell. 

R e a c t i o n s  t h a t  c o u l d  lead  t o  thermal  r u n a w a y  o f  t h e  c e l l s  wer 
2 8  e x a m i n e d  i n  d e t a i l  by A.N. Dey,25 D.L. Chua e t  a1.,26 a n d  S. D a l l e k  e t  a l .  

by DTA/DSC methods. Major conc lus ions  from these s t u d i e s  were t h a t :  

( 1 )  None of  t he  materials ( L i ,  SOCl2, and L i A l C l h ) ,  either by them- 
s e l v e s  o r  i n  combina t ion  w i t h  any of t h e  o t h e r s ,  e x h i b i t  exo the rms  
below 335OC. The Li-SOC1 - L i A l C l  m i x t u r e  is  r e a c t i v e  ove r  a w i d e  
r a n g e  o f  t e m p e r a t u r e s ,  w e l l  a b o v e  t h e  m e l t i n g  p o i n t  o f  L i  
( 1  80.54OC)". 

( 2 )  No e x o t h e r m i c  r e a c t i o n  c a n  t a k e  p l a c e  be tween  L i  and  S i n  t h e  
p r e s e n c e  o f  S O C l 2  a t  t e m p e r a t u r e s  b e l o w  395OC. However ,  i n  t h e  
absence  of  S 0 C l 2 ,  L i  r e a c t s  e x o t h e r m i c a l l y  w i t h  S a t  a p p r o x i m a t e l y  
17OoC. 

( 3 )  No low- t e m p e r a t u r e  e x o t h e r m s  were o b s e r v e d  between starting 
ma te r i a l s  ( L i ,  S O C l 2 ,  and  L i A l C 1 4 )  and  o t h e r  s u s p e c t e d  p r o d u c t s  

L i th ium f o r m s  exo the rmic  c o u p l e s  w i t h  t h e  c a t h o d e  mix and glass 

Li2SO4, S02, C12, and L i C 1 ) .  

( 4 )  
a t  h igh  t e m p e r a t u r e s  of 429OC and 587OC, r e s p e c t i v e l y .  

( 5 )  L i t h i u m  n i t r i d e  and  L i 2 S  were f o u n d  t o  h a v e  e x o t h e r m i c  
r e a c t i o n s  w i t h  SOC12 but  a t  a temperature w e l l  o v e r  30OoC. 

( 6 )  The p r e s e n c e  o f  c a r b o n  b l a c k  c o n v e r t s  t h e  i n e r t  Li-SOC12- 
L i A l C l 4  m i x t u r e  i n t o  one that  is  h ighly  r e a c t i v e .  T h i s  combina t ion  
o f  materials was found t o  e x h i b i t  exo the rms  a t  t e m p e r a t u r e s  as  low 
a s  4OoC-5O0C. T h i s  i s  u n d e r s t a n d a b l e  i f  o n e  assumes t h a t  a l o c a l  
r e a c t i v e  c e l l  i s  f o r m e d  t h a t  a c t i v a t e s  t h e  L i  and  SOC12 r e a c t i o n .  
C a r b o n ' s  f u n c t i o n  i s  t o  p r o v i d e  a c a t a l y t i c a l l y  a c t i v e  surface a t  
which S0Cl2 can  be reduced.  

( 7 )  E x o t h e r m i c  t e m p e r a t u r e s  and  magn i tudes  of  h e a t  produced were 
comparable  f o r  p u r e  L i  and some L i  a l l o y s .  

It shou ld  be noted  tha t  the r e a c t i v e  mass r a t i o s  and t h e  heat t r a n s -  
f e r  c o n d i t i o n s  i n  t h e  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s / d i f f e r e n t i a l  s c a n n i n g  
c a l i m e t r y  (DTA/DSC) e x p e r i m e n t s  d i f f e r  w i d e l y  from t h o s e  o b t a i n i n g  i n  a c t u a l  
cells. T h e r e f o r e ,  these c o n c l u s i o n s  do n o t  n e c e s s a r i l y  r e f l e c t  a c t u a l  c e l l  
behav io r .  

*Handbook o f  Chemistry and Phys ic s  64th E d i t i o n .  
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There  is a b e l i e f  t h a t  a t  a t e m p e r a t u r e  of a b o u t  112OC, l i t h i u m  
reacts v i o l e n t l y  w i t h  the s u l f u r  formed on discharge. These s t u d i e s  c l e a r l y  
c o n t r a d i c t  t h i s  bel ief .  Apparent ly  t h e  l i q u i d  S O C l  m a i n t a i n s  a f i l m  on  L i  
t h a t  i n h i b i t s  the r e a c t i o n .  
are safer than  e l e c t r o l y  t e - s t a r v e d  cells .  

From t h i s  i t  c a n  be i n  3 erred t h a t  f l ooded  c e l l s  

M o l t e n  l i t h i u m  a l s o  may reac t  w i t h  S0Cl2,  w h i c h  may l ead  t o  a 
haza rdous  c o n d i t i o n  (when there  is i n a d e q u a t e  thermal  d i s s i p a t i o n ) .  T h e r e -  
fore,  w i t h  a p r o p e r l y  d e s i g n e d  and used c e l l  ( a d e q u a t e  e l e c t r o l y t e  and thermal 
d i s s i p a t i o n ) ,  thermal runaway can  be  avoided.  Thermal s t u d i e s  conducted  on  a 
f u l l y  d i s c h a r g e d  c e l l 9  compared t o  a f r e s h  c e l l  i n d i c a t e d  e x o t h e r m i c  peaks a t  
92OC, l O 3 O C ,  and 148OC. When the e x p e r i m e n t  was repeated on  t h e  same ce l l ,  no 
s u c h  p e a k s  were o b s e r v e d .  No e x p l a n a t i o n  h a s  b e e n  o f f e r e d  f o r  t h e  o b s e r v e d  
e x o t h e r m s  i n  t h e  first study.  Some of these e x o t h e r m s  may be due  t o  a reac- 
t i o n  be tween l i t h i u m  and su lphur .  

3) Hazardous I n t e r m e d i a t e s .  The u n s a f e  b e h a v i o r  of L i - S O C 1  c e l l s  
d u r i n g  d i scharge  i s  a l s o  b e l i e v e d  t o  be  d u e  t o  t h e  p r o d u c t i o n  o f  a n d  t h e  
v i o l e n t  decompos i t ion  o f  i n t e r m e d i a t e s  formed. The c o n c e n t r a t i o n  of metast- 
able  compounds can i n c r e a s e  t o  a p o i n t  t h a t  t h e i r  d e c o m p o s i t i o n  c a u s e s  v e n t i n g  
o r  a n  e x p l o s i o n  o r  produces  s u f f i c i e n t  heat t o  t r igger  e x o t h e r m i c  r e a c t i o n s .  
Detailed r e s e a r c h  h a s  been  unde r t aken  by many R&D groups ,  e spec ia l ly  a t  JPL, 
t o  d e t e r m i n e  t h e  role  of i n t e r m e d i a t e s  i n  t h e  s a f e t y  of these cells.13'16,28' 
33 S e v e r a l  i n t e r m e d i a t e s  were p o s t u l a t e d  i n  t h e  r e d u c t i o n  of S0Cl2 such  as  
so, (SO),, S20, S2C12, SC12 O C l S  a n d  ( O C 1 S ) z  and  Li202.  Among t h e s e  i n t e r -  
media tes ,  o n l y  SO, (SO), ,  Li202, O C l S ,  a n d  (0C1S)2 were s u g g e s t e d  t o  pose 
hazards .  No f i r m  e v i d e n c e  e x i s t s  fo r  t h e  p re sence  of S O  and (SO)*, and hence  
t h e i r  r o l e  i n  d e t e r m i n i n g  t h e  c e l l  s a f e t y  i s  q ~ e s t i o n a b l e . 3 ~  A d d i t i o n a l  
research is r e q u i r e d  t o  c o n f i r m  o r  r e f u t e  t h e  e x i s t e n c e  of L i202 .  

The p r e s e n c e  o f  O C l S  was r e p o r t e d  based on ESR s tud ie s .16 ,31  T h i s  
compound could be a haza rdous  i n t e r m e d i a t e ,  by ana logy  w i t h  t h e  c h e m i s t r y  of 
C102, i f  p r e s e n t  i n  s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o r A .  However ,  t h e  l a c k  of  
d e l a y  i n  t h e  f o r m a t i o n  of SO2 o b s e r v e d  by I s o t o n e  a n d  B r 0 d d 3 ~  a n d  t h e  re la-  
t i v e l y  s h o r t  l i fe t ime of O C l S  and ( O C l S ) 2  s u g g e s t s  t h a t  the  c o n c e n t r a t i o n  of 
O C l S  n e v e r  g e t s  h i g h  a t  25-3OoC. Hence  O C l S  may n o t  be a p r o b l e m  f o r  d i s -  
charges i n  t h i s  t e m p e r a t u r e  range. F u r t h e r  work is needed t o  d e t e r m i n e  t h e  
t h e  r o l e  of  these i n t e r m e d i a t e s  i n  t h e  s a f e t y  of L i - S 0 C l 2  cells .  

SURReSted Improvements. From the  above  d i s c u s s i o n s  i t  is  clear  t h a t  
the  s a f e t y  problems caused  by t h e  u n d e s i r a b l e  r e a c t i o n s  and p r e s s u r e  b u i l d u p  
d u r i n g  discharge are due m a i n l y  t o  e x c e s s i v e  heat g e n e r a t i o n  w i t h i n  the  ce l l  
coup led  w i t h  i n e f f i c i e n t  heat t r a n s f e r  from the  ce l l  because  of poor  t h e r m a l  
d e s i g n .  The h i g h e r  t h e  d i scharge  r a t e ,  t h e  g rea t e r  t h e  c o n c e r n  f o r  c e l l  
s a f e t y  ( F i g u r e  5-2). Hence any approach  t h a t  c a n  r educe  c e l l  p o l a r i z a t i o n  and 
e x o t h e r m i c  r e a c t i o n s  d u r i n g  d i scha rge  a n d  p e r m i t  e f f e c t i v e  hea t  t r a n s f e r  
s h o u l d  r e s u l t  i n  e n h a n c e m e n t  of c e l l  s a f e t y  and  p e r f o r m a n c e .  Even  t h o u g h  
c o n s i d e r a b l e  research has  been done  i n  d e t e r m i n i n g  t h e  ro l e  of i n t e r m e d i a t e s  
on  c e l l  s a f e t y ,  a c o m p l e t e  u n d e r s t a n d i n g  has  n o t  y e t  f u l l y  emerged. C l e a r l y  
more work i s  needed t o  f u l l y  unde r s t and  the  effect  of the  i n t e r m e d i a t e s  on t h e  
s a f e t y  o f  Li-S0Cl2 cells. 
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The v a r i o u s  approaches  t ha t  have been r e p o r t e d  i n  t h e  l i t e r a t u r e  t o  
min imize  s a f e t y  problems i n c l u d e :  

( 1 )  U s i n g  m u l t i p l e  t a b s  on t h e  e l e c t r o d e s  t o  m i n i m i z e  u n e v e n  
c u r r e n t  d i s t r i b u t i o n .  7 , 3 4  

(2)  Using h i g h - 3 u r i t y  materials and e n s u r e  t h a t  L i  is no t  contami-  
na t ed  w i t h  Li3N.  

(3 )  Equipping  h igh- ra te  ce l l s  w i t h  f ses (thermal, i f  p o s s i b l e )  t o  

7 

l i m i t  t h e  c u r r e n t  t o  a s a f e  va lue .  3593t 

(4)  Equipping  ce l l s  w i t h  a mechan ica l  ven t  t o  p e r m i t  t h e  e scape  of  
g a s e s / e l e c t r o l y t e  i n  t h e  e v e n t  o f  o v e r p r e s s u r i z a t i o n  o f  t h e  
ce11.37938 ( T h i s  depends on whether  t h e  a p p l i c a t i o n  w i l l  a l l o w  t h e  
release o f  gas t o  the environment.)  

(5) Reducing t h e  ra te  c a p a b i l i t y  of  t h e  ce l l s  by r e d u c i n g  t h e  s u r -  
face area of  t h e  electrodes. 39 

( 6 )  U s i n g  excess electrolyte t o  s u s t a i n  conduct  v i t y  u n t i l  t h e  end 
o f  discharge and p r e f e r a b l y  even  d u r i n g  r e v e r s a l .  

(7 )  

l o  

Using e l e c t r o l y t e s  w i t h  improved conduct iv i ty .41  

( 8 )  Des igning  ce l l s  t a k i n g  i n t o  c o n s i d e r a t i o n  a l l  t h e r m a l  parame- 
t er s .42 

(9) 
atmosphere.  

K e e p i n 6  t h e  e l e c t r o l y t e  and  o t h e r  c e l l  p a r t s  f ree  from t h e  

To t h e  e x t e n t  t o  which they  have been a p p l i e d  t o  date, these approaches  have 
r e s u l t e d  o n l y  i n  m a r g i n a l  enhancement of the  s a f e t y  o f  Li-SOC12 cells. Use of 
excess e l e c t r o l y t e  w i l l  r e d u c e  heat g e n e r a t i o n  a t  t h e  e n d  of d i scharge  a n d  
d u r i n g  r e v e r s a l .  More w o r k  i s  needed  t o  i m p r o v e  t h e  c o n d u c t i v i t y  of t h e  
e l e c t r o l y t e .  Even though t h e  impor tance  of h e a t  management i n  t h e  ce l l  d e s i g n  
has been r ecogn ized ,  e f f e c t i v e  s o l u t i o n s  have  y e t  t o  be implemented  i n  t h e s e  
n e u t r a l  e l e c t r o l y t e  cells .  

5.1.1.2 Du tv  Cycle.  The  d u t y  c y c l e  a l s o  may a f f e c t  c e l l  s a f e t y .  F o r  t h e  
m o s t  p a r t ,  i f  t h e r e  i s  a h i g h - c u r r e n t  d i scha rge  r e q u i r e m e n t ,  a p u l s e  r a t h e r  
t h a n  con t inuous  discharge w i l l  minimize the  t e m p e r a t u r e  l e v e l .  The rest time 
w i l l  a l l o w  t h e  hea t  t o  be r a d i a t e d  o r  c o n d u c t e d  a w a y  f r o m  t h e  c e l l .  The 
greater t h e  p e r c e n t a g e  of time t h e  load  is  o f f ,  t h e  greater t h e  time f o r  t h e  
h e a t  t o  d i s s i p a t e .  The re fo re ,  i n t e r r u p t i o n  o f  the  l o a d  c a n  improve  s a f e t y .  
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5.1.2 Env i ronmen t  

Temperature ,  v i b r a t i o n ,  shock,  and vacuum are e n v i r o n m e n t a l  condi -  
t i o n s  t h a t  may affect s a f e t y  and per formance  of Li -SOC12 cells. These condi-  
t i o n s  are d i s c u s s e d  below. 

5.1.2.1 TemDerature. Tempera ture  has a c o n s i d e r a b l e  effect  on t h e  discharge 
per formance ,  storage p r o p e r t i e s ,  and s a f e t y  o f  Li-SOC12 cells. Cell c a p a c i t y  
discharge v o l t a g e  and rate c a p a b i l i t y  decrease as t h e  t e m p e r a t u r e  is  lowered43 
( F i g u r e  5-4) .  A t  t e m p e r a t u r e s  l o w e r  t h a n  -2OoC, c e l l  c a p a c i t y  f a l l s  q u i t e  
r a p i d l y .  The c u t - o f f  t e m p e r a t u r e  i s  r e p o r t e d  t o  be  b e t w e e n  -70°C a n d  - 8 O O C  
where the  cell l o s e s  i ts e l e c t r o c h e m i c a l  per formance  t o t a l l y . 4 4  B.J. Carter 
et al. r e p o r t e d 1 6 ~ 3 1  t h a t  OClS might form i n  s u f f i c i e n t l y  h igh  c o n c e n t r a t i o n s  
a t  l o w e r  t e m p e r a t u r e s ,  a n d  i n  v i e w  of t h i s  t h e y  h a v e  e x p r e s s e d  c o n c e r n  
r e g a r d i n g  the  safe  o p e r a t i o n  o f  ce l l s  a t  v e r y  low t e m p e r a t u r e s .  An ove rv iew 
of the  i n f l u e n c e  of t e m p e r a t u r e  on ce l l  s a f e t y  is  g i v e n  i n  F i g u r e  5-5. 

Explos ions  a t  e l e v a t e d  temperatures are b e l i e v e d  t o  be due t o  s i m p l e  
p r e s s u r i z a t i o n 2 1  or t h e r m a l  runaway.25 926 927 These were d i s c u s s e d  i n  subsec-  
t i o n  5.1.1, as i n f l u e n c e d  by the  discharge rate. GTE r e p o r t e d  t h a t  t h e  pres -  
s u r e  of a s e a l e d  fresh ce l l  i n c r e a s e d  f rom 14 t o  28 p s i  as t h e  t e m p e r a t u r e  was 
r a i s e d  f r o m  25OC t o  70°C.21 By c a l c u l a t i o n ,  i t  h a s  b e e n  shown  t h a t  a p p r e -  
ciable p r e s s u r e  can  r e s u l t  i n  d i scharged  c e l l s  t h a t  are a t  ambien t  t o  moderate 
t e m p e r a t u r e s  (25OC t o  8OoC). I n  a d d i t i o n  t o  t h e  decreased s o l u b i l i t y  of  SO2 
and t h e  i n c r e a s e  i n  vapor  p r e s s u r e  o f  S O C l  v e r y  h i g h  P r e s s u r e s  may r e s u l t  i n  
discharged cel ls  a t  t e m p e r a t u r e s  between 8A°C t o  18OoC. The r e a c t i o n  between 
s u l f u r  and t h i o n y l  c h l o r i d e  may be r e s p o n s i b l e  f o r  p r e s s u r e  bui ld-up  a t  tem- 
p e r a t u r e s  o f  13OoC a n d  a b o v e  i n  p a r t i a l l y  or  f u l l y  d i s c h a r g e d  ce l l s .  A t  
18OoC, t h e  m e l t i n g  p o i n t  of l i t h i u m ,  t h e  t o t a l  p r e s s u r e  w i t h i n  t h e  c e l l  i s  
estimated t o  be  greater t h a n  200 ps i .  The c y l i n d r i c a l  c e l l  c o n f i g u r a t i o n  now 
i n  use  i s  a b l e  t o  s u r v i v e  h i g h e r  p r e s s u r e s  w i t h o u t  r u p t u r i n g .  

Thermal runaway may occur  i n  p a r t i a l l y  and f u l l y  d i scharged  ce l l s  
hav ing  l i m i t e d  e l e c t r o l y t e .  Exothermic  r e a c t i o n s  may take place between L i  
a n d  s ~ l f u r ~ ~ , * 3  i n  c e l l s  u n d e r  these c o n d i t i o n s .  I n  f l o o d e d  c e l l s  a t  tem- 
p e r a t u r e s  above 1 8Ooc, l i t h i u m  m y melt and react w i t h  SOC12 Over t h e  c a r b o n  
e l e c t r o d e  s u r f a c e  o r  d i r e c t l y . 2 $  T h e s e  e x o t h e r m i c  r e a c t i o n s  may i n i t i a t e  
t h e r m a l  runaway of the cell.  

I n  summary, a t  h i g h  t e m p e r a t u r e s  and h i g h  rates, gas expans ion  and 
p r e s s u r e  i n c r e a s e  a r e  p o s s i b l e ,  a n d  o n l y  a w e l l - d e s i g n e d  a n d  s t r u c t u r a l l y  
s o u n d  c e l l  may a v o i d  v e n t i n g .  A t  t e m p e r a t u r e s  of a b o u t  12OoC, S i n  t h e  
e l e c t r o l y t e  may react  w i t h  SOC12 t o  form SO2 a n d  S2C12, w h i c h  may f u r t h e r  
i n c r e a s e  c e l l  p re s su re .  More v i o l e n t  v e n t i n g  may a l s o  be expec ted  under  t h i s  
c o n d i t i o n ,  and a t  i n t e r n a l  t e m p e r a t u r e s  well above 12OoC, ce l l s  may exp lode ,  
p a r t i c u l a r l y  i f  c e l l  i n t e r n a l  t e m p e r a t u r e  exceeds 18OOC. 

SuRnested Improvements.  To min imize  the  haza rdous  b e h a v i o r  o f  L i -  
soc12 ce l l s ,  the f o l l o w i n g  recommendat ions  have been s u g g e s t e d  i n  t he  l i tera- 
t ure : 
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F i g u r e  5-5. I n f l u e n c e  of Temperature  on  Li-SOC12 Cell S a f e t y  
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( 1 )  Operate o r  store t h e  ce l l s  below 80OC.  

(2) Prov ide  s u i t a b l e  and re l iable  v e n t  mechanisms.37,38 

( 3 )  Equip the  cel ls  w i t h  glass/metal or glass/ceramic seals. 

5.1.2.2 V i b r a t i o n  a n d  s h o c k .  B a t t e r i e s  i n  g e n e r a l  are s e n s i t i v e  t o  v i b r a -  
t i o n  and shock. These env i ronmen t s  may c a u s e  cracks i n  t h e  e l e c t r o d e s ,  wh ich  
a r e  p o r o u s  a n d  b r i t t l e ,  and  t h i s  may r e s u l t  i n  c e l l  s h o r t i n g .  The  t a b s  may 
a l s o  break due t o  these f a c t o r s ,  and i n  such  cases the c e l l s  may become open 
c i r c u i t e d .  The p a s s i v e  f i l m  p r e s e n t  on t h e  L i  electrode may also d i s i n t e g r a t e  
i f  t h e  ce l l s  are s u b j e c t e d  t o  v e r y  high shock  o r  impact loads. 

A g r ea t  dea l  of work  h a s  b e e n  d o n e  t o  s t u d y  t h e  e f f e c t  o f  these 
e n v i r o n m e n t s  o n  the s a f e t y  o f  Li-S0Cl2 c e l l ~ . ~ s - ~ ~  F r e s h  or  p a r t i a l l y  d i s -  
charged ce l l s  have  been r e p o r t e d  t o  w i t h s t a n d  these env i ronmen t s  w i t h o u t  any 
hazard. N. M a r i n c i c  and  F. Goebe145 s u b j e c t e d  p a r t i a l l y  d i s c h a r g e d  c e l l s  
( 1 0 , 0 0 0  Ah) t o  1 0 0  g. s h o c k s  a l o n g  e a c h  o f  3 axes and  v i b r a t i o n s  of 5 Hz-2000 
Hz f r e q u e n c i e s  a t  a peak  of 2 g. w i t h o u t  a n y  i n c i d e n t .  K.F. G a r o u t t e  a n d  D.L. 
Chua46 s u b j e c t e d  t w o  1 6 , 5 0 0  Ah c e l l s  t o  d r o p  tes ts  w i t h o u t  a n y  s i g n i f i c a n t  
hazard. M. Babai47 s u b j e c t e d  AA, C, and D c e l l s  t o  e x t e n s i v e  e n v i r o n m e n t a l  
tes ts  a c c o r d i n g  t o  MIL-STD-810C. J. E p s t e i n  a n d  N. M a r i n c i ~ ~ ~  r e p o r t e d  a n  
i n c i d e n t  of e x p l o s i o n  o f  l o w - r a t e  type  L i - S 0 C l 2  cells  on impact. They a t t r i -  
b u t e d  t h i s  t o  a m a n u f a c t u r i n g  d e f e c t .  However ,  t h e  o b s e r v a t i o n  has t h e  f a r  
r e a c h i n g  i m p l i c a t i o n  t h a t  i m p r o p e r l y  c o n s t r u c t e d  o r  d e s i g n e d  c e l l s  may be  
e x p l o s i o n  prone under  the stress of high v i b r a t i o n ,  shock,  and impact. F u l l y  
discharged cells  and batteries that  have undergone r e v e r s a l  are r e p o r t e d  t o  be 
shock s e n s i t i v e . 7  

It is a l s o  possible t h a t  shock and v i b r a t i o n  affect  the  i n t e g r i t y  o f  
t h e  glass/metal  seal ,  e i t h e r  by  s e p a r a t i o n  from t h e  t e r m i n a l  o r  case o r  
c r a c k i n g  t h e  glass d i r e c t l y .  Either c o n d i t i o n  a l l o w s  gas leakage and electro- 
l y t e  leakage .  Hence, t h e  cell and its components must  be des igned  t o  meet t h e  
r e q u i r e d  l e v e l s  of e n v i r o n m e n t a l  t e s t i n g .  F u r t h e r ,  w i t h o u t  a sa fe  d e s i g n ,  
c e l l  hazards can  occur .  

5.1.2.3 Vacuum. Not much work has been r e p o r t e d  on t h e  s a f e t y  e v a l u a t i o n  of 
c e l l s  u n d e r  a vacuum. However ,  c e l l s  w i t h  c r i m p  s ea l s  are t h o u g h t  t o  be  
u n s u i t a b l e  for  o p e r a t i o n  under  a vacuum. S e c u r i n g  t h e  case cove r  by t u n g s t e n /  
i n e r t  gas (TIG)  w e l d i n g  o r  o t h e r  means i s  t h e  recommended method, and t h e  u s e  
of re l iable  glass/metal seals  is requi red .  

A vacuum envi ronment  may affect  h e a t  management of  c e l l s  and bat- 
teries. Heat removal  is more d i f f i c u l t  i n  a vacuum; and, therefore, greater 
p r o v i s i o n s  h a v e  t o  b e  made t o  c o n d u c t  h e a t  away  from c e l l s  o p e r a t i n g  i n  a 
vacuum. 
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5.2 ABUSE 

The v a r i o u s  a b u s e s  t h a t  a c e l l l b a t t e r y  may u n d e r g o  a r e  c l a s s i f i e d  
b r o a d l y  i n t o  three c a t e g o r i e s :  1 )  e lec t r ica l ,  2) mechan ica l ,  and 3) thermal .  
S h o r t  c i r c u i t ,  f o r c e d  o v e r - d i s c h a r g e  ( r e v e r s a l ) ,  a n d  c h a r g i n g  a r e  t h e  m a i n  
examples  of e l e c t r i c a l  abuse.  M e c h a n i c a l / p h y s i c a l  a b u s e  c o n s i s t s  of c r u s h i n g ,  
p u n c t u r i n g ,  and p i e r c i n g .  S u b j e c t i n g  t h e  ce l l s  t o  f i r e / i n c i n e r a t i o n  is  con- 
s i d e r e d  thermal abuse. These are shown i n  F i g u r e  4-1. 

Abuses may be  i n a d v e r t e n t  o r  d e l i b e r a t e .  A l l  of t h e  former  may 
o c c u r  because of a lack of knowledge o f  equipment  d e s i g n ,  l ack  of t r a i n i n g  on 
t h e  par t  of t h e  u s e r ,  poor e l ec t r i ca l  o r  mechan ica l  d e s i g n  i n  t h e  e l e c t r o n i c  
c o m p o n e n t s  o r  e q u i p m e n t  w i t h  w h i c h  i t  i s  a s s o c i a t e d ,  o r  i n c o n s i s t e n c i e s /  
d e f i c i e n c i e s  of  the ce l l  and /o r  b a t t e r y  performance.  

Deliberate a b u s e s  are those t h a t  m a n u f a c t u r e r s  and u s e r s  have g i v e n  
t h e  c e l l s  i n  o r d e r  t o  e v a l u a t e  t h e i r  s a f e t y .  T h e s e  a r e  t h e  same t y p e  of 
a c t i v i t i e s  descr ibed above  e x c e p t  t h a t  t h e y  are per formed t o  l e a r n  t h e  s a f e t y  
l i m i t s  of t h e  c e l l s .  T h i s  i n f o r m a t i o n  i s  u s e f u l  i n  i m p r o v i n g  c e l l  d e s i g n ,  
b a t t e r y  des ign ,  o r  e l e c t r o n i c  equipment .  However, t h i s  t y p e  of a b u s i v e  tes t -  
i n g  s h o u l d  be p r o p e r l y  u n d e r s t o o d .  Any t y p e  of e l e c t r o c h e m i c a l  c e l l  may b e  
made t o  v e n t ,  e x p l o d e ,  o r  become u n s a f e  i f  c o n d i t i o n s  a r e  a b u s i v e  e n o u g h .  
T h e r e f o r e ,  i t  i s  e s s e n t i a l  t h a t  t h e  i n f o r m a t i o n  be u s e d  t o  a l e r t  u s e r s  re- 
g a r d i n g  ce l l  s a f e t y  l i m i t s  and t o  l a b e l  i t  safe o n l y  w i t h  a p p r o p r i a t e  c a v e a t s .  

The v a r i o u s  t y p e s  of abuse  and t h e i r  i m p l i c a t i o n s  w i l l  be d i s c u s s e d  
i n  t h e  f o l l o w i n g  paragraphs. The o b j e c t i v e  is t o  a l e r t  t h e  u s e r  of t h e  a b u s e ,  
i t s  cause ,  and d a n g e r s  and t h e  magni tude  of t h e  problem. 

5.2.1 E lec t r ica l  Abuse 

5.2.1.1 S h o r t  C i r c u i t .  The  term s h o r t  c i r c u i t  g e n e r a l l y  m e a n s  e l e c t r i c a l  
c o n t a c t  between the  anode and cathode o f  a ce l l .  T h i s  problem is t h e  e x t r e m e  
case of h i g h - r a t e  d i s c h a r g e  a n d  t h u s  i s  a s e r i o u s  c o n c e r n .  H igh- ra t e  
discharge was d i s c u s s e d  i n  d e t a i l  i n  s u b s e c t i o n  5.1.1 .l. However, because  i t  
i s  c o n s i d e r e d  a n  a b u s e ,  i t  i s  d i s c u s s e d  here  i n  a d i f f e r e n t  c o n t e x t .  The  
s h o r t  c i r c u i t  may be e i ther  e x t e r n a l  o r  i n t e r n a l .  Problems associated w i t h  
e x t e r n a l  s h o r t  c i r c u i t s  are c o n s i d e r e d  here a s  they  are m a i n l y  user- induced.  
The i n t e r n a l  s h o r t  is c o n s i d e r e d  a manufac tu re r - induced  problem and is  d i s -  
cus sed  l a t e r  i n  t h i s  report .  

E x t e r n a l  s h o r t i n g  of Li-S0Cl2 c e l l s  i s  a s e r i o u s  s a f e t y  c o n c e r n .  
The s a f e t y  problems upon s h o r t - c i r c u i t  are e s s e n t i a l l y  due  t o  t h e r m a l l y  i n -  
d u c e d  c h e m i c a l  r e a c t i o n s  ( t h e r m a l  r u n a w a y )  i n i t i a t e d  by l a rge  1 2 R  l o s s e s  
w i t h i n  t h e  c e l l .  The e x t e n t  of t h e  consequences  depends  s i g n i f i c a n t l y  on t h e  
n a t u r e  of  the short  and ce l l  t ~ p e . 7 , 3 9 , ~ 7  If t h e  r e s i s t a n c e  of t h e  s h o r t  and 
r e s u l t i n g  discharge c u r r e n t  are w i t h i n  t h e  d e s i g n  ra te  c a p a b i l i t y  of t h e  ce l l ,  
t h e  c e l l  w i l l  d i s c h a r g e  s a f e l y .  However ,  i f  t h e  r e s i s t a n c e  of t h e  s h o r t  i s  
q u i t e  low and t h e  c u r r e n t  e x c e e d s  t h e  r a t e  a t  w h i c h  t h e  c e l l  c a n  s a f e l y  
operate, i t  can deform, v e n t ,  o r  explode. A s p i r a l l y  wound D c e l l  may exp lode  
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upon s h o r t  c i r c u i t  w i t h i n  10  minutes.7 
d u r i n g  a n  e x t e r n a l  s h o r t  c i r c u i t  is  g i v e n  i n  F i g u r e  5-6. 

An example  of t h e  c e l l  character is t ics  

The poor e l e c t r i c a l  c o n d u c t i v i t y  o f  the  e l e c t r o l y t e ,  t h e  e x o t h e r m i c  
r e a c t i o n s  between the e l e c t r o d e  materials and the  discharge p r o d u c t s ,  and t h e  
l o w  m e l t i n g  p o i n t  o f  t h e  L i  a r e  r e s p o n s i b l e  f o r  t h e  u n s a f e  b e h a v i o r  of L i -  
SOC12 c e l l s  under  s h o r t  c i rcu i t .  The e l e c t r o l y t e  h a s  a s p e c i f i c  c o n d u c t i v i t y ,  
w h i c h  i s  t y p i c a l l y  4 o r d e r s  of  m a g n i t u d e  l e s s  t h a n  c a r b o n  b l a c k  a n d  7 t o  8 
o r d e r s  o f  magni tude  l o w e r  than  m e t a l s  such as  n i c k e l  and l i t h ium. '  Thus, t h e  
h i g h  r e s i s t i v i t y  o f  t h e  e l e c t r o l y t e  a c c o u n t s  f o r  most of t h e  g e n e r a l  h e a t i n g  
d u r i n g  h i g h  rates o f  discharge and s h o r t  c i r c u i t .  If t h e  heat produced w i t h i n  
t h e  ce l l  due t o  e x t e r n a l  s h o r t i n g  is c o n s i d e r a b l e  and t h e  heat is not  d i s s i -  
p a t e d  e f f e c t i v e l y ,  i t  may lead t o  t h e  m e l t i n g  o f  l i t h i u m  i n  t h e  e l e c t r o d e .  
Once t h e  l i t h i u m  melts, t h e  p a s s i v e  L i C l  f i l m  b reaks ,  a n d  t h e  l i t h i u m  may 
react v i o l e n t l y  w i t h  t h e  SOC12 a t  t h e  ca rbon  e l e c t r o d e  s u r f a c e .  T h i s  may lead 
t o  a n  e x p l o s i o n  o f  t h e  c e l l s  o r  v e n t i n g  o f  t o x i c  g a s e s . 7 ~ ~ 7  An o v e r v i e w  of 
t h e  i n f l u e n c e  o f  s h o r t  c i r c u i t  o f  t h e  s a f e t y  o f  t h e  c e l l s  i s  g i v e n  i n  F i g u r e  
5-7. 

Sunaes t ed  ImDrovements. A number of s u g g e s t i o n s  have been r e p o r t e d  
i n  t h e  l i t e r a t u r e  a i m e d  a t  mak ing  t h e  c e l l s  r e l a t i v e l y  s a fe  u n d e r  s h o r t -  
c i r c u i t  c o n d i t i o n s .  These v a r i o u s  measures  i n c l u d e :  

( 1 )  M o d i f y i n g  t h e  L i  e l e c t r o d e  by a l l o y i n g  i t  w i t h  e l e m e n t s  s u c h  
a s  b o r o n ,  c a l c i u m ,  magnes ium,  s i l i c o n ,  a l u m i n u m ,  e tc .  t o  i n c r e a s e  
t h e  m e l t i n g  p o i n t  of  the  anode ma te r i a l . 49  

( 2 )  U s i n  v a r i o u s  e l e c t r o l y t e  s a l t s  t o  i m p r o v e  e l e c t r o l y t e  con-  
d u c t i v i t y .  %1,50  

(3)  L i m i t i n g  t h e  s h o r t - c i r c u i t  c u r r e n t  by l i m i t i n g  t h e  s u r f a c e  area 
of  the  e l e c t r o d e s  (as i n  bobbin- type c e l l s ) .  39 ,47  

(4)  P r o v i d i n g  ce l l s  w i t h  s u i t a b l e  mechan ica l  p r e s s u r e  release v e n t s  
t o  a l low gases and  e l e c t r o l y t e  t o  escape f r o m  t h e  c e l l  when o v e r -  
h e a t i n g  takes p l a ~ e . 3 7 9 3 ~  

(5) 
d e v i c e .  

Prj$,i3d$ng each c e l l  w i t h  a c u r r e n t  l i m i t i n g  f u s e  o r  s imi l a r  

No s i g n i f i c a n t  improvements  i n  s a f e t y  have been  observed  by a l l o y i n g  
l i t h i u m  w i t h  boron o r  o t h e r  e lements .  S i m i l a r l y ,  t h e  use  of  o t h e r  e l e c t r o l y t e  
s a l t s  h a s  n o t  made t h e  c e l l s  s a f e r .  L i m i t i n g  t h e  e l e c t r o d e  area h a s  b e e n  
found e f f e c t i v e  i n  r e d u c i n g  h a z a r d s  a s s o c i a t e d  w i t h  s h o r t - c i r c u i t i n g .  How- 
e v e r ,  these measures  have r e s u l t e d  i n  decreasing t h e  rated per formance  of t h e  
cel ls .  Dey h a s  s u g g e s t e d  t h a t  D-size c e l l s  o f  j e l l y r o l l  c o n f i g u r a t i o n  can be 
made safe by r e d u c i n g  the  e l e c t r o d e  l e n g t h  t o  less t h a n  7 inches.39 P r o v i d i n g  
t h e  c e l l s  w i t h  a v e n t  wou ld  m i n i m i z e  e x p l o s i o n s ;  h o w e v e r ,  t h e  p r e m a t u r e  
f a i l u r e  o f  v e n t s  c o u l d  l i m i t  t h e  u s a g e  o f  these c e l l s .  A t  p r e s e n t ,  t h e  
recommended s e l ~ t i m  te make the cells relatively safe is to p r n v i d e  each c e l l  
w i t h  a c u r r e n t  l i m i t i n g  f u s e  or similar device .  
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5.2.1.2 F o r c e d  O v e r - D i s c h a r n e  ( R e v e r s a l ) .  D u r i n g  d i s c h a r g e ,  a c e l l  i n  a 
ser ies  battery can  be forced i n t o  v o l t a g e  r e v e r s a l  by the  o t h e r  ce l l s  i n  t h e  
same ser ies  s t r i n g  i f  i t s  c a p a c i t y  i s  exhaus ted  p r e m a t u r e l y  (compared t o  t h e  
o t h e r s  i n  t h e  s t r i n g ) .  I n  s u c h  a n  e v e n t ,  c u r r e n t  i s  f o r c e d  t h r o u g h  t h e  c e l l  
d r i v i n g  t h e  v o l t a g e  n e g a t i v e  and  t h u s  c a u s i n g  a b n o r m a l  r e a c t i o n s  t o  o c c u r .  
F o r c e d  o v e r - d i s c h a r g e  of  a n y  e l ec t rochemica l  c e l l  may r e s u l t  i n  a n  u n s a f e  
c o n d i t i o n .  T h i s  i s  p a r t i c u l a r l y  t r u e  i n  t h e  case of L i - S 0 C l 2  c e l l s ,  w h i c h  
have  been found t o  e x h i b i t  u n p r e d i c t a b l e  b e h a v i o r  under  t h i s  c o n d i t i o n .  Some 
c e l l s  have been r e v e r s e d  w i t h o u t  any i n c i d e n t  w h i l e  o t h e r s  were found t o  v e n t  
t o x i c  gases or e x h i b i t  v i o l e n t  rupture.7,51,512,53 An example o f  t h e  charac- 
t e r i s t i c s  of a c e l l  f o r c e d  i n t o  r e v e r s a l  i s  g i v e n  i n  F i g u r e  5-8. I n  c e r t a i n  
o t h e r  i n s t a n c e s ,  c e l l s  were found t o  become shock  s e n s i t i v e  a f te r  unde rgo ing  
r e v e r s a l  a n d  s i t t i n g  o n  o p e n  c i r c u i t  f o r  l o n g  p e r i o d s  of t ime, t h u s  a d d i n g  
h a n d l i n g  and d i s p o s a l  t o  t h e  c o n d i t i o n s  f o r  cau t ion .  

Cur ren t  f lowing th rough  a c e l l  d u r i n g  forced o v e r - d i s c h a r g e  has  been 
r e p o r t e d  t o  i n i t i a t e  new c h e m i c a l  r e a c t i o n s  r e s L l t i n g  i n  t h e  f o r m a t i o n  o f  
h i g h l y  reactive species. These new species t h e m s e l v e s  or  s u b s e q u e n t  chemical 
r e a c t i o n s  i n i t i a t e d  by t h e m  h a v e  b e e n  s u s p e c t e d  f o r  t h e  u n s a f e  b e h a v i o r  o f  
these  c e l l s .  It h a s  b e e n  d e t e r m i n e d  t h a t  t h e  n a t u r e  of t h e  r e a c t i o n  t a k i n g  
place d u r i n g  reversal is  dependent  on  ce l l  d e s i g n ;  Le., whether c e l l  c a p a c i t y  
i s  l i m i t e d  by ( 1 )  c l o g g i n g  o f  t h e  c a r b o n  e l e c t r o d e  ( c a r b o n  l i m i t e d ) ,  ( 2 )  
l i t h i u m  a v a i l a b i l i t y  ( a n o d e  l i m i t e d ) ,  o r  ( 3 )  t h i o n y l  c h l o r i d e  a v a i l a b i l i t y  
( c a t h o l y t e / s o l v e n t  l i m i t e d ) .  A d i s c u s s i o n  of t h e  s a f e t y - r e l a t e d  i s s u e s  of t h e  
three t y p e s  of c e l l s  follows. 

The  i n f l u e n c e  of c e l l  r e v e r s a l  o n  s a f e t y  i s  s h o w n  i n  F i g u r e  5-9. 
R e s u l t s  o f  v a r i o u s  i n v e s t i g a t i o n s  c o n d u c t e d  t h u s  f a r  o n  t h i s  s u b j e c t  a r e  
s u m m a r i z e d  below. The  r e a c t i o n s  and  r e s u l t s  a r e  d i f f e r e n t  f o r  t h e  t h r e e  
cases as  g i v e n  i n  t he  ove rv iew i n  Tab le  5-1. 

1)  Carbon-Limi t e d  Cells. I n  c a r b o n - l i m i t e d  cells, u s e f u l  c e l l  l i f e  
e n d s  w i t h  c a r b o n  e l e c t r o d e  p a s s i v a t i o n  c a u s e d  by  t h a  p l u g g i n g  of  i t s  p o r e s  
w i t h  i n s o l u b l e  d i s c h a r g e  p r o d u c t s . 5 3  F i g u r e  5-1 0 g i v e s  t h e  d i s c h a r g e  a n d  
ove r -d i scha rge  c h a r a c t e r i s t i c s  of a t y p i c a l  c a r b o n - l i m i t e d  cell .  F i g u r e  5-10 
shows t h a t  the t h e  end of ce l l  l i f e  is l i m i t e d  by t h e  ca rbon  electrode ( t h e  
L i  e l e c t r o d e  po ten t ia l  r e m a i n s  c o n s t a n t  t h roughou t  t h e  e n t i r e  t h e  discharge). 
Upon c o n t i n u i n g  d i s c h a r g e ,  t h e  c a t h o d e  i s  f o r c e d  t o  more n e g a t i v e  v o l t a g e s  
t h a n  t h e  a n o d e ,  and  a c e l l  v o l t a g e  on  t h e  o r d e r  o f  -100 mv r e s u l t s .  The  
chemical r e a c t i o n s  t a k i n g  place d u r i n g  c a r b o n - l i m i t e d  v o l  ta e r e v e r s a l  (CLVR) 
were i n v e s t i g a t e d  by K.M. Abraham e t  a1.,54v55 A. I .  Attia3' B.J. Carter  e t  
a1. ,56 S. S u b b a r a o  e t  a1. ,57 a n d  F.W. D a m p i e r  e t  i n  d e t a i l .  
P r e s e n t l y ,  i t  i s  b e l i e v e d  t h a t  d u r i n g  r e v e r s a l ,  t h e  major process o c c u r i n g  a t  
t h e  anode is  l i t h i u m  e l e c t r o s t r i p p i n g ,  w h i l e  t h e  ma jo r  p r o c e s s  o c c u r i n g  a t  t h e  
cathode i s  l i t h i u m  e l e c t r o d e p o s i t i o n .  

Format ion  of s e n s i t i v e  compounds and i n t e r m e d i a t e s  d u r i n g  CLVR was 
e x a m i n e d  by v a r i o u s  e l e c t r o c h e m i c a l  a n d  s p e c t r o s c o p i c  t e c h n i q u e s .  No new 
species (o ther  than  those s e e n  d u r i n g  normal  discharge) were 0 b s e r v e d . 5 ~  L i C l  
i s  t h e  major p roduc t  i d e n t i f i e d  i n  t h e  c a r b o n  electrodes.53 '57 The p r e s e n c e  
of L i 2 0 ,  LizS,  L i ,  Li2S204 o r  Li-c i n t e r c a l a t e s ,  which  were s u s p e c t e d  i n  t h e  
c a r b o n  e l e c t r o d e s ,  were not  obse rved  i n  t h e  X-ray data.33 However, McDonald 
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Table 5-1. Overview of Reversal Processes 

DESCRIPTION 

CELL DESIGN 

END OF DISCHARGE 

REACTIONS DURING 
REVERSAL 

PRO BA B LE 

IMPLICATION 

ON CELL 

SAFETY 

R 8 D ISSUES 

~~~ ~ 

LITHIUM LIMITED 

SUITABLE FOR LOW RATE 
CELLS 

CAUSED BY THE DEPLETION 
OF Li 

ELECTROCHEMICAL 
ANODE 
2 SOC12 + 2 A lC14-  

S02C12 + SC12 + C l 2  + 
2 A1Cl3 + 2 e- 

CATHODE 

Li+ + 1/2 c12 + e- L i c l  

CHEMICAL 
L i C l  + SOC1 +AlCl;- 

S 0 C l 2  + LiA1C14 

L iC l  + A1C13-LiA1C14 

(EXOTHERMIC) 

C12 A N D  A1Cl3  FORMED 

AT ANODE ARE CONSUMED AT 

THE CATHODE REGENERATING 
AlC1; 

THE HEAT GENERATED 

RAISES INTERNAL 
CELL TEMPERATURE 

A) HEAT GENERATION 

AS F (RATE, 
TEMPERATURE) 

CARBON LIMITED 

SUITABLE FOR BOTH 
HIGH A N D  LOW RATE 
CELLS 

CAUSED BY THE PASSI- 
VATION OF CARBON 
ELECTRODE 

ELECTROCHEMICAL 
ANODE + 

Li-Li + e 

CATHODE 
Li+ + e- Li 

CHEMICAL 

AT CATHODE (IF 
CARBON I S  ACTIVE) 

4 Li  + 2 S0Cl2- 

4 L iC l  + SO2 + S 
E X 0  TH ERM IC 

A) LITHIUM DENDRITES 
C A N  PRODUCE 
INTERNAL SHORTS 

B) CHEMICAL REACTION 
OF S/SOC12 PRO- 

DUCES HEAT RAISING 
THE INTERNAL CELL 

TEMPERA TU R E 

A) STRUCTURE A N D  

REACTIVITY OF Li 
DENDRITES 

B) REPORTED 

FORMATION OF 

Li202 A N D  I T S  

ROLE IN SAFETY 

SOC12 LIMITED 

NOT RECOMMENDED 

HIGH INTERNAL IMPEDANCE 
CAUSED BY THE DEPLETION 
OF SOC12 

ELECTROCHEMICAL 

LiA1 C1 ELECTROLYSIS 
I S  POSSIBLE 

CHEMICAL 

L i  + S-HEAT 
Li  + GLASS- HEAT 

EXCESSIVE HEAT GENERATED 

WITH INCREASE IN IMPEDANCE 
n 

(ILR) - RESULTING IN HIGH 

INTERNAL CELL TEMPERATURE, 
CHEMICAL REACTIONS ABOVE 

A N D  POSSIBLE THERMAL 
RUNAWAY 

CHEMISTRY OF 
STARVED CELLS 
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and Dampier58 reported t h e  p r e s e n c e  of Li202 i n  t he  ca rbon  electrodes after 
10-pe rcen t  r e v e r s a l ,  based on t h e i r  X-ray data. However, t h e y  d i d  n o t  o b s e r v e  
Liz02  i n  c a r b o n  e l e c t r o d e s  t h a t  were c o m p l e t e l y  d i s c h a r g e d  w i t h o u t  b e i n g  
r e v e r s e d .  They a l s o  r e p o r t e d  t h e  g r o w t h  of d e n d r i t e s  ( s c a n n i n g  e l e c t r o n  
mic roscope  s t u d i e s )  d u r i n g  CLVR, bu t  had no f i r m  e v i d e n c e  t h a t  the d e n d r i t e s  
formed were Li .  

I n  s p i t e  of t h e  great u n d e r s t a n d i n g  g a i n e d  on t h e  c h e m i s t r y  of L i -  
S O C 1 2  cells  d u r i n g  CLVR, the  i m p l i c a t i o n s  of the chemical r e a c t i o n s  o n  c e l l  
s a f e t y  are not  c o m p l e t e l y  unders tood ,  and many d i f f e r e n c e s  of o p i n i o n  e x i s t  
among v a r i o u s  researchers.  K.M. Abraham51 ,54 a n d  M. D o m e n i ~ o n i ~ ~  r e p o r t e d  
t h a t  c a r b o n - l i m i t e d  cells  are safer and may be r e v e r s e d  f o r  i n d e f i n i t e  p e r i o d s  
of time. They b e l i e v e  t h i s  because  l i t h i u m  depos i t s  on t h e  ca rbon  form den- 
d r i t e s ,  w h i c h  i n  t u r n  p h y s i c a l l y  s h o r t  t h e  c e l l  i n t e r n a l l y  and  e n a b l e  t h e  
r e v e r s a l  c u r r e n t  t o  flow. However, many others b e l i e v e  t h a t  these cel ls  are 
no t  safe because:  

( 1 )  L i  d e p o s i t e d  on t h e  carbon electrode may react w i t h  S (formed 
i n  t h e  c a r b o n  e l e c t r o d e  pores d u r i n g  n o r m a l  d i s c h a r g e )  a t  c e l l  
t e m p e r a t u r e s  above  12OoC, l i b e r a t i n g  a great dea l  of heat.25 

( 2 )  L i  i n  c o n t a c t  w i t h  the c a r b o n  electrode may react exothermical- 
27,60 l y  w i t h  the e l e c t r o l y t e  l e a d i n g  t o  thermal runaway of the  cell.  

( 3 )  If L i 2 0 2  i s  p r e s e n t  i n  c a r b o n  c a t h o d e s ,  i t  may pose  a s a f e t y  
hazard because  of i ts  o x i d i z i n g  characteristics. Carbon reacts  w i t h  
s u l f u r  e x o t h e r m a l l y  i n  t h e  p r e s e n c e  of  o x i d i z i n g  a g e n t s  s u c h  a s  
Liz02 (gunpowder s c e n a r i o ) .  

(4) Cells may be  shock s e n s i t i v e  because  L i  d e n d r i t e s  on t h e  c a r b o n  
e l e c t r o d e  may d i s i n t e g r a t e  i n t o  f i n e  p a d i c L e s  upon shock and react 
w i t h  SOC12,  l iberat ing heat.27,60 

Summar iz ing  t h e  c o n c e r n s  for  s a f e t y  i n  c a r b o n - l i m i t e d  c e l l s  d u r i n g  
r e v e r s a l ,  a l l  i n t e r p r e t a t i o n s  of s a f e t y  c e n t e r  a round l i t h i u m  d e n d r i t e  forma- 
t i o n .  However ,  t o  d a t e  n o  f i rm e v i d e n c e  e x i s t s  r e g a r d i n g  t h e  p r e s e n c e  of 
l i t h i u m  d e n d r i t e s  on the  c a r b o n  e l e c t r o d e .  Although t h e  r e a c t i v i t y  of these 
d e n d r i t e s  p r e s e n t  on  a f u l l y  p a s s i v a t e d  c a r b o n  e l e c t r o d e  i n  t h e  p r e s e n c e  of 
S0C12 and o ther  r e d u c i b l e  species i s  no t  known, i t  is though t  t o  be a p p r e c i -  
ab le .  I t  was r e p o r t e d  e a r l i e r  t h a t  t h e  r e a c t i o n  b e t w e e n  L i  a n d  S does  no  
take  p l a c e  a t  l o w e r  t e m p e r a t u r e s  i n  t h e  p r e s e n c e  of  e x c e s s  S O C l 2 .  
S i m i l a r i l y ,  there is also t h e  q u e s t i o n  r e g a r d i n g  t h e  n a t u r e  of t h e  d e n d r i t e -  
formed s h o r t  c i r c u i t s  a n d  how much r e v e r s a l  c u r r e n t  c a n  be c a r r i e d  by  t h e  
d e n d r i t e s  d u r i n g  t h e  r e v e r s a l  process .  A better u n d e r s t a n d i n g  of these i s s u e s  
i s  needed to  make a n  a s s e s s m e n t  of t h i s  c e l l  d e s i g n  on  the  i s s u e  of s a f e t y .  

2 t  

2)  A n o d e - L i m i t e d  Ce l l s .  A c e l l  may become a n o d e - l i m i t e d  a t  t h e  
e n d  o f  d i s c h a r g e  i n  t h r e e  w a y s :  1 )  d e p l e t i o n  o f  t h e  l i t h i u m ,  2 )  
i n a c c e s s a b i l i t y  of  l i t h i u m  u n d e r  o p e r a t i n g  c o n d i t i o n s ,  and 3) s e p a r a t i o n  of 
l i t h i u m  from the g r i d .  A c e l l  undergoing r e v e r s a l  due  t o  the  first c a u s e  w i l l  
be referred t o  as  l i t h i u m - l i m i t e d  v o l t a g e  r e v e r s a l  (LLVR), w h i l e  t h e  second 
a n d  t h i r d  c a u s e s  w i l l  b e  t e r m e d  a n o d e - l i m i t e d  v o l t a g e  r e v e r s a l  ( A L V R ) .  
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F i g u r e  5-11 s h o w s  t h e  v o l t a g e  b e h a v i o r  of a t y p i c a l  l i t h i u m - l i m i t e d  c e l l  
d u r i n g  d i s c h a r g e  and  r e v e r s a l .  The  a n o d e  b e c o m e s  p o l a r i z e d  t o w a r d s  m o r e  
p o s i t i v e  p o t e n t i a l s ,  c a u s i n g  a l o w e r i n g  of c e l l  v o l t a g e .  Ce l l  v o l t a g e  is  z e r o  
when t h e  a n o d e  p o t e n t i a l  i s  equa l  t o  t h a t  o f  t h e  c a t h o d e  p o t e n t i a l  (SOC12 
r e d u c t i o n ) .  Upon c o n t i n u i n g  t h e  d i s c h a r g e  beyond t h i s  p o i n t ,  t h e  a n o d e  is  
f o r c e d  t o  v o l t a g e s  more p o s i t i v e  than  t h e  c a t h o d e  and n e g a t i v e  ce l l  v o l t a g e s .  
The  v o l t a g e  i s  m o r e  n e g a t i v e  t h a n  -1.OV. T h i s  v a l u e  i s  d i f f e r e n t  from t h a t  
obse rved  i n  c a r b o n - l i m i t e d  ce l l s  (-0.1 VI. 

K . M .  A b r a h a m 5 l ~ 5 ~ ~ 5 5  r e p o r t e d  t h a t  t h e  t y p e  of c e l l  i n  w h i c h  p r a c -  
t i c a l l y  a l l  L i  h a s  been used up d i d  no t  e x h i b i t  haza rdous  behavior .  I n  some 
c e l l s  he o b s e r v e d  l a r g e  p o t e n t i a l  o s c i l l a t i o n s  t h a t  m i g h t  h a v e  b e e n  d u e  t o  
i n t e r m i t t a n t  c o n t a c t  between t h e  u n u t i l i z e d  l i t h i u m  f r a g m e n t s  and t h e  n i c k e l  
s c r e e n .  These c e l l s  were r e p o r t e d  t o  deteriorate. 

T h e  r e a c t i o n s  t a k i n g  p l a c e  a t  l o w  r a t e s  of d i scha rge  d u r i n  LLVR 
were e x a m i n e d  i n  d e t a i l  by K . M .  Abraham e t  a1.,51,54,55 D.J.  Sa lmon , f1  A . I .  
A t t ia  e t  a ~ , 3 ~  a n d  B.J. Carter e t  a1.62 They r e p o r t e d  t h a t  t h e  r e a c t i o n s  
were q u i t e  complex and r e g e n e r a t i v e  i n  na tu re .  The C12, A l C l  , S02C12, SC12,  
a n d  S2C12 were formed a t  t h e  a n o d e  d u e  t o  t h e  o x i d a t i o n  o f  3 O C l 2 .  C12 a n d  
S02C12 w e r e  r e d u c e d  a t  t h e  c a t h o d e ,  p r o d u c i n g  L i C l  and  SO2. D e t a i l s  o f  t h e  
e l e c t r o c h e m i c a l  and chemical r e a c t i o n s  t a k i n g  p l a c e  d u r i n g  LLVR are shown i n  
Table 5-2. 

The  v a r i o u s  p r o d u c t s  i d e n t i f i e d  by B.J. Carter  e t  a1.62 i n  t h e  
e l e c t r o l y t e  o f  t h e  c e l l s  t h a t  were s u b j e c t e d  t o  LLVR are  (212, S02, S02C12,  
s c 1 2 ,  a n d  S2C12. 
c o n f i r m  t h e  p r e s e n c e  o f  t h e s e  p r o d u c t s .  I n  a d d i t i o n ,  D.J. S a l m o n  e t  a l .  
r e p o r t e d  the  e x i s t e n c e  of S20 and C l 2 O  i n  t h e  e l e c t r o l y t e .  
t h e  p re sence  of C120 may e x p l a i n  t h e  s a f e t y  problems of  t h i s  t y p e  of cell .  

k? A w i d e  r a n g e  o f  a n a l y t i c a l  i n s t r u m e n t a t i o n  was u s e d  

They proposed t h a t  

However ,  i n f r a r e d  s p e c t r a l  e v i d e n c e  a l o n e  i s  n o t  s u f f i c i e n t  t o  
conf i rm the p resence  of C120, and f u r t h e r ,  f o r m a t i o n  of C120 a p p e a r s  c o n t r a r y  
t o  i t s  known chemis t ry .  A.I. Attia32 r e p o r t e d  t h e  p re sence  of S O C l 2 ,  SO2, and 
s20 i n  t h e  g a s  p h a s e  o f  these  c e l l s  by h i g h - r e s o l u t i o n  mass s p e c t r o m e t r y .  
They d i d  not o b s e r v e  C120 i n  t h e  e l e c t r o l y t e .  

From t h e  r e a c t i o n s  shown i n  Table 5-2, a h i g h l y  acidic envi ronment  
p r e v a i l s  d u r i n g  LLVR. 

A d i f f e r e n c e  of o p i n i o n  e x i s t s  among researchers  r e g a r d i n g  t h e  

( 1 )  K . M .  Abraham63 r e p o r t e d  t h a t  L i - l i m i t e d  c e l l s  i n  wh ich  
p r a c t i c a l l y  a l l  t h e  l i t h i u m  had been used up before r e v e r s a l  d i d  n o t  
e x h i b i t  hazardous  behavior .  However, i n  t h e  case of a n o d e - l i m i t e d  
c e l l s  n o t  l i t h i u m  l i m i t e d ,  c e l l  d e t o n a t i o n s  were o b s e r v e d  ( see  
F i g u r e  5-12) .  I n  s u c h  c e l l s  t h e y  n o t e d  a n o d e  p o t e n t i a l s  more 
n e g a t i v e  t h a n  4 V w i t h  l a r g e r  o s c i l l a t i o n s  p r e c e d i n g  d e t o n a t i o n s .  
The v o l t a g e  f l u c t u a t i o n s  were b e l i e v e d  t o  be caused  by i n t e r m i t t e n t  
c o n t a c t  between t h e  anode s u b s t r a t e  and t h e  r e s i d u a l  l i t h i u m .  

s a f e t y  o f  l i t h i u m - l i m i t e d  ce l l s .  T h e i r  f i n d i n g s  are summarized below: 
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Tab le  5-2. R e a c t i o n s  During L i  thium-Limited R e v e r s a l  54,62 

I 

2.  ~ 1 ~ 1 4 -  A1CI3 + 1/2c12 + e- 

3 .  2 SOCl2  + 2 A l C l i -  S02C12 + SC12 + C12 + C12 + 2 AlC13 + 2 e- 

MECHANISM: 

SOCl2  + A1Cl3-(SOC1) (AlC14) 

~ 0 ~ 1 ~  + ( s o c 1 )  ( ~ 1 ~ 1 ~ )  4 (sc1)  ( A I C I ~ ) ~ +  + so2c12 + 2 e- 

(SC1) (AlCl4l2+ + 2 AlC1; -W (SC1) (A1C14)3 

(SC1) (AlC14)3- (SC1) (AlC14) + C12 + 2 AlC13 

(SCl) (AlC14) -SC12 + AlC13 
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( 2 )  D.J. Sa lmon61  e t  a l .  p o i n t e d  o u t  t h a t  C l 2 0  f o r m e d  d u r i n g  
r e v e r s a l  may e x p l a i n  t h e  problems d u r i n g  LLVR. 

(3) D.I. C h ~ a 6 ~  et al. r e p o r t e d  t h a t  a n o d e - l i m i t e d  ce l l s  e x h i b i t e d  
c a p a c i t i e s  w i t h i n  a narrow r a n g e  when f r e s h ,  w i t h  t h e  p r o b a b i l i t y  of 
a c e l l  i n  a b a t t e r y  unde rgo ing  r e v e r s a l  b e i n g  s t a t i s t i c a l l y  low. 

( 4 )  
t hese  c e l l s  d u r i n g  LLVR. 

N. Doddapaneni .65 o b s e r v e d  a h i g h  r a t e  o f  heat  g e n e r a t i o n  i n  

(5) 
s a f e  for  l o w - r a t e  cells. 

D.H. J o h n s o n 6 6  r e p o r t e d  t h a t  t h e  l i t h i u m - l i m i t e d  d e s i g n  was 

( 6 )  Since l i t h i u m  is not  p r e s e n t  d u r i n g  LLVR, no p o s s i b i l i t y  exis ts  
f o r  e x o t h e r m i c  r e a c t i o n s  b e t w e e n  L i  a n d  S O C l 2  o r  S, w h i c h  a r e  be-  
l i e v e d  t o  c a u s e  thermal  r u n a w a y  i n  L i - S 0 C l 2  c e l l s .  F u r t q E r ,  s u c h  
ce l l s  do not  cause f i res  d u r i n g  t h e  d i s p o s a l  o f  used cells .  

3) S o l v e n t / T h i o n v l  C h l o r i d e - L i m i  t e d  Cel ls .  S O C l z  i s  e l e c t r o -  
c h e m i c a l l y  reduced a t  t h e  carbon e l e c t r o d e  and hence  i t s  q u a n t i t y  decreases 
d u r i n g  d i scha rge .  Depending on u t i l i z a t i o n ,  t e m p e r a t u r e ,  c e l l  ba l ance ,  etc., 
i t s  v o l u m e  a t  t h e  end  o f  d i s c h a r g e  may v a r y .  I n  t h e  t y p e  of c e l l  d e s c r i b e d  
here, u s e f u l  l i f e  is d e t e r m i n e d  by t h e  a m o u n t  o f  l i q u i d  d e p o l a r i z e r  
( c a t h o l y t e ) ,  i.e., S0Cl2, p r e s e n t .  T h i s  d e s i g n  i s  f a v o r e d  by some t o  g a i n  
h i g h  ene rgy  d e n s i t i e s  because  t h e  mass of  SOC12 is  minimized ,  and,  t h e r e f o r e ,  
t he  energy- to-ce l l -weight  r a t i o  is i n c r e a s e d .  T h i s  d e s i g n ,  however,  a p p e a r s  
t o  be hazardous  (compared t o  t h e  l i t h i u m - l i m i t e d  o r  c a r b o n - l i m i t e d  d e s i g n s ) ,  
e s p e c i a l l y  f o r  c e l l s  t h a t  are i n t e n d e d  f o r  o p e r a t i o n  a t  low t o  modera t e  ra tes  
of d i s c h a r g e  a n d  w h e r e  t h e r e  i s  t h e  p o s s i b i l i t y  o f  c e l l s  b e i n g  d r i v e n  i n t o  
r e v e r s a l .  Some exDlos ions  reDorted t o  date d u r i n n  r e v e r s a l  may be a t t r i b u t e d  
t o  cel ls  t h a t  were S O C 1 , ~ i n - l i m i t e d  d u r i n q  
r e v e r s a l  a t  the  ra tes  u t i l i z e d .  However, d e t a i l e d  s t u d i e s  have been p u b l i s h e d  
t o  d a t e  on t he  c h e m i s t r y  and behav io r  of such  e l e c t r o l y t e - s t a r v e d  ce l l s  d u r i n g  
f o r c e d  d i s c h a r g e .  

S e v e r a l  chemica l  r e a c t i o n s  may take p l a c e  d u r i n g  r e v e r s a l  i n  s u c h  
cells .  The r e v e r s a l  c u r r e n t  p a s s i n g  through the ce l l  may l e a d  t o  e l e c t r o l y s i s  
of t h e  L i A 1 C 1 4  s a l t ,  g e n e r a t i n g  C 1 2 ,  a n d  L i .  F u r t h e r ,  c e r t a i n  d r y  

r e s u l t  i n  a n  i n c r e a s e  i n  i n t e r n a l  r e s i s t a n c e .  The p o l a r i z a t i o n  hea t  t h u s  
g e n e r a t e d  may i n i t i a t e  e x o t h e r m i c  r e a c t i o n s  b e t w e e n  L i  a n d  S, o r  L i  a n d  t h e  
glass s e p a r a t o r  paper .  These r e a c t i o n s  are s t r o n g l y  e x o t h e r m i c  and may ac- 
count  for  t h e  u n s a f e  behav io r  of SOCIZ-l imited cells .  

s p o t s  may appear  on t h e  e l e c t r o d e s  a s  consumed. These d r y  s p o t s  may 

S0Cl2 h a s  v a r i o u s  r o l e s  in t h e  L i - S O C l z  ce l l .  It  s e r v e s  a s  a 
c a t h o d i c  r e a c t a n t ,  e l e c t r o l y t e  s o l v e n t ,  and h e a t  s ink .  B a t t e r y  e n g i n e e r s  are  
aware of a l l  t he  r o l e s  o f  S O C l  h o w e v e r ,  t h e y  t e n d  t o  p l a c e  e m p h a s i s  on 
ene rgy  d e n s i t y  when d e s i g n i n g  c&\s. Thus, t h e y  p r o v i d e  q u a n t i t i e s  o f  elec- 
t r o l y t e  s u f f i c i e n t  o n l y  f o r  n o r m a l  d i s c h a r g e  a n d  s o m e  excess (10  t o  2 0  p e r -  
c e n t )  t o  accoun t  f o r  v a r i o u s  f a r a d a i c  i n e f f i c i e n c i e s .  A safe approach  is  t o  
p r o v i d e  S0Cl2 i n  adequa te  q u a n t i t y  to  accoun t  for  normal  d i s c h a r g e ,  t o  s u s t a i n  
good i o n i c  c o n d u c t i v i t y  d u r i n g  d i s c h a r g e  and  r e v e r s a l ,  a n d  t o  k e e p  SO2 a n d  
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o t h e r  d i s c h a r g e  p r o d u c t s  i n  t h e  l i q u i d  p h a s e .  S u c h  a d e s i g n  may i m p o s e  a 
w e i g h t  p e n a l t y  o n  the  ce l l ,  b u t  i t  r e d u c e s  t h e  i n c i d e n c e  of s a f e t y  problems.  40 

The  u s e  of c o s o l v e n t s  s u c h  as B r C l ,  s u l f o l a n e ,  etc. ,  h a v e  b e e n  
r e p o r t e d  t o  e n h a n c e  c e l l  s a f e t y  by i m p r o v i n  t h e  s o l u b i l i t y  o f  s u l f u r  o r  
s u s t a i n i n g  c o n d u c t i v i t y  d u r i n g  r e v e r ~ a l . ~ 7 , ~ ~  However, s u c h  ce l l s  may h a v e  
s a f e t y  p rob lems  s imi la r  t o  those documented f o r  Li-SO2 cells.  Use of excess 
SOC12 c a n  s u s t a i n  c o n d u c t i v i t y ,  improve  mass t r a n s f e r  p r o p e r t i e s ,  keep  d i s -  
charge p r o d u c t s  i n  s o l u t i o n ,  a n d  p r e s e r v e  t h e  L i C l  f i l m  o n  L i .  O b v i o u s l y ,  
t h i s  a p p r o a c h  is p r e f e r r e d .  

S u a a e s t e d  I m p r o v e m e n t s .  A n u m b e r  o f  s o l u t i o n s  have  been  p roposed  
f o r  i m p r o v i n g  t h e  s a f e t y  of c e l l s  d u r i n g  r e v e r s a l .  A s u m m a r y  of  t h e  s a f e t y  
i m p l i c a t i o n s  o f  each t y p e  of d e s i g n  is g i v e n  below. One d e s i g n  t h a t  h a s  n o t  
b e e n  d i s c u s s e d  i s  t h e  b a l a n c e d  c e l l  d e s i g n ,  i n  w h i c h  b o t h  t h e  L i  a n d  SOC12 
a r e  f u l l y  c o n s u m e d  a t  t h e  e n d  of d i s c h a r g e  a n d  t h e  c a r b o n  e l e c t r o d e  is j u s t  
p a s s i v a t e d .  S u c h  a d e s i g n  may t h e o r e t i c a l l y  be  p o s s i b l e  b u t  d i f f i c u l t  t o  
a c h i e v e  i n  p r a c t i c e  b e c a u s e  of t h e  d i f f e r e n c e s  i n  t h e  u t i l i z a t i o n  of t h e  
electrodes unde r  v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  Such w e l l - b a l a n c e d  ce l l s  are  
t h o u g h t  t o  b e  s a f e  o n l y  i f  o p e r a t e d  a t  e x t r e m e l y  l o w  r a t e s  of d i s c h a r g e  
( < C / l O O )  a n d  t h e  c e l l s  f i n d  a p p l i c a t i o n s  as  i n d i v i d u a l  c e l l s  o n l y .  Cel ls  
r e q u i r e d  f o r  wa tches ,  pacemaker s ,  and o t h e r  e l e c t r o n i c  d e v i c e s  are  examples  i n  
t h i s  c a t e g o r y .  The s t u d i e s  r e p o r t e d  i n  l i t e r a t u r e  s u g g e s t :  

( 1  1 L i t h i u m - L i m i  t e d  D e s i a n .  For l o w - r a t e  a p p l i c a t i o n s  ( < C / l O ) ,  
li t h i u m - l i m i t e d  d e s i g n s  are  r e p o r t e d  t o  be safe. 

( 2 )  C a r b o n - L i m i t e d  Des ign .  For moderate t o  h i g h - r a t e  (>C/5 ) ,  
a p p l i c a t i o n s ,  t h e  d i s c h a r g e  w i l l  r e s u l t  i n  c a r b o n - l i m i t e d  c e l l s .  
For  i m p r o v i n g  t h e  s a f e t y  o f  c a r b o n - l i m i t e d  c e l l s ,  t h e  f o l l o w i n g  
a p p r o a c h e s  have  been  recommended : 

0 L i a n g  e t  al.67 r e p o r t e d  o n  t h e  a d d i t i o n s  of B r C l  t o  t h e  
e l e c t r o l y t e .  They  r e p o r t e d  a n  i n c r e a s e  i n  t h e  s o l u b i l i t y  o f  
s u l f u r  i n  t h e  B r C l  c o n t a i n i n g  e l e c t r o l y t e s .  O t h e r s  b e l i e v e  
t h a t  i t  may be due  t o  t h e  m o d i f i c a t i o n  of s u r f a c e  c h a r a c t e r i s -  
t i c s  of carbon.  

o Use of s u l f o l a n e 6 8  a s  a c o s o l v e n t  t o  ~ 0 ~ 1 2  was recom- 
mended.  H o w e v e r ,  d e t a i l e d  i n v e s t i g a t i o n s  a r e  n e c e s s a r y  t o  
e x a m i n e  a n y  c h a n g e s  i n  c e l l  c h e m i s t r y  a n d  i t s  e f f e c t  on c e l l  
s a f e t y .  

o M. Domeniconi59 proposed  c e r t a i n  changes  i n  t h e  seal  de- 
s i g n .  These  m o d i f i c a t i o n s  p e r m i t  t h e  d e p o s i t i o n  of L i  on t h e  
o u t e r  s e c t i o n  of t h e  s e a l ;  t h e  L i  c o n t i n u e s  t o  grow a n d  e v e n -  
t u a l l y  makes a n  i n t e r n a l  s h o r t .  T h i s  f e a t u r e  i s  r e g a r d e d  a s  a n  
e l e c t r o c h e m i c a l  s w i t c h  t h a t  c l o s e s  o n  v o l t a g e  r e v e r s a l .  I n  
t h i s  f a s h i o n ,  t h e  c u r r e n t  b e i n g  a p p l i e d  t o  t h e  c e l l  d u r i n g  
r e v e r s a i  may p a s s  h a r m i e s s i y  t h o u g h  a s o l i d  c o n d u c t o r  pa thway,  
and t h u s  h a z a r d o u s  r e a c t i o n s  are avo ided .  
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0 The a u t h o r s  of  t h i s  r e p o r t ,  h o w e v e r ,  a r e  of t h e  o p i n i o n  
t h a t  t h e  u s e  of excess  S O C 1 2  w i l l  i m p r o v e  t h e  s a f e t y  of b o t h  
l i th ium-  and c a r b o n - l i m i t e d  cells.4o 

( 3 )  Thionvl  Ch lo r ide -L imi t ed  Design. SOC12-limited c e l l s  are con- 
s i d e r e d  unsafe .  

T h e r e  i s  no u n i v e r s a l  s o l u t i o n  p roposed  s o  f a r  f o r  c e l l s  r e q u i r e d  
One may h a v e  t o  s e l e c t  a s u i t a b l e  a p p r o a c h  de -  f o r  d i f f e r e n t  a p p l i c a t i o n s .  

pending  o n  per formance  r e q u i r e m e n t s  and t h e n  e v a l u a t e  i t s  soundness .  

5.2.1.3 C h a r n i n q .  The c h a r g i n g  of p r i m a r y  c e l l s  i n  g e n e r a l  i s  n o t  a d v i s -  
able. However, t h i s  c o n d i t i o n  may o c c u r  i n  t h e  case of c e l l s / p a c k s  connec ted  
i n  p a r a l l e l .  When o n e  c e l l  i n  o n e  pack f a i l s ,  t h e  p o t e n t i a l  of t h e  s e c o n d  
pack w i l l  cause  c u r r e n t  t o  f low i n  t h e  charge d i r e c t i o n  th rough  t h e  first pack 
because  of its lower r e s i s t a n c e .  Some p r i m a r y  ce l l s  c a n  be recharged rela- 
t i v e l y  s a f e l y ,  e s p e c i a l l y  i f  o n l y  a small  p e r c e n t a g e  of t h e i r  c a p a c i t y  h a s  
been removed. The effect  of char i n  on t h e  c h e m i s t r y  of Li -SOC12 C e l l s  h a s  
been i n v e s t i g a t e d  i n  detail.5l *54819f2 The r e s u l t s  o b t a i n e d  s o  f a r  i n d i c a t e  
t h a t  u n d e r  c e r t a i n  c o n d i t i o n s ,  c h a r g i n g  a t  low c u r r e n t s  may n o t  r e s u l t  i n  a 
s a f e t y  p r o b l e m  f o r  h e r m e t i c a l l y  sea led  Li-SOC12 c e l l s .  The  v o l t a g e  of t h e  
c e l l s  was found t o  i n c r e a s e  depend ing  upon how much c a p a c i t y  had been removed. 
The non-discharged ce l l s  e x h i b i t e d  r e l a t i v e l y  un i fo rm v o l t a g e s  of 4.0V 5 O. lV,  
d e p e n d i n g  upon t h e  c h a r g i n g  c u r r e n t  ( F i g u r e  5-13) .  On t h e  o t h e r  h a n d ,  t h e  
charge v o l t a g e s  f o r  discharged cel ls  were more scattered. Even a f t e r  charg- 
i n g ,  t h e  cel ls  (non-d ischarged)  e x h i b i t e d  n o r m a l  d i s c h a r g e  p e r f o r m a n c e .  It 
was no ted  t h a t  t h e  d i s c h a r g e d  cel ls  d i d  n o t  a c q u i r e  any  a p p r e c i a b l e  c a p a c i t y  
a s  a r e s u l t  of c h a r g i n g  process. Charg ing  Li-SOC12 cel ls  a t  h igh  rates might 
pose s a f e t y  problems;  however, d e t a i l e d  s t u d i e s  are needed f o r  c o n f i r m a t i o n .  

The p r o d u c t s  formed d u r i n g  c e l l  c h a r g i n g  were found t o  be i d e n t i c a l  
t o  t h o s e  f o r m e d  d u r i n g  LLVR. I n  v i e w  of t h e  p r o b l e m s  a s s o c i a t e d  w i t h  LLVR,  
Abraham e t  a1.54 s u g g e s t e d  t h a t  c a u t i o n  b e  e x e r c i s e d  i n  c h a r g i n g  t h e  c e l l s  
i r r e s p e c t i v e  of t he  o b s e r v a t i o n  t h a t  t h i s  mode of o p e r a t i o n  appeared safe. A 
p o s s i b i l i t y  e x i s t s  for  comple t e  or pa r t i a l  d i s i n t e g r a t i o n  of t h e  ca rbon  elec- 
t r o d e  d u r i n g  the  charging p r o c e s s  as is obse rved  commonly i n  t h e  c h l o r o a l k a l i  
i n d u s t r y .  This cou ld  lead t o  u n r e l i a b l e  c e l l  per formance ,  and,  theref ore o n c e  
charged, a c e l l  s h o u l d  be  r e m o v e d  a s  a p o w e r  s o u r c e  c a n d i d a t e .  [ T h e  b a s i c  
c o n t r o l  i s  avo id  p a r a l l e l i n g  batteries o r  s t r i n g s  o f  ce l l s  w i t h i n  a b a t t e r y  or  
p a r a l l e l i n g  b a t t e r i e s  w i t h  o t h e r  e x t e r n a l  p o w e r  s u p p l i e s ,  a n y  of w h i c h  may 
f o r c e  a c h a r g i n g  c u r r e n t  t h r o u g h  a s t a c k  of c e l l s  c o n t a i n i n g  a weak o r  d e a d  
cel l (s) .  However, i f  para l le l  s t r i n g s  of ce l l s  must be used,  each s t r i n g  must  
c o n t a i n  i t s  own b l o c k i n g  diode. Batteries t h a t  must  be paralleled w i t h  exter- 
n a l  p o w e r  s o u r c e s  m u s t  be e q u i p p e d  w i t h  charge c u r r e n t  b l o c k  d e v i c e s . ]  
F i g u r e  5-14 shows t h e  effects  of c h a r g i n g  o n  the  s a f e t y  of L i - S 0 C l 2  C e l l s .  
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5.2.2 Phys ica l /Mechanica l  Abuse 

C e l l s / b a t t e r i e s  a re  a t  times i n a d v e r t e n t l y  s u b j e c t e d  t o  p h y s i c a l  
T h e  a b u s e  s u c h  a s  p i e r c i n g  and  c r u s h i n g  d u r i n g  s t o r a g e  and  t r a n s p o r t a t i o n .  

i n f l u e n c e  of such  acts  on t h e  s a f e t y  of Li-S0Cl2 ce l l s  is  examined below. 

P u n c t u r i n g  a c e l l / b a t t e r y  with any d e v i c e  p r o v i d e s  a means f o r  t h e  
escape o f  e l e c t r o d e  ma te r i a l s  a n d  d i scharge  p r o d u c t s  f r o m  t h e  c e l l  a n d  may 
a lso r e s u l t  i n  i n t e r n a l  electrode s h o r t i n g .  The chemicals formed i n  t h e  c e l l s  
a re  g e n e r a l l y  t o x i c  i n  n a t u r e ,  a n d ,  h e n c e ,  p u n c t u r i n g  a c e l l / b a t t e r y  may 
create pose a s a f e t y  hazard. Crushing a ce l l  g e n e r a l l y  r e s u l t s  i n  case d e f o r -  
ma t ion  and ce l l  r u p t u r e  f o l l o w e d  by e x p u l s i o n  of t h e  e l e c t r o d e  materials and 
d i scha rge  p r o d u c t s  f r o m  t h e  c e l l .  It may a l s o  r e s u l t  i n  i n t e r n a l  e l e c t r o d e  
s h o r t i n g .  The e f fec ts  o f  p u n c t u r i n g  and c r u s h i n g  L i -S0Cl2  cel ls  was examined 
i n  d e t a i l  by J.F. McCar tney  e t  a1.,6 D.H. J o h n s o n , 6 6  M. B a b a i , 4 7  a n d  K.F. 
G a t u o t t e  et al? The haza rds  v a r i e d  from m i l d  v e n t i n g  t o  e x p l o s i o n ,  depend- 
i n g  upon c e l l  d e s i g n .  Ce l l s  of b o b b i n - t y p e  c o n s t r u c t i o n  v e n t e d ,  r e l e a s i n g  
t o x i c  gases/materials i n c l u d i n g  SO*, C 1 2 ,  and S0Cl2; whereas f r e s h  ce l l s  of  
b o t h  s p i r a l - w i n d  and prismatic c o n f i g u r a t i o n s  w i t h  para l le l  p l a t e  e l e c t r o d e s  
e x p l o d e d  v i o l e n t l y .  P u n c t u r i n g  a f u l l y  d i s c h a r g e d  c e l l  c o u l d  r e s u l t  i n  t h e  
v e n t i n g  o f  t o x i c  gases/materials. P a r t i a l l y / f u l l y  discharged ce l l s  were re- 
p o r t e d l y  s e n s i t i v e  to  shock compared to  f r e s h  cells. c o n s i d e r a t i o n  must be 
g i v e n  t o  t h e  l o c a t i o n  o f  a cel l  i n  the  b a t t e r y  and  i n  equipment  s o  as t o  a v o i d  
p u n c t u r e  o r  c rush ing .  

5.2.3 Thermal/Chemical Abuse 

P o s s i b l e  thermal /chemica l  a b u s e s  t h a t  a c e l l / b a t t e r y  may undergo 
i n c l u d e  e x p o s u r e  t o  h i g h  t e m p e r a t u r e  f r o m  f i r e / f l a m e  a n d  c o r r o s i o n  d u e  t o  
exposure  t o  h igh  humid i ty  and/or  c o r r o s i v e  s o l u t i o n s ,  e.g., salt water. The 
s e v e r i t y  o f  t he  s a f e t y  problems v a r i e s  s i g n i f i c a n t l y  depending  upon the  t y p e  
of  c e l l / b a t t e r y .  A l l  t y p e s  o f  Li-S0Cl2 c e l l s  v e n t  o r  e x p l o d e  v i o l e n t l y  i f  
they  are s u b j e c t e d  t o  t e m p e r a t u r e s  h igher  t h a n  abou t  2OO0C by any means s u c h  
a s  e x p o s u r e  t o  o p e n  f i r e  o r  l o c a l  h e a t i n g  w i t h  a f lame,  e.g., p r o p a n e  
t o r c h . 6 , 6 6  E x p o s u r e  of  L i - s 0 C l 2  c e l l s  t o  m o i s t u r e  o r  s a l t  s o l u t i o n  may n o t  
p o s e  a p r o b l e m  i m m e d i a t e l y ,  b u t  i n  t h e  c o u r s e  o f  time t h e  c e l l s  may c o r r o d e  
a n d  v e n t  t o x i c  mater ia ls  e v e n  t h o u g h  most c e l l  cases  a re  made o f  s t a i n l e s s  
steel. Seals o f  v a r i o u s  t y p e s  have been known t o  degrade i n  h igh  humidi ty .6  

5 - 3  NON-OPERATIONAL CONDITIONS 

5.3.1 Handl ing  

The recommended h a n d l i n g  o f  L i - S 0 C l 2  ce l l s  and bat ter ies  is not  much 
d i f f e r e n t  f rom t h a t  of o t h e r  l i t h i u m  batteries. Var ious  r e g u l a t i o n s  and rules 
have been i s s u e d  by the  U.S. government f o r  t r a n s p o r t i n g  and d i s p o s i n g  Li -SO2 
cells .  A de t a i l ed  
d i s c u s s i o n  o f  t h e  s u b j e c t  i s  beyond the s c o p e  o f  t h i s  r e v i e w ,  b u t  a b r i e f  
r e v i e w  of t h e  i m p l i c a t i o n s  i n v o l v e d  i n  m a i n t a i n i n g  ce l l  s a f e t y  d u r i n g  s t o r a g e  
t r a n s p o r t a t i o n ,  and d i s p o s a l  f o l l o w s  below. Articles by L.J. Johnson  et al., 

These r u l e s  and r e g u l a t i o n s  a l s o  a p p l y  t o  Li/SOC12 cells. 

4 
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M. J. Brookman,69 G. H a l p e r t , 7 0  a n d  g o v e r n m e n t  r e g u l a t i o n s  ( A p p e n d i x  A )  
p r o v i d e  more i n f o r m a t i o n .  

5.3.1.1 Storane.  Recommended t e m p e r a t u r e s  f o r  s t o r i n g  L i - S 0 C l 2  c e l l s  r ange  
f r o m  O°C t o  40OC. A s  w i t h  o t h e r  e l e c t r o c h e m i c a l  s y s t e m s ,  c e l l  p e r f o r m a n c e  
d e t e r i o r a t e s  if t h e y  a r e  s t o r e d  a t  t e m p e r a t u r e s  h i g h e r  t h a n  45OC 
( F i g u r e  5-15). Cells may also e x h i b i t  s e v e r e  v o l t a g e  d e l a y  a f te r  storage a t  
h i g h  t e m p e r a t u r e s .  S p i r a l l y  wound c e l l s  may v e n t  o r  e x p l o d e  i f  s t o r e d  a t  
t e m p e r a t u r e s  h i g h e r  t h a n  1OOOC. T h i s  may b e  d u e  t o  r e a c t i o n s  b e t w e e n  S a n d  
S0Cl2 (130OC)6~ o r  L i  and S0Cl2 (180°C).60 The l o w e r  t h e  s t o r a g e  t e m p e r a t u r e ,  
t h e  less s e v e r e  is p o s t - s t o r a g e  d e g r a d a t i o n  of  c e l l  performance.  

Cells t h a t  are d r i v e n  i n t o  r e v e r s a l  are r e p o r t e d  t o  be s e n s i t i v e  t o  
shock when s t o r e d  on open c i rcu i t .*O Such ce l l s  may v e n t  or e x p l o d e  i f  t h e y  
a r e  s u b j e c t e d  t o  shock  or c r u s h i n g .  Hence ,  g r ea t  care i s  n e e d e d  w h i l e  
h a n d l i n g  such  cel ls  and batteries. The f o l l o w i n g  p r e c a u t i o n s  have been recom- 
mended f o r  s t o r i n g  used and new b a t t e r i e s : g  

( 1 )  F r e s h  cells/batteries:  

o S t o r e  t h e  c e l l s / b a t  t e r i e s  i s o l a t e d  f r o m  c o m b u s t i b l e  
materials and o t h e r  haza rdous  materials. 

o Store t h e  ce l l s  a t  t e m p e r a t u r e s  below 130OF (4OOC). 

o Store the  cells  o n l y  i n  a w e l l - v e n t i l a t e d  area. 

o S i n c e  t h e  e f f e c t  o f  mass s t o r a g e  on  t h e  hazard degree is 
n o t  known, t h e  q u a n t i t y  o f  c e l l s  s t o r e d  i n  a n  area s h o u l d  b e  
k e p t  t o  a reasonable minimum. 

o The s t o r a g e  area m u s t  be  k e p t  e q u i p p e d  w i t h  a u t o m a t i c  
smoke a n d  f i r e  d e t e c t i o n  e q u i p m e n t .  P r o p e r  f i r e  f i g h t i n g  
equipment must also be a v a i l a b l e  i n  t h e  s t o r a g e  area. 

o Special care must be exercised i n  h a n d l i n g  and moving t h e  
c e l l s / b a t t e r i e s  t o  p r e v e n t  them from b e i n g  c r u s h e d  or  punc-  
t u r i n g .  

( 2 )  Used batteries:  

o Never store used  and fresh batteries together. 

o Never allow e x c e s s i v e  q u a n t i t i e s  o f  c e l l s  t o  accumula te .  
Disposal shou ld  be effected p e r i o d i c a l l y .  

o Used l i t h i u m  bat ter ies  shou ld  no t  be s u b j e c t e d  t o  p h y s i c a l  
a b u s e .  P r o p e r  d i s p o s a l  m e t h o d s  s h o u l d  be u s e d  f o r  d i s p o s a l  
(descr ibed i n  s u b s e c t i o n  5.3.2). 
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5.3.1.2 T r a n s D o r t a t i o n .  T r a n s p o r t a t i o n  of  b o t h  new and  u s e d  b a t t e r i e s  i s  
governed by federal  r e g u l a t i o n s  r e l a t i n g  t o  the  sh ipmen t  of  haza rdous  mate- 
r ia l s .  T h e  g e n e r a l  r e g u l a t i o n s  a r e  p u b l i s h e d  i n  49CFR172.101, 173.206(E)(L) 
and  175.3. The  Research a n d  S p e c i a l  P r o g r a m s  A d m i n i s t r a t i o n  o f  t h e  U.S. 
Department  of T r a n s p o r t a t i o n  has i s s u e d  exempt ions  t o  allow t h e  sh ipmen t  of 
l i t h i u m  c e l l s  and  b a t t e r i e s ,  if d e t a i l e d  r e q u i r e m e n t s  r e g a r d i n g  c e l l  s i z e ,  
t e s t i n g  r e s u l t s ,  and packaging  are met. F resh  batteries, a l o n e  o r  i n  equip-  
ment,  may be sh ipped  by motor  v e h i c l e ,  r a i l  freight,  c a r g o  v e s s e l ,  and cargo-  
o n l y  aircraft under  Exemption DOT-E-7052 (Appendix A). Any company or g roup  
s h i p p i n g  under t h i s  exempt ion  must be e x p l i c i t l y  registered w i t h  t he  Depart-  
m e n t  o f  T r a n s p o r t a t i o n  p r i o r  t o  s h i p p i n g  b a t t e r i e s  by a n y  mode. E x e m p t i o n  
DOT-E-8441 p e r m i t s  the  sh ipmen t  o f  waste l i t h i u m  bat ter ies  t o  a d i s p o s a l  s i t e  
by motor v e h i c l e  only.  

5 .3 .2  Disposal 

I m p r o p e r  d i s p o s a l  of L i - S O C 1 2  c e l l s  may b e  v e r y  h a z a r d o u s .  The 
hazards are d u e  b a s i c a l l y  t o  extreme r e a c t i v i t y  and t h e  t o x i c  n a t u r e  o f  c e l l  
components and discharge products .  L i th ium reacts v i o l e n t l y  w i t h  water and 
s o m e t i m e s  r e s u l t s  i n  e x p l o s i o n .  L i  a n d  L i O H  may c a u s e  c a u s t i c  b u r n s  t o  t h e  
sk in .  Special f i re  e x t i n g u i s h i n g  materials are r e q u i r e d  t o  put  o u t  l i t h i u m  
f i res .  SOC12, SO2, a n d  S02C12 are  h i g h l y  t o x i c  and  i f  i n h a l e d  may c a u s e  
s e r i o u s  i n f l a m m a t i o n  of l u n g  t i s s u e .  L i A l C 1 4  may q u i c k l y  d e h y d r a t e  t h e  tis- 
sue. Hence t h e  c e l l s  have t o  be t r e a t e d  as  haza rdous  waste, and extreme care 
is needed in d i s p o s i n g  o f  these cells/batteries.  They cannot  be thrown away 
l i k e  Zn-Mn02 a n d  a l k a l i n e  ce l l s .  They h a v e  t o  be  d i s p o s e d  o f  p e r  t h e  es ta-  
b l i s h e d  and recommended safe procedures .  These p rocedures  r e q u i r e  t he  d i s -  
p o s a l  o f  cells a s  haza rdous  waste after d e a c t i v a t i o n .  

Some p rocedures  t h a t  have been a t t e m p t e d  i n  t h e  pas t  t o  d e a c t i v a t e  
smaller c e l l s  i n c l u d e  punc tu re ,  h y d r o l y s i s ,  and chemical n e u t r a l i z a t i o n .  
N. M a r i n c i c  e t  a1.72 a n d  R.C. McDonald e t  a1.73 d e s c r i b e d  p r o c e d u r e s  f o r  
d i s p o s i n g  of large cells. For  de t a i l ed  d e s c r i p t i o n s  o f  the d i s p o s a l  o f  c e l l s  
i n  large q u a n t i  t i e s ,  E n v i r o n m e n t a l  P r o t e c t i o n  Agency a s s i s t a n c e  h a s  t o  be 
sough t .  

71 972 
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SECTION 6 

MANUFACTURER-INDUCED FACTORS 

Many s a f e t y  p rob lems  encountered  w i t h  L i - S 0 C l 2  c e l l s  may a lso be due  
t o  d e f i c i e n c i e s  i n  c e l l  d e s i g n  a n d  i n  e f f e c t i v e  q u a l i t y  c o n t r o l  d u r i n g  c e l l  
f a b r i c a t i o n .  Bobbin-type ce l l s  a p p e a r  to  be r e l a t i v e l y  safe under  most  opera-  
t i n g  c o n d i t i o n s  b e c a u s e  t h i s  t y p e  of c e l l  h a s  b e e n  d e s i g n e d  f o r  l ow- ra t e  
a p p l i c a t i o n s .  Most  s a f e t y  p r o b l e m s  a r e  r e p o r t e d  f o r  A A ,  C ,  a n d  D c e l l s  of 
j e l l y r o l l  des ign .  I n  a d d i t i o n  t o  u s e r - i n d u c e d  s a f e t y  p r o b l e m s  d e s c r i b e d  i n  
S e c t i o n  5, t h e  u n s a f e  behav io r  of t h e s e  c e l l s  may be due t o  i n h e r e n t  d e s i g n  or  
q u a l i t y  p r o b l e m s  t h a t  a re  c o n s i d e r e d  m a n u f a c t u r e r  i n d u c e d .  M a n u f a c t u r e r -  
i nduced  s a f e t y  i s s u e s  shown i n  F i g u r e  4-1 are d i s c u s s e d  i n  t h i s  s e c t i o n .  

6 .1  CELL D E S I G N  

Cel l  d e s i g n  h a s  a s i g n i f i c a n t  i n f l u e n c e  on  t h e  p e r f o r m a n c e  a n d  
s a f e t y  of a n y  e l e c t r o c h e m i c a l  s y s t e m .  The  c e l l  d e s i g n  d i s c u s s i o n  h e r e  i s  
based  o n  m a n u f a c t u r e r  i nvo lvemen t  i n  o p t i m i z i n g  t h e  ce l l  for  o v e r a l l  p e r f  or- 
mance and s a f e t y .  B a t t e r y  e n g i n e e r s  i n  g e n e r a l  t r y  t o  improve  per formance  by 
m a k i n g  d e s i g n  i m p r o v e m e n t s  i n  t h e  c o n f i g u r a t i o n  a n d  s t r u c t u r e  of  t h e  e lec-  
t r o d e s ,  e l e c t r o l y t e ,  s e p a r a t o r ,  case, and cove r  and t h e i r  i n t e r a c t i o n s .  T h i s  
d i s c u s s i o n  e m p h a s i z e s  t h e  i n f l u e n c e  of c e l l  and component d e s i g n  on s a f e t y .  

The p a r a m e t e r s  t h a t  c o n s t i t u t e  c e l l  d e s i g n  may be  c lass i f ied i n t o  
f o u r  g roups :  1)  e l e c t r o c h e m i c a l ,  2 )  e lec t r ica l ,  3) s t r u c t u r a l / m e c h a n i c a l ,  and 
4 )  t h e r m a l .  The i n f l u e n c e  of  t h e s e  f o u r  a r eas  o n  c e l l  s a f e t y  i s  d i s c u s s e d  
below. 

6.1.1 E l e c t r o c h e m i c a l  

The i m p o r t a n t  p a r a m e t e r s  under t h i s  d e s i g n  c a t e g o r y  are t h e  n a t u r e  
o f  t h e  l i m i t i n g  e l e c t r o d e  ( a n o d e -  o r  c a t h o d e - l i m i t e d ) ,  r a t i o  of  e l e c t r o d e  
c a p a c i t i e s ,  e l e c t r o d e  s t r u c t u r e ,  e l e c t r o l y t e  c o m p o s i t i o n ,  etc. The o p t i m i z a -  
t i o n  o f  t h e s e  p a r a m e t e r s  r e q u i r e s  t h e  c o n s i d e r a t i o n  of t h e  e l e c t r o c h e m i c a l  and 
c h e m i c a l  r e a c t i o n s  t a k i n g  p l a c e  d u r i n g  d i s c h a r g e ,  f o r c e d  o v e r - d i s c h a r g e ,  
charge, and storage. The s i g n i f i c a n c e  of t h e  l i m i t i n g  e l e c t r o d e  was d i s c u s s e d  
i n  d e t a i l  i n  s u b s e c t i o n  5.2.1.2. The o v e r a l l  p r o v i s i o n a l  c o n c l u s i o n s  s h o w  
t h a t :  

1 )  A ba l anced  d e s i g n  i s  s u i t a b l e  for ce l l s  r e q u i r e d  for v e r y  low- 
ra te  a p p l i c a t i o n s  ( C / l O O )  and t h a t  do  n o t  undergo r e v e r s a l  (u sed  as  
s i n g l e  cells) .  

2) L i t h i u m - l i m i t e d  ce l l s  are r e l a t i v e l y  safe. However, t h a t  con- 
d i t i o n  e x i s t s  o n l y  a t  low ra tes  o f  d i s c h a r g e  ( C / l O )  and  a t  room 
t e m p e r a t u r e  and h igher  t empera tu res .  
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3 )  For  medium- t o  high-rate  c e l l s  and c e l l s  t h a t  are r e q u i r e d  t o  
o p e r a t e  a t  lower t e m p e r a t u r e s ,  t h e  c a r b o n - l i m i t e d  d e s i g n  a p p e a r s  t o  
be the  only  choice .  

4 )  Elec t ro ly te /SOC12 l i m i t e d  c e l l s  are h i g h l y  unsafe .  Some of t h e  
e x p l o s i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e  may be a t t r i b u t e d  t o  t h i s  
c o n d i t i o n .  

The v a r i a t i o n  of e l e c t r o l y t e  c o n d u c t i v i t y  w i t h  s a l t  c o n c e n t r a t i o n  i n  
S0C12 i s  shown i n  F i g u r e  6-1.T4 The f i g u r e  s h o w s  t h a t  e l e c t r o l y t e  conduc-  
t i v i t y  a t  25OC i n c r e a s e s  up t o  a salt c o n c e n t r a t i o n  of  1 . 8 M  and thereaf ter  i t  
decreases. I n  view of  t h i s ,  d e s i g n e r s  have p r e f e r r e d  a c o n c e n t r a t i o n  o f  1.8M 
LiAlCl4 so  fa r .  However, d u r i n g  discharge,  S O C l 2  is consumed, and a t  the  end 
o f  d i s c h a r g e ,  t h e  s a l t  c o n c e n t r a t i o n  i n  S O C l 2  may a p p r o a c h  4 . O M  - 8.OM de-  
p e n d i n g  upon t h e  s i t u a t i o n .  I n  v i e w  o f  t h i s ,  i t  may b e  p r e f e r a b l e  t o  u s e  a 
l o w e r  s a l t  c o n c e n t r a t i o n  ( 1 .OM - 1.5M). 

To a c h i e v e  h igh  energy  d e n s i t i e s ,  b a t t e r y  e n g i n e e r s  t end  t o  p r o v i d e  
minimum q u a n t i t i e s  o f  t h e  e l e c t r o l y t e .  However ,  t h i s  may h a v e  a s e r i o u s  
i m p a c t  on  c e l l  s a f e t y .  I n  L i - S O C 1 2  c e l l s ,  S O C 1 2  s e r v e s  b o t h  a s  a p o s i t i v e  
e l e c t r o d e  m a t e r i a l  and  s o l v e n t  f o r  t h e  e l e c t r o l y t e  s a l t  a n d  d i scha rge  p r o -  
d u c t s .  n a n  a d e q u a t e  q u a n t i t y  t o  s u s t a i n  n o r m a l  
discharge and p rov ide  c o n d u c t i v i  ty>O Most e x p l o s i o n s  e x p e r i e n c e d  w i t h  these 
c e l l s  may be a t t r i b u t e d  t o  e l e c t r o l y t e  s t a r v a t i o n  d u r i n g  the end o f  discharge 
o r  r e v e r s a l .  F o r  a d e t a i l e d  d i s c u s s i o n  o n  t h i s  t o p i c ,  r e f e r  t o  s u b s e c t i o n  
5.2.1.2.  

SO SOC12 m u s t  b e  p r e s e n t  

6.1.2 Mechanical 

6.1.2.1 S t r u c t u r a l .  The main f u n c t i o n  o f  t h e  cel l  case is t o  house v a r i o u s  
ce l l  components (anode, ca thode ,  e l e c t r o l y t e ,  etc.) and t o  p r e v e n t  them from 
coming i n t o  c o n t a c t  w i t h  t h e  atmosphere.  F u r t h e r ,  t h e  c e l l  case must be able 
t o  c o n t a i n  g a s e s  p r o d u c e d  d u r i n g  d i scha rge ,  f o r c e d  o v e r - d i s c h a r g e ,  a n d  
s t o r a g e .  I n  v i e w  of  t h i s ,  t h e  c y l i n d r i c a l  c o n f i g u r a t i o n  is p r e f e r r e d  f o r  t h e  
ce l l s  s i n c e  it  can  w i t h s t a n d  higher  p r e s s u r e s  than  t h e  p r i s m a t i c  c o n f i g u r a -  
t i on .  However, an  e x a m i n a t i o n  of  p r e s e n t  c y l i n d r i c a l  d e s i g n s  i n d i c a t e s  t h a t  
t h e r e  i s  n o t  e n o u g h  o v e r h e a d  v o l u m e  ( a b o v e  t h e  e l e c t r o d e s )  t o  c o n t a i n  t h e  
gases. So c h a n g e s  may b e  r e q u i r e d  i n  t h e  ha rdware  d e s i g n  of c y l i n d r i c a l  
cells. If gas  g e n e r a t i o n  can  be minimized ,  a s t r u c t u r a l l y  enhanced p r i s m a t i c  
c o n f i g u r a t i o n  may be f eas ib l e .  J o i n i n g  t h e  case t o  t h e  c o v e r  t h r o u g h  c r i m p  
seals i s  no t  a d v i s a b l e  f o r  L i - S 0 C l 2  because  t h e  seam may leak  o v e r  a p e r i o d  o f  
time. The w e l d i n g  o f  case and  c o v e r  by T I G  w e l d i n g  o r  l a s e r  i s  s t r o n g l y  
recommended. 
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6.1.2.2 The rma l .  I n  Li-SOC12 c e l l s ,  s a f e t y  p r o b l e m s  a r e  d u e  m a i n l y  t o  
i n a d e q u a t e  heat management. An idea l  C e l l  d e s i g n  mus t  m i n i m i z e  heat gene ra -  
t i o n  and maximize heat d i s s i p a t i o n .  For  low t o  moderate ra tes  t h i s  is  n o t  a 
s i g n i f i c a n t  p r o b l e m  u n l e s s  t h e  c e l l  i s  i n  a b a t t e r y  case w h e r e  t h e  h e a t  
c o n d u c t i o n  p a t h  i s  i n a d e q u a t e .  However ,  f o r  h i g h e r  r a t e s  ( > C / l O ) ,  i n t e r n a l  
h e a t i n g  is  a s i g n i f i c a n t  p r o b l e m .  A g r e a t e r  e m p h a s i s  o n  t h e r m a l  d e s i g n  i s  
needed t o  meet ex tended  a p p l i c a t i o n s .  

A comple t e  thermal  a n a l y s i s  must c o n s i d e r  a l l  heat s o u r c e s  and h e a t  
s i n k s ,  t h e i r  e v o l u t i o n  w i t h  t ime,  and  t h e i r  l o c a t i o n .  I n  a d d i t i o n ,  b a t t e r y  
e n g i n e e r s  a l s o  have t o  c o n s i d e r  heat effects  due t o  a l l  n o n - 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 h a t  may take p l a c e  d u r i n g  d i s c h a r g e  and r e v e r s a l  as well a s  d u r i n g  
pos t -d i scha rge  periods. The s i t u a t i o n  is f u r t h e r  c o m p l i c a t e d  by the  f ac t  t h a t  
thermal and t h e  e lec t r ica l  c o n d u c t i v i t i e s  as well as electrode p o l a r i z a t i o n  
a re  t e m p e r a t u r e  and e l e c t r o l y t e  c o m p o s i t i o n  dependent .  

6.1.3 E l e c t r i c a l  

Non-uni form c u r r e n t  d i s t r i b u t i o n  may lead t o  h i g h  p o l a r i z a t i o n  a t  
h i g h  rates of d i s c h a r g e ,  wh ich  may a l s o  a c c o u n t  f o r  u n s a f e  ce l l  behavior .  I n  
o r d e r  t o  a c h i e v e  uni form c u r r e n t  d i s t r i b u t i o n ,  s q u a r e  electrodes may be t h e  
choice. The u s e  of j e l l y r o l l  ( l o n g  and nar row)  e lectrodes may r e s u l t  i n  non- 
u n i f o r m  c u r r e n t  d i s t r i b u t i o n .  The u s e  of m u l t i p l e  t a b s  may m i n i m i z e  t h e  
problem t o  a c e r t a i n  e x t e n t .  

P r e s e n t l y ,  a l l  c e l l s  are equipped  w i t h  one i n s u l a t e d  terminal only. 
F a i l u r e  of t h e  seal  ( t e r m i n a l ,  g l a s s  t a b s )  f o r  a n y  r e a s o n  ( c o r r o s i o n ,  
b r i d g i n g ,  breaking ,  o r  c r a c k i n g )  may r e s u l t  i n  cell  s h o r t i n g ,  a n  open c i r c u i t ,  
o r  a re lease  of t o x i c  gases a n d  e l e c t r o l y t e .  I m p r o v e m e n t  i n  t h e  s t r u c t u r a l  
and  c h e m i c a l  s t a b i l i t y  o f  t h e  glass-to-metal seal is needed t o  enhance  c e l l  
s a f e t y .  

6.2 QUALITY CONTROL 

It is e s s e n t i a l  t o  e m p h a s i z e  t h e  i m p o r t a n c e  of q u a l i t y  c o n t r o l  
d u r i n g  c e l l  m a n u f a c t u r e .  H i g h l y  r e l i a b l e  n i c k e l - c a d m i u m  c e l l s  were made 
p o s s i b l e  only th rough  e f f e c t i v e  i m p l e m e n t a t i o n  of a s t r i n g e n t  q u a l i t y  c o n t r o l  
program d u r i n g  t h e i r  manufac ture .  Fo r  convenience ,  t h e  q u a l i t y  c o n t r o l  pro- 
gram may be d i v i d e d  i n t o  f o u r  categories: 1) q u a l i t y  c o n t r o l  of raw materials, 
2) i n s p e c t i o n  of components i n c l u d i n g  e lectrode and e l e c t r o l y t e  p r o c e s s i n g ,  3)  
i n s p e c t i o n  of  c e l l  a s s e m b l y ,  a n d  4) a c c e p t a n c e / q u a l i f i c a t i o n  of f i n i s h e d  
ce l l s .  

The use  of h i g h - p u r i t y  materials and t h e  m i n i m i z a t i o n  of contamina-  
t i o n  d u r i n g  p r o c e s s i n g  is  e s s e n t i a l  t o  real ize  h i g h  q u a l i t y  cells. I m p u r i t i e s  
t h a t  may be p r e s e n t  i n  v a r i o u s  raw ma te r i a l s  a n d  o t h e r  c e l l  c o m p o n e n t s  a r e  
p r e s e n t e d  i n  T a b l e  6-1. Among t h e s e  i m p u r i t i e s ,  L i 3 N ,  H C 1 ,  Fe,  H20, a n d  

+ % w e  a s i g n i f i c a n t  i n f l u e n c e  on t h e  pe r fo rmance  and o r g a n i c  p o l y m e r s / m a t e r i a  
s a f e t y  of Li -SOC12 cells .  

- 
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Table 6-1 .  Possible Impurities in Various Materials of Li-S0Cl2 Cells 

IMPURITY 

L i  N3 

H20, ORGANIC MATTER, TRACES 
OF METALLIC IMPURITIES 

Fer H 2 0  

C12, SO2, HCI, S2C$ 

ORGANIC POLYMERS Fer H 2 0  

Fe, Cu 
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Lithium n i t r i d e  reacts v i o l e n t l y  w i t h  t h e  e l e c t r o l y t e  on ly  a t  tem- 
p e r a t u r e s  a b o v e  125oC. If by a n y  c h a n c e  t h e  e l e c t r o l y t e  c o n t a i n s  t races  o f  
H C 1  formed by t h e  h y d r o l y s i s  o f  SOC12, a r e a c t i o n  be tween L i  N and S0C12 may 
take p l ace  w i t h  i n c a n d e s c e n c e  e v e n  a t  room t e m p e r a t u r e .  d e  r e l a t i o n s h i p  
between n i t r i d e  p a r t i c l e  s i z e  and t h e  maximum safe c o n c e n t r a t i o n  o f  h y d r o l y s i s  
p r o d u c t s  has n o t  y e t  b e e n  e s t a b l i s h e d .  L i t h i u m  n i t r i d e  may f o r m  a s  s m a l l  
s p o t s  o r  nodules  on the  s u r f a c e  of  t h e  l i t h i u m  f o i l  i f  i t  is s t o r e d  for  a l o n g  
p e r i o d  even i n  a tmosphe res  c o n t a i n i n g  v e r y  low c o n c e n t r a t i o n s  of  n i t r o g e n  and 
t r a c e s  of w a t e r  v a p o r .  T h e s e  s p o t s  may a c t  a s  s i t e s  i n  i n c r e a s i n g  f u r t h e r  
c o r r o s i o n  of t he  metal by n i t r o g e n .  L i 3 N  may form on t he  L i  e l e c t r o d e s  when 
t h e  f a b r i c a t e d  c e l l s  are s t o r e d  i n  a n  u n f i l l e d  c o n d i t i o n  f o r  a l o n g  time. The 
p r e s e n c e  o f  H C 1  is p o s s i b l e  i n  t h e  e l e c t r o l y t e  if t h e  cathode o r  s e p a r a t o r  are 
no t  d r i e d  p rope r ly  o r  i f  leaks have exposed t h e  e l e c t r o l y t e  t o  t h e  atmosphere. 
Every measure must  be t aken  t o  min imize  t h e  p resence  o f  Li3N and H C 1  i n  t h e  L i  
e l e c t r o d e  and e l e c t r o l y t e ,  r e s p e c t i v e l y .  

Ce l l s  h a v e  e x h i b i t e d  s e r i o u s  v o l t a g e  d e l a y  c h a r a c t e r i s t i c s  i f  Fe 
greater than 5 p/m is p r e s e n t  i n  t h e  e l e c t r o l y t e .  However, i t  i s  preferable 
t o  res t r ic t  the  Fe c o n c e n t r a t i o n  t o  v a l u e s  below 3 p/m. 

Most s e r i o u s l y ,  o r g a n i c  i m p u r i t i e s  may r e s u l t  i n  gas e v o l u t i o n  due  
t o  t h e i r  r e a c t i o n s  w i t h  t h e  LiA1C14/SOC12 e l e c t r o l y t e .  The m a i n  o r g a n i c  
c o n t a m i n a t i o n s  come f r o m  t h e  s e p a r a t o r  p a p e r .  The N a v a l  Weapons  S u p p o r t  
C e n t e r  (NWSC)/Crane spec 310 b e t a  glass  s e p a r a t o r ,  which is w i d e l y  used  i n  L 
s0ci2 commercial  cells ,  was found t o  e v o l v e  gas f o r  o v e r  500 h o u r s  a t  25OC. 
The p r e s s u r e  o f  t h e  gas e v o l v e d  was m e a s u r e d  a n d  t h e  r e s u l t s  i n d i c a t e d  t h a t  
t h e  e v o l v e d  h y d r o g e n  gas c o u l d  p r o v i d e  a p r e s s u r e  b u i l d u p  o f  3 3  p s i  i n  a 
10,000 Ah MESP c e l l  af ter  15  h o u r s  a t  25OC. 

is 

Once s a f e t y  i s  b u i l t  i n t o  t h e  d e s i g n ,  a c o m p r e h e n s i v e  i n - p r o c e s s  
q u a l i t y  c o n t r o l  of a l l  p r o d u c t i o n  and a s sembly  s t e p s  is r e q u i r e d  t o  a s s u r e  a 
re l iable ,  c o n s i s t e n t ,  safe product .  T h i s  i n c l u d e s  c a l i b r a t i o n  of a l l  i n s t r u -  
m e n t s  a n d  p r o d u c t i o n  e q u i p m e n t  on a r e g u l a r  b a s i s ,  a d e q u a t e  p i e c e  p a r t  i n -  
s p e c t i o n  and a n a l y s i s  of  materials, and q u a l i f i c a t i o n  of o p e r a t o r s .  In-depth 
t r a i n i n g  of a l l  p r o d u c t i o n  a n d  q u a l i t y  c o n t r o l  p e r s o n n e l  w i l l  p r o v i d e  t h e  
a d d i t i o n a l  eyes and ears t o  catch nonconforming items, n o t e  changes i n  com- 
p o n e n t s  a n d  p r o d u c t s ,  a n d ,  most i m p o r t a n t l y ,  i d e n t i f y  s a f e t y  i s s u e s .  T h i s  
e n t i r e  q u a l i t y  process must be suppor t ed  by c o n f i g u r a t i o n  c o n t r o l  management, 
which e v a l u a t e s  a l l  changes  and a s s u r e s  t h a t  t he  p r o c e s s  i s  on c o u r s e  as g i v e n  
i n  t h e  e v a l u a t e s  a l l  c h a n g e s  a n d  a s s u r e s  t h a t  t h e  p r o c e s s  i s  on c o u r s e  a s  
g i v e n  i n  t he  manufac tu r ing  c o n t r o l  documents.  

The i n s p e c t i o n  and  a c c e p t a n c e  o f  t h e  f i n a l  p r o d u c t  r e q u i r e  a com- 
p r e h e n s i v e  q u a l i t y  p l a n  t o  a s s u r e  p roduc t  c o n s i s t e n c y  and r e l i a b i l i t y .  Q u a l i -  
f i c a t i o n  ( o r  c e r t i f i c a t i o n )  of t h e  p r o d u c t  d e p e n d s  f o r  t h e  most p a r t  on t h e  
a p p l i c a t i o n  and is a matter o f  t he  u s e r  and m a n u f a c t u r e r  t o  se t t le  be fo re  t h e  
d e s i g n  i s  a c c e p t e d .  A c c e p t a n c e  i s  t h e  m a n u f a c t u r e r ' s  r e s p o n s i b i l i t y  and  
s i g n i f i e s  h i s  a p p r o v a l  t h a t  t h e  p roduc t  meets the  s t a n d a r d s  and o p e r a t i o n a l  
r e q u i r e m e n t s  s p e c i f i e d .  T h i s  i n c l u d e s  a large v a r i e t y  o f  t e s t i n g  a t  v a r i o u s  
t e m p e r a t u r e s  and rates. It also i n c l u d e s  n o n d e s t r u c t i v e  tests,  somet imes  a t  
t h e  1 00-percent  i n s p e c t i o n  l e v e l  (e.g., weights)  and a l s o  other tests. 
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Q u a l i f i c a t i o n  t e s t s  a r e  more  s p e c i f i c  t o  t h e  a p p l i c a t i o n  a n d  a r e  
used t o  v e r i f y  t h a t  t h e  m a n u f a c t u r e r  has met c u s t o m e r  r e q u i r e m e n t s ,  Extended 
e l e c t r i c a l ,  t h e r m a l ,  a n d  s t r u c t u r a l  t e s t i n g  w i l l  b e  c o n s i d e r e d  p a r t  o f  t h e  
package. A c o m p l e t e  s e r i e s  of  t e s t s ,  i n  t h e o r y ,  w o u l d  h a v e  t o  be  p e r f o r m e d  
o n l y  o n c e  t o  o b t a i n  t h e  b a s e l i n e  i n f o r m a t i o n .  F u t u r e  p r o c u r e m e n t s  w o u l d  
i n v o l v e  o n l y  sample t e s t i n g  t o  v e r i f y  t h a t  t h e  b a s e l i n e  has  n o t  changed. 
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SECTION 7 

RECOMMENDATIONS FOR IMPROVING THE SAFETY OF Li-SOC12 (XLLS 

The s a f e t y  p rob lems  o f  Li-S0Cl2 cel ls  are due b a s i c a l l y  t o  t h e  h igh  
r e a c t i v i t y  o f  t h e  s y s t e m  and  t h e  l o w  m e l t i n g  p o i n t  o f  L i ,  t o x i c  n a t u r e  of  
sOc12 and some of  t h e  d i s c h a r g e  products ,  and poor e lectr ical  c o n d u c t i v i t y  of 
t h e  e l e c t r o l y t e .  A l a c k  of  comple te  u n d e r s t a n d i n g  of t h e  cell  c h e m i s t r y  and 
i t s  o p e r a t i n g  r e q u i r e m e n t s  and d e f i c i e n c i e s  i n  c e l l  d e s i g n ,  manufac tu re ,  and 
q u a l i t y  c o n t r o l  have a l s o  c o n t r i b u t e d  t o  t h e  u n s a f e  behavior .  Many o f  these 
i s s u e s  are  s o l v a b l e .  I m p r o v e m e n t s  i n  t h e  f o l l o w i n g  areas are  s u g g e s t e d  t o  
a s s u r e  t h e  sa fe  u s e  o f  t h e  L i - S 0 C l 2  c e l l :  1) f u n d a m e n t a l  u n d e r s t a n d i n g ,  2 )  
c e l l  d e s i g n ,  3) q u a l i t y  c o n t r o l ,  a n d  4) u s e r  e d u c a t i o n .  These i s s u e s  a re  
d i s c u s s e d  i n  d e t a i l  below. 

7.1 FUNDAMENTAL UNDERSTANDING 

F u n d a m e n t a l  s t u d i e s  have  b e e n  c o n d u c t e d  t o  better unde r s t and  ce l l  
c h e m i s t r y .  However ,  t h e r e  are a number  o f  i s s u e s  s t i l l  u n r e s o l v e d  w i t h  
respect t o  s a f e t y .  They are: 

1. Extending  t h e  unde r s t and ing  of  cel l  c h e m i s t r y  d u r i n g  discharge 
a n d  r e v e r s a l  t o  h i g h e r  discharge r a t e s  and  l o w  and  h i g h  t e m p e r a -  
t u r e s .  

2. I n v e s t i g a t i n g  t h e  r o l e  o f  i n t e r m e d i a t e s  i n  t h e  s a f e t y  o f  t h e  
cel ls .  R e d u c t i o n  o f  SOC12 i s  s u p p o s e d  t o  t a k e  p l a c e  t h r o u g h  a 
a s e r i e s  o f  i n t e r m e d i a t e s .  T h e s e  i n t e r m e d i a t e s  may be h a z a r d o u s .  
F u r t h e r  work is needed t o  c o n f i r m  their p resence ,  d e t e r m i n e  t h e i r  
s t a b i l i t y  a t  v a r i o u s  c o n d i t i o n s ,  a n d  e s t a b l i s h  t h e i r  r o l e  i n  c e l l  
s a f e t y .  

3. A s c e r t a i n i n g  w h e t h e r  L i 2 0 2  i s  p r e s e n t .  L i 2 0 2  r e p o r t e d l y  is 
formed d u r i n g  d i s c h a r g e  and f o r c e d  over -d ischarge .  The p r e s e n c e  o f  
t h i s  ma te r i a l  is suggested b a s e d  on X-ray d i f f r a c t i o n  r e s u l t s .  
A d d i t i o n a l  i n f o r m a t i o n  i s  needed t o  conf i rm o r  r e f u t e  t h e  f o r m a t i o n  
o f  t h i s  material and i t s  impac t  on ce l l  s a f e t y .  

4. E v a l u a t i n g  t h e  c h e m i s t r y  o f  s t a r v e d  ce l l s .  Most  c o m m e r c i a l  
c e l l s  a p p e a r  t o  b e  w o r k i n g  i n  o r  n e a r  e l e c t r o l y t e - s t a r v e d  c o n d i -  
t i o n s ;  hence,  a s t u d y  of the  c h e m i s t r y  of  s t a r v e d  cells  may lead t o  
the  u n d e r s t a n d i n g  o f  c e l l  s a f e t y  issues. To date, most research h a s  
been done on f looded  cells. 

5. A r r i v i n g  a t  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  c h e m i s t r y  o f  t h e  
cells d u r i n g  c a r b o n - l i m i t e d  v o l t a g e  r e v e r s a l  and i t s  i m p a c t  on c e l l  
s a f e t y .  F u r t h e r  work  is n e e d e d  t o  r e s o l v e  many i s s u e s  o f  c a r b o n -  
i i f f i i i ed  v o l t a g e  r e v e r s a l .  
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6. 
and decrease p o l a r i z a t i o n  losses. 

Improving e l e c t r o l y t e  c o n d u c t i v i t y  t o  improve  rated pe r fo rmance  

7. S t u d y i n g  t h e  f a c t o r s  t h a t  c o n t r o l  t h e  g r o w t h  of L i C l  p a s s i v e  
f i l m  and  m o d i f y i n g  t h e  f i l m  s t r u c t u r e  t o  r e d u c e  v o l t a g e  d e l a y  pro- 
blems w i t h o u t  a f f e c t i n g  s a f e t y .  

8. P e r f o r m i n g  thermal a n a l y s e s  of c e l l s  d u r i n g  forced o v e r -  
discharge and charge. 

9. C o r r e l a t i n g  t h e  c h a r a c t e r i s t i c s  of t h e  c a r b o n  electrode w i t h  
i ts performance. 

10. D e t e r m i n i n g  the  i n f l u e n c e  of  a d d i t i v e s  and c a t a l y s t s  t o  improve  
rated pe r fo rmance  and ce l l  s a f e t y .  

7 -2 CELL DESIGN 

The  s e v e r i t y  o f  h a z a r d s  a p p e a r s  t o  d e p e n d  s i g n i f i c a n t l y  o n  c e l l  
design. Bobbin cells a p p e a r  t o  be r e l a t i v e l y  safe under  most o p e r a t i n g  condi-  
t i o n s .  S i m i l a r l y ,  few u n s a f e  i n c i d e n t s  a r e  o n  record f o r  large p r i s m a t i c  
cells. However, m i l d  v e n t i n g  or d e f o r m a t i o n  has been o b s e r v e d  when t h e  cel ls  
are shor t  circuited. The greatest number of s a f e t y  p rob lems  are r e p o r t e d  for  
AA, C, and D c e l l s  hav ing  j e l l y r o l l  electrodes. The u n s a f e  b e h a v i o r  of  these 
ce l l s  may be due t o  i n h e r e n t  d e s i g n  p rob lems  o r  due t o  t h e  fact  t h a t  t h e y  were 
u s e d  f o r  a w i d e  r a n g e  o f  a p p l i c a t i o n s  beyond t h e i r  o p e r a t i o n a l  c a p a b i l i t y .  
Hence, most s p i r a l l y  wound ce l l s  are o p t i m i z e d  p r i n c i p a l l y  f o r  performance.  
However ,  what  is n e e d e d  i s  a safe  c e l l  d e s i g n  o p t i m i z e d  f o r  e n d u r a n c e .  The  
f o l l o w i n g  i s s u e s  need d e t a i l e d  i n v e s t i g a t i o n  i n  a r r i v i n g  a t  a safe d e s i g n  for  
these cells: 

1)  D e t e r m i n i n g  t h e  o p t i m u m  q u a n t i t y  o f  S0Cl2 r e q u i r e d  f o r  sa fe  
c e l l  o p e r a t i o n .  B a t t e r y  e n g i n e e r s  g e n e r a l l y  p r o v i d e  s u f f i c i e n t  
S O C l  r e q u i r e d  f o r  normal  discharge and a l i t t l e  e x c e s s  t o  a c c o u n t  
fo r  $aradaic i n e f f i c i e n c i e s .  Such a c e l l  may d e v e l o p  d r y  s p o t s  a t  
t h e  end of  discharge or r e v e r s a l ,  p r o v i d i n g  a c o n d i t i o n  tha t  can  be 
v e r y  h a z a r d o u s .  F o r  safe  o p e r a t i o n ,  a d e q u a t e  q u a n t i t i e s  o f  SOC12 
are needed t o  accoun t  for normal discharge t o  s u s t a i n  c o n d u c t i v i t y  
d u r i n g  discharge and r e v e r s a l  and t o  keep the  m a j o r i t y  o f  t h e  d i s -  
charge p r o d u c t s  i n  s o l u t i o n .  

2) D e t e r m i n i n g  the  optimum li thium-to-SOC1 r a t i o  to  a s s u r e  s a f e t y  
d u r i n g  c e l l  r e v e r s a l .  O p t i m i z a t i o n  o f  ' t h i s  b a l a n c e  f o r  t h e  
o p e r a t i n g  c o n d i t i o n s  ( ra te  and t e m p e r a t u r e )  is r e q u i r e d  to  enhance 
performance and safety. 

3 )  E v a l u a t i n g  the  p r o s  and cons  of p r i s m a t i c  and c y l i n d r i c a l  con- 
f i g u r a t i o n  w i t h  regard t o  ra te  and thermal management. 
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4 )  Min imiz ing  c u r r e n t  d i s t r i b u t i o n  problems i n  t h e  e l e c t r o d e s  f o r  
i m p r o v e d  p e r f o r m a n c e  a t  h i g h  d i s c h a r g e  r a t e s  by a d d i t i o n a l  t a b s ,  
c o n n e c t i o n s ,  o r  improved s u b s t r a t e s .  

5 )  Pe r fo rming  thermal a n a l y s e s  of  t h e  c e l l  and i ts  components t o  
o p t i m i z e  thermal management. 

6 )  D e t e r m i n i n g  t h e  ro l e  and s t a b i l i t y  of t h e  s e p a r a t o r  and select 
a p p r o p r i a t e  s e p a r a t o r  m a t e r i a l s .  

7 )  E v a l u a t i n g  g lasdmeta l  seal s t a b i l i t y  and d e s i g n .  

8 )  C o n s i d e r i n g  t h e  u s e  of e l e c t r o n i c  d e v i c e s  s u c h  as f u s e s  a n d  
d i o d e s  t o  improve  t h e  safety o f  t h e  ce l l s  d u r i n g  s h o r t  c i r c u i t  and 
r e v e r s a l  a t  t h e  ce l l  o r  b a t t e r y  l e v e l .  

7 . 3  QUALITY CONTROL 

The  q u a l i t y  o f  m a t e r i a l s  and q u a l i t y  c o n t r o l  of p rocesses ,  b o t h  
m a n u f a c t u r e r  r e s p o n s i b i l i t i e s ,  h a v e  b e e n  t h e  s o u r c e  of  n u m e r o u s  i n c i d e n t s .  
Hence, q u a l i t y  c o n t r o l  of materials and v a r i o u s  processes is most e s s e n t i a l  
f o r  a s s u r i n g  a s a fe  p r o d u c t .  The  f o l l o w i n g  i m p o r t a n t  i s s u e s  need  d e t a i l e d  
i n v e s t i g a t i o n  t o  e v o l v e  a r e l i a b l e  q u a l i t y  c o n t r o l  program: 

1 )  Determining  t h e  effect  of m o i s t u r e  i n  a l l  c e l l  components. 

2)  D e t e r m i n i n g  t h e  e f f e c t s  a n d  l i m i t s  of e x p o s u r e  o f  l i t h i u m  t o  
d r y  room c o n d i t i o n s .  

3 )  D e t e r m i n i n g  t h e  
ca rbon  e lectrode.  

4 )  O p t i m i z i n g  o v e r a  
r i a l s .  

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

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

5 )  Developing  n o n d e s t r u c t i v e  t e c h n i q u e s  f o r  e v a l u a t i n g  components 
and c e l l s .  

7.4 USER EDUCATION 

I n a p p r o p r i a t e  o r  careless  a p p l i c a t i o n s  of L i - S 0 C l 2  c e l l s  h a v e  
created haza rdous  s i t u a t i o n s .  For  t h i s  r e a s o n  t h e  u s e  of t h e s e  ce l l s  must  b e  
l i m i t e d  t o  a p p r o p r i a t e  e n g i n e e r i n g  a p p l i c a t i o n s  w h e r e  t h e  u s e r  i s  we l l  
informed.  F u r t h e r ,  t h e  u s e r  m u s t  be educa ted  not  o n l y  on e x p e c t e d  pe r fo rmance  
b u t  a lso on t h e  l i m i t a t i o n s  and t h e  haza rds  a s s o c i a t e d  w i t h  l i t h i u m  bat ter ies .  
T h i s  area is r e c e i v i n g  greater  a t t e n t i o n  today  t h a n  earlier.  However, i t  i s  
p r o b a b l y  t h e  most i m p o r t a n t  s t ep  t h a t  c a n  be t a k e n  a t  t h i s  t i m e  t o  a v o i d  a 
s a f e t y  problem. 
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SECTION 8 

SUMMARY AND CONCLUSIONS 

Li-S0Cl2 c e l l s  h a v e  many d e s i r a b l e  c h a r a c t e r i s t i c s :  h i g h  e n e r g y  
d e n s i t y ,  h i g h  o p e r a t i n g  c e l l  v o l t a g e ,  e x c e l l e n t  v o l t a g e  s t a b i l i t y  o v e r  95  
p e r c e n t  of t he  d i s c h a r g e  regime, a b i l i t y  t o  o p e r a t e  ove r  a wide t e m p e r a t u r e  
r a n g e  (-40°C t o  +8OoC), e x c e p t i o n a l l y  l o n g  s t o r a g e  l i f e ,  and  l o w  c o s t  o f  
m a t e r i a l s 1 - 5 .  The per formance  of  t h i s  sys tem is far  s u p e r i o r  t o  t h a t  of o t h e r  
e l e c t r o c h e m i c a l  s y s t e m s ,  and i t  h o l d s  t he  p romise  o f  i m p o r t a n t  weight  s a v i n g s  
f o r  s p a c e  o p e r a t i o n s  ( F i g u r e  1-1). I n  s p i t e  of  these a t t r a c t i v e  f e a t u r e s ,  t h e  
use  o f  these ce l l s  i n  s p a c e  i s  c u r r e n t l y  restricted because  of t h e i r  r e p o r t e d  
h a z a r d o u s  b e h a v i o r .  The s a f e t y  i s s u e  is o f  p r i m e  c o n c e r n  f o r  s p a c e f l i g h t  
a p p l i c a t i o n s  e s p e c i a l l y  when p e r s o n n e l  are i n v o l v e d .  U n s a f e  i n c i d e n t s  
r e p o r t e d  so far have ranged from m i l d  v e n t i n g  o f  t o x i c  materials t o  v i o l e n t  
e x p l o s i o n s  and fires. A l l  haza rdous  i n c i d e n t s  r e p o r t e d  t o  date may be classi- 
f i e d  i n t o  one of  t h e  f o l l o w i n g  c a t e g o r i e s :  

1. 
non-opera t i o n a l  condi  t i  ons .  

L e a k i n g  o f  e l e c t r o l y t e  t h r o u g h  s ea l s  o r  w e l d s  u n d e r  m i l d  o r  

2. High-pressure  v e n t i n g  of i n t e r n a l  gases and e l e c t r o l y t e  th rough  
seal and weld areas. 

3. 
s i o n  of  t o x i c  materials, somet imes  e x p l o s i v e l y  w i t h  fire. 

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

The bases f o r  a l l  of these  i n c i d e n t s  may b e  r e l a t e d  t o  u s e r -  a n d  
manufac tu re r - induced  causes .  U s e r - i n d u c e d  a c t i v i t i e s  may be a t t r i b u t e d  t o  
o p e r a t i o n a l ,  a b u s i v e ,  o r  h a n d l i n g  c o n d i t i o n s  t o  which t h e  cel l  is subjected.  
Manufac turer - induced  hazard c o n d i t i o n s  may be related t o  d e s i g n  and /o r  q u a l i t y  
c o n t r o l  d e f i c i e n c i e s .  After a carefu l  a n a l y s i s ,  t h e  s o u r c e  o f  t h e  p r o b l e m s  
c i ted above  has been c lass i f ied i n t o  user- and manufac tu re r - induced  c a u s e s ,  a s  
described i n  F i g u r e  4-1. 

The u s e r  may induce  hazards d u r i n g  normal  o p e r a t i o n  i f  t h e  discharge 
r a t e  o r  d u t y  c y c l e  is e x c e s s i v e  o r  i f  e n v i r o n m e n t a l  c o n d i t i o n s  s u c h  a s  tem- 
perature, shock,  and v i b r a t i o n  exceed t h e  cel l  d e s i g n  o p e r a t i o n a l  c a p a b i l i t y .  
Hazards may a l s o  be  i n d u c e d  by e l e c t r i c a l  a b u s e ;  i.e., s h o r t c i r c u i t i n g ,  
c h a r g i n g  a n d  o v e r - d i s c h a r g i n g ,  a n d / o r  p h y s i c a l  abuse  ( p u n c t u r i n g ,  c r u s h i n g ,  
b u r n i n g ,  o r  i m p a c t ) .  F i n a l l y ,  the  user may a b u s e  a c e l l  by u n c o n t r o l l e d  
s t o r a g e ,  imprope r  t r a n s p o r t a t i o n ,  o r  d i s p o s a l .  O p e r a t i o n  of  t h e  ce l l s  a t  low 
discharge ra tes  i s  g e n e r a l l y  safe. However ,  a l a c k  o f  k n o w l e d g e  o r  u n d e r -  
s t a n d i n g  o f  t h e  s a f e t y  issues may lead t o  problems. 

Abuse is p r o b a b l y  t h e  mos t  p r e v a l e n t  s o u r c e  o f  L i -S0Cl2  c e l l  
hazards. 

Many e x p i a n a t i o n s  nave been o f f e r e d  t o  explain the iansafe behav io r  
of  the  cells  under  t he  above o p e r a t i n g  and a b u s e  c o n d i t i o n s .  The e x p l a n a t i o n s  
f a l l  i n t o  two c a t e g o r i e s :  1) thermal  mechanisms and  2) chemical mechanisms. 

8- 1 



However, i t  is q u i t e  d i f f i c u l t  t o  s e p a r a t e  t h e  effect  of each. The impact o f  
bo th  may be r e s p o n s i b l e  for  ce l l  v e n t i n g  or exp los ion .  

Some s a f e t y  p rob lems  encoun te red  w i t h  Li-S0Cl2 cells  may be a t t r i -  
buted  t o  d e f i c i e n c i e s  i n  c e l l  d e s i g n  and i n  q u a l i t y  c o n t r o l  d u r i n g  ce l l  f a b r i -  
c a t i o n .  Bobbin ce l l s  a p p e a r  t o  be r e l a t i v e l y  safe under  most o p e r a t i n g  condi -  
t i o n s  because this type  of ce l l  has been d e s i g n e d  for  l o w - r a t e  a p p l i c a t i o n s .  
The greatest a b s o l u t e  number of s a f e t y  p rob lems  have  been r e p o r t e d  f o r  AA, C, 
and D ce l l s  of j e l l y r o l l  des ign .  However, t h e  p e r c e n t a g e  of i n c i d e n t s  are no 
greater than  those expe r i enced  i n  v a r i o u s  a l k a l i n e  c e l l s  d u r i n g  t h e i r  develop-  
ment. 

A w e l l - c o o r d i n a t e d  basic and a p p l i e d  research program is needed t o  
R e c o m m e n d a t i o n s  t o  i m p r o v e  t h e  s a f e t y  of L i -  d e v e l o p  s a f e  L i - S 0 C l 2  c e l l s .  

SOC12 c e l l s  inc lude :  

1 .  I m p r o v i n g  t h e  p r e s e n t  u n d e r s t a n d i n g  of t h e  c h e m i s t r y  of L i -  
socl2 c e l l s .  

2.  Conduct ing q u a n t i t a t i v e  modeling of c e l l  and b a t t e r y  behav io r .  

3. O p t i m i z i n g  ce l l  d e s i g n  for b o t h  s a f e t y  and performance.  

4. Imp lemen t ing  e f f e c t i v e  q u a l i t y  c o n t r o l  p r o c e d u r e s  d u r i n g  c e l l  
f a b r i c a t i o n .  

5. Educa t ing  t h e  u s e r .  
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US Deportment 
of Transportaton 

Rertorch ond 
Specla1 Programs 
Adminlrtrotion DOT-E 7052 

(FIFTEENTH REVISION) 

L Power Conversion, Inc., Elmwood, New York, is hereby granted  an exemption 
from those provisions. of this Department’s Hazardous Materials Regulations specified 
in paragraph 5 below to offer  packages prescribed herein of a cer ta in  flammable solid 
for  transportation in commerce subject to t h e  limitations and special requirements  
specified herein. This exemption authorizes t h e  shipment of lithium batteries and 
provides no relief from any regulation other than as specifically stated. Each of the 
following is hereby granted the s ta tus  of a par ty  to this exemption (SEE APPENDIX 
1). 

2. - BASIS. This exemption is based on Power Conversion’s application dated 
February 15, 1984, submitted in accordance with 49 CFR 107.105. The  granting of 
par ty  status is based on the following applications submitted in accordance with 49 
C F R  107.U and the  public proceedirrg thereon (SEE APPENDIX II). 

3. HAZARDOUS MATERIALS (Descriptor and clas). Lithium batteries and cells 
containing Metallic lithium, Vanadium pentoxide, Manganese dioxide, 
Monofluorographite, Sulfur dioxide, Lithium bromide salts, Acetonitrile, or mixtures 
of  Acetonitrile and Propylene carbonate;  also lithium bat ter ies  and cells containing 
Lithium metal, a depolarizer such as Titanium disulfide, Thionyl chloride or Sulphuryl 
chloride or Polycarbonmonofluoride and a Lithium salt such as Lithium 
tetrachloroaluminate or Lithium perchlorate or Lithium tetrafluorobora te, Lithium 
molybdenum disulfide and Lithium hexafluoroarsenate, Vanadium pentoxide - classed 
as flammable solid; devices containing lithium bat ter ies  specifically identified to, and 
acknowledged in writirrg by, the Off ice  of Hazardous Materials Regulation (OHMR), 
prior to the first  shipment. 

T h i s  exemption does not authorize t h e  transportation of celis containing lithium 
meta l  which have been discharged to the extent  that  the open circuit  vol tage is less 
than two volts, or bat ter ies  containing one OP more such cells. 

4. PROPER SHIPPING NAME (49 CFR 172.101). Lithium batteries. 

5. REGULATION AFFECTED. 49 CPR 172.10L, 172.420, 175.3. 

6. MODES OF TRANSPORTATION AUTHORIZED. Motor vehicle, rail freight, 
cargo vessel and cargo-only aircraft .  

7. SAFETY CONTROL MEASURES. Packaging prescribed is as follows: 

a. Cells and bat ter ies  must be packed in strong inner fiberboard 
containers limited to a maximum of 500 grams of lithium in one  h e r  
container. No cell containing more t h a n  12 grams of lithium may be 
shipped under this exemption 

b. When drums are used, the inner containers must be separated from 
each other and all inner surfaces  of the  drum by et least one  inch 
thickness of vermiculite or other  equivalent noncombustible cushioning 
materials. 
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Rcseorch ond 
special Pmgrornr 
Adminlstrotior, DOT-E 7052 

(FIFTEENTH REVISION) 

L Power Conversion, Inc., Elmwood, New York, is hereby granted an exemption 
from those provisions. of this Department's Hazardous Materials Regulations specified 
in paragraph 5 below to offer packages prescribed herein of a cer ta in  flammable solid 
for transportation in commerce subject to t h e  limitations and special requirements  
specified herein This exemption authorizes t h e  shipment of lithium batteries and 
provides no relief from any regulation other  than as specifically stated Each of the 
following is hereby granted the s t a tus  of a party to this exemption (SEE APPENDIX 
1). 

2. - BASIS. This exemption is based on Power Conversion's application dated 
February 15, 1984, submitted in accordance with 49 CFR 107.105. The granting of 
par ty  status is based on the following applications submitted in accordance with 49 
CFR 107.U and the  public proceedirg thereon (SEE APPENDIX n). 
3. HAZARDOUS MATERIALS (Descriptor and clas). Lithium batteries and cells 
containing Metallic lithium, Vanadium pentoxide, Marganese dioxide, 
Monofluorographite, Sulfur dioxide, Lithium bromide salts, Acetonitrile, or mixtures 
of Acetonitrile and Propylene carbonate;  also lithium bat ter ies  and cells containing 
Lithium metal, a depolarizer such as Titanium disulfide, Thionyl chloride or Sulphuryl 
chloride or Polycarbonmonofluoride and a Lithium salt such as Lithium 
tetrachloroaluminate or Lithium perchlorate or Lithium tetrafluoroborate, Lithium 
molybdenum disulfide and Lithium hexafluoroarsenate, Vanadium pentoxide - classed 
as flammable solid; devices containing lithium ba t te r ies  specifically identified to, and 
acknowledged in writing by, the Off ice  of Hazardous Materials Regulation (OHMR), 
prior to the first shipment. 

This exemption does not authorize the transportation of celis containing lithium 
meta l  which have been discharged to the extent  that the open circuit  vol tage is less 
than two volts, or batteries containing one or more such cells. 

4. PROPER SHIPPING NAME (49 CFR 172.101). Lithium batteries. 

5. REGULATION AFFECTED. 49 CFR 172.105 172.420, 175.3. 

6. MODES OF TRANSPORTATION AUTHORIZED. Motor vehicle, rail freight, 
cargo vessel and cargo-only aircraft. 

7. SAFETY CONTROL MEASURES, Packaging prescribed is as follows: 

8. Cells and bat ter ies  must be packed in strong inner fiberboard 
containers limited to a maximum of 500 grams of lithium in one h e r  
container. No cell containing more than 12 grams of lithium may be 
shipped under this  exemption. 

b. When drums ere used, the inner containers must be separated from 
each other and all inner surfaces of the  drum by at least one inch 
th i cknes  of vermiculite or other  q u i v d e n t  noncombustible cushioning 
mater ids. 

A-2 



Continuation of 15th Rev. DOT-E 7052 Page 2 

c. 
(8 c) or (8 d). 

Inside boxes must be further averpacked as specified in paragraphs 

d. Packages must be marked as prescribed in Subpart "D" of 49 CFR 
Part 172. Packages must be labeled with the FLAMMABLE SOLID label 
shown in 49 CFR 172.420. 

e. Each cell and battery must be equipped with an effective means of 
preventing external short circuits. 

f. Each cell and battery must incorporate a safety venting device or be 
designed in such a manner that will  preclude a violent rupture under any 
condition incident to transportation such 8s a "dead short". The design of 
cells and batteries not equipped with a safety venting device must be 
specifically identified to this office prior to the first shipment of 
package. Batteries containillg cells or series of cells connected in parallel 
must be equipped with diodes to prevent reverse current flow. 

g. Three representative cells must be taken from each week's 
production of each cell type and be subjected to the  test prescribed in 
section 3.2.1(1) of Appendix B, Report ECOM730242F on file with the 
OHMR. 

h. One representative battery must be taken from eaeh week's 
production of each battery type and must be subjected to the test 
prescribed in Section 3.2.2(1) of the above referenced report. 

i. A t  least IO cells and one battery of each type of egch week's 
production must be subjected to a thermal stability test at 75 C., for 48 
hours and show no evidence of distortion, leakage or internal h e a t h .  

8. SPECIAL PROVISIONS. 

a. Persons who receive cells and batteries covered by this exemption 
may reship them pursuant to the provisions of 49 CFR 173.22~1 in any of 
the packegings authorized in this exemption including those in which they 
were received. 

b. A copy of this exemption must be carried aboard each vessel and 
aircraft used to transport packages cbvered by this exemption. 

c. For shipment by cargo-only aircraft, the outside container must be 
a removable head drum of the DOT Specification 17H or 17C series (or 
equivalent) and be equipped with a gastight gasket. 

d. For shipment by water, motor vehicle, rail freight, the outside 
container must be either (1) strong wooden box, (2) DOT Specification 128 
fiberboard box (or equivalent), (3)  DOT Specification 21C fiber drum, or 
equivalent, or (4) metal drum t is  authorized in  paragraph (c) above. 
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e. Cells containing no more than 12 grams of Lithium metal and also 
containing lithium molybdenum disulfide and lithium hexafluoroarsenate 
or vanadium pentoxide, polycarbonmononuoride, manganese dioxide, 
titanium disulfide, thionyl chloride and lithium tetrachloroaluminate, 
lithium tetrafluorobonate or acetonitrile and sulfur dioxide, or thionyl 
chloride/bromine complex or sulfuryl chloride and chlorine which are 
hermetically sealed, and batteries constmcted of such cells, are excepted 
from the requirements of 7.g., 7.h., 7 . i  and 8.c., of this exemption when 
in compliance with the following: 

Prior to the first shipment, 10 cells Or 4 batteries of each type to be 
offered for transportation must be tested as follows, without show@ any 
evidence of out-gassing, leakage, loss of weight, or distortion: 

i. The cells or batteries shall be stored for 6 hours a t  a 
pressure corresponding to an altitude of 50,000 feet a t  
2 4 [ C +  - 4[C. 

The cells or batteries shall  then be subjected to the 
thermal stability test a t  75 c for 48 hours as required in 
paragraph 7.L 

The cells or batteries shall be rigidly clamped to the 
platform of a vibration machine. A simple harmonic 
motion having an amplitude of 0.03 inch (0.06 inch 
maximum total excursion) sha l l  be applied The 
frequency shall be varied a t  the rate of 1 cycle per 
second per minute between the l imi t s  of l0 and 55 cycles 
per second. The entire range of frequencies and return 
shall be traversed in 95 + 5 minutes for each of three 
mutually perpendicular mounting positions of the battery 
and two perpendicular positions of the cells One of the 
directions of vibration shal l  be perpendicular to the 
terminal face of the battery or celL Open circuit 
voltage shall be observed for 30 seconds &iring t h e  last 
quarter of each vibration period. Periodic retesthg is 
not required. 

ii. 

iii. 

iv. The batteries (not cellsbmust be subjected to a shock 
test as follows 

The battery shall be secured to the testing machine by 
means of a rigid mount which will support d mount@ 
surfaces of the battery. Each battery shall be subjected 
to a total of three shocks of equal magnitude. The 
shocks shall be applied in each of three mutually 
perpendicular directions. Each shock shall be applied in 
a direction normal to a face of the battery. For each 
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9. 

10. 

shock, the battery shall be accelerated in such a manner 
that during the first 3 milliseconds the minimum average 
acceleration is 75 gravity un i t s  (G). The peak 
acceleration shall be between 125 and 175 G. Cells Md 
batteries meeting t h e  requirements of this paragraph 
must be packeged in accordance with 7.a, and 8.6 of 
this exemption. 

f. Peckagings or shipping paper bearing the former proper shipping 
name "Lithium metal in cartridges" or "Batteries containing Lithium 
metal" prior to the issue date of the sixth revision may be used until 
stocks are depleted. 

g. For transportation by motor vehicle, the labeling requirements in 
paragraph 7.d. of this  exemption do not apply to packagds) containing 
lithium/manganese dioxide batteries provided: 

L the batteries contain no more than 4 cells with each cell 
containirg not more than 0.5 grams of lithium, and 

2. 
exceed 65 pounds. 

the gross weight of a packagds) in one motor vehicle does not 

h. This exemption also constitutes the approval of the appropriate 
authority of the  United States for shipment of these batteries on cargo 
aircraft pursuant to Special Provision A2 of the International Civil 
Aviation Organization (ICAO) Technical Instructions. 

i The "FLIGHTS OF CARGO-ONLY AIRCRAFT" requirements of 
Appendix B to 49 CFR Part 107 do not apply to operations subject to this 
exemption. 

REPORTING REQUIREMENTS. 

a. 
reported to the OHMR as soon as practicable. 

b. 
be kept on file and be made available upon reqaest by the OHMR. 

EXPIRATION DATE. January E, 1986. 

Any incident involving loss of contents of the packages' must be 

Test data obtained under 7.g., 7.h., and 8 . e  of this exemption must 

Issued a t  Washington, D.C.: 

//& lan I. Roberts 
ALIG 2 2 1985 

(DATE) 
Associate Director for 

Materials Transportation Bureau 

AddEss all inquiries to: Associate Director for Hazardous Materials Regulation, 
Materials Transportation Bureau, Research and Specid Programs Administration, 
U.S. Department of Transportation, Weshington, D.C. 20590. Attention: Exemptions 
Branch. 

Hazardous Mateiials Regidation 
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APPENDIX 1 

Honeywell Incorporated, Horsham, Pennsylvania - PTE-1 
Duracell International Inc., Terrytown, N.Y. (formerly Mallory Battery Co., 

Eagle-Picher Industries, Inc., Joplin, Missouri - PTE-3 
GTE Products Corp., Waltham, Massachusetts - PTE-4 
US. Department of Defense, Washington, D.C. - PTE-5 
Ray-O-Vac Corporation, Madision, Wisconsin - PTE-6 
U.S. Department of Energy, Washington, D.C. (including its contractor Sandia 

Laboratories, Albuquerque, N e w  Mexico) - PTE-7 
National Aeronautics and Space Administration, Washirgton, D.C. - PTE-8 
The Boeing Company, Seattle, Washington - PTE-9 
J e t  Propulsion Laboratory, Pasadena, California - PTE-10 
Bunker Ramo Corporation, Westlake Village, California - PTE-11 
ENDECO, Inc., Marion, Massachusetts - PTE-l2 
Could Inc., Andover, Massachusetts - PTE-13 
Electrochem Industries, Inc., Clarence, N.Y. - PTE-14 
EG&G Environmental Equipment, Herndon, Va .  - PTE-15 
Sonatech. Inc., Goleta, Ca. - PTE-16 
Altus  Corporation, Palo Alto, Ca. - PTE-17 
Rockwell International Corporation, Anaheim, Ca. - PTE-18 
Plainview Electronics, Corp., Plainview, N.Y. - PTE-19 
Hazeltine Corp., Braintree, M a .  - PTE-20 
Magnavox Government & Industrial Electronics Co., Pt Wayne, Inc. - PTE-21 
Industrial Solid State Controls, Inc., York, P a  - PTE-22 
Geophysical Research Corporation, Tulsa, OK - PTE-23 
Northrop Corporation, Hawthrone, CA - PTE-24 
A/S Hellesens (Hellesens Battery Engineering, Inc., Hyde Park, MA) - PTE-25 
NL Industries, Houston, TX - PTE-26 
Saft America, Inc., Cockeysville, MD - PTE-27 
In-Situ, Inc., Laramie, W Y  - PTE-28 
Technical Oil Tool Corp., Norway, OK - PTE-29 
DME Corporation, Pompano Beach, FL - PTE-30 
Cubic Defense Systems, San Diego, CA - PTE-31 
Massachusetts Institute of Technology, Lexington, MA - PTE-32 
Gearhart Industries, Inc., Fort Worth, TX - PTE-33 
Hercules, Incorporated, Wilmirrgton, DE - PTE-34 
M o l i  Energy Limited, Burnaby, BC, Canada - PTE-35 
Kearney & Trecker Corp., Milwaukee, WI - PTE-36 
McDonnell Douglas Corp., St. Louis, MO - PTE-37 
Ocean Technology, IN., Burbank, CA PTE-38 
EIC Laboratories, Inc., Norwood, MA - PTE-39 
Teledyne Electronics, Newbury Park, CA - PTE-40 
Sippican Ocean Systems, Inc., Marian, MA - PTE-41 
Martin Marietta Corp., Denver, CO. - PTE-42 
Eastman K o d a k  Co., Rochester,N.Y. - PTE-43 
Tracor Applied Sciences, Inc., Rockville, MD - PTE-44 

Tarrytown, N.Y.) - PTE-2 
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TNR Technical, Inc., Parmingdale, N.Y. - PTE-45 
General Motors Corp., Warren, MI  - PTE-46 
AVCO, Wilmington, MA - PTE-47 
General Electric Co., Philadelphia, PA. - PTE-48 
ENMET Corporation, Ann  Arbor, MI - PTE-49 
Tadiran - Israel Electronics Industries, L t d  (U.S. agent Tadiran (US.) lnc.), 

Pointer, Inc., Temple, Arizona - PTE-51 
Bren-Tronics, Inc., Commack, N.Y. - PTE-52 
Allen-Bradly, Co., Milwaukee, WI - PTE-53 
Panasonic Industrial Co., Secaucus, N J .  - PTE-54 
Matsushita Battery Industrial Co., Ltd (U.S. agent) WeiJ Gotshol & Mange% 

Leigh Instruments, Ltd, Ontario, Canada (US. agent) NAECO Assac- - PTE 56 
Sparton Corp., Jackson, MI - PTE-57 
Ferranti, O.R.E., Inc., Falmouth, MA - PTE-58 
Union Carbide Corp., Danbury, CT - PTE-59 
Halliburton Services, Duncan, OK - PTE-60 
General Dynamics, Fort Worth, TX - PTE-61 
Motorola, Inc., Schaumburg, IL - PTE-62 
Sirrger Company American Meter Division, Philadelphia, PA - PTE-63 
Ballard Technologies Corporation, North Vancower, Canada (U.S. Agent) 

Woodland Hills, CA. - PTE-50 

Wash., D.C. - PTE-55 

Dr. Lynn MBPCOUX, Tustin, CA) - PTE-64 
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APPENDIX II 

Honeywell Inc.'s application dated February 7, 1984 
Duracell International Inc.'s application dated January 9, February 3, 1984 
and July 34 1985 

Eagle-Picher Industries, Inc.'s application dated March 14, 1984 
GTE Products Corporation's application dated March 22, 1984 
US. Department of Defense's application dated January 19, 1984 
Ray-O-Vac Corporation's application dated Febmary 27, 1984 
U.S. Department of Energy's application dated January 12, 1984 
National Aeronautics and Space Administration's application dated March 13, 

The Boeing Company's application dated March 6, 1984 
Jet Propulsion Laboratory's application dated February 3, 1984 
Bunker Ramo Corporation's application dated February 28, 1984 
ENDECO, 1nc.k application dated February 27, 1984 
Gould, Incorporated's application dated January 26, 1984 
Electrochem Industries, Incorporate& application dated March 14, 1984 
EG&G Environmental Equipment's application dated January 23, 1984 
Sonatech, Incorporated's application dated January 20, 1984 
Altus Corporation's application dated January 26, 1984 
Rockwell International Corporation's application dated February 29, 1984 
Plainview Electronics Corporations' application dated March 9, 1984 
Hazeltine Corporation's application dated March IS, 1984 
Magnavox Government ti Industrial Electronics CO'S application dated February 3, 

1984 
Industrial Solid S t a t e  Controls, Incorporated's application dated February 6, 
1984 

Geophysical ReseaFch Corporation's application dated March 5, 1984 
Northrop Corporation's application dated February 7, 1984 
A!S Hellesens - Hellesens Battery Engineering, Incorporated's application 
dated February 2, 1984 
N L  Industries's application dated February 10, 1984 
Sa f t  America Incorporated's application dsted March 29, 1984 
In-Situ, Incorporated's application dated February 3, 1984 
Technical Oil Tool Corporation's application dated March 27, 1984 
DME Corporation's application dated March 8, 1984 
Cubic Corporation's applicetion dated March 15, 1984 
hlassachusetts Institute of T e c h n o l e ' s  application dated March 28, 1984 
Gearhart Industries, Incorporated's application dated February 24, D84 
Hercules Incorporated's application dated February 7, 1984 
Mob Energy Limited's application dated December 2, 1983 
Kearney & Trecher Corporation's application dated December 3, 1983 
McDonnell Douglas Corporation's application dated December 23, 1983 
Ocean Technology, Incorporated's application dated January 19, 1984 
EIC Laboratories, Incorporated's application dated February 8, 1984 
Teledyne Electronics application ated February 9, 1984 
Sippican Ocean Systems, Incorporated's application dated March 15, l984 

1984 
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Martin Marietta Corporation's application dated February 20, 1984 
Fastman Kodak Company's application dated May 4 ,  1984 
Tracor Applied Sciences, Inc's application dated June 7,  1984 
TNR Technical, Inc.'s application dated April 16, 1984 
General Motors Corp's application dated April 10, 1984 
AVCO's application dated April 24, 1984 
General Electric Company's application dated March 26, 1984 
ENMET Corporation's application dated March 28, 1984 
Tardiran-Isreal Electronic Industries, Limiteds application dated May 9, 1984 
Pointer, Incorporated's application dated June 25, 1984 
Bren-Tronics, Inc's application dated July 16, 1984 
Allen-Bradley Company's applicated dated July 23, 1984 
Panasonic Industries Company's application dated June  29, 1984 
Matsushita Battery Industrial Co., Limited's application dated June 29, 1984 
Lehigh Instruments, L t d s  application dated May 14, 1984 
Spartan Corporation's application dated May 18, 1984 
Ferranti, O.R.E., Inc's application dated June 7, 1984 
Union Carbide Corporation's application dated September 24, 1984 and July 29, 
198 5 

Halliburton Services' application dated October 10, 1984 
General Dynamics' application dated October l6, 1984 
Motorola, Incorporated's application dated November 14, 1984 
Singer Company's application dated November 14, 1984 
B a l l a d  Technologies Corporation's application dated November 22,  1984 
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