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INTRODUCTION 

Sealed Nickel-Cadmium aerospace c e l l s  p l a y  a very impor tant  r o l e  i n  t h e  
m iss ion  o f  t he  s a t e l l i t e .  There has been a constant  e f f o r t  t o  improve the  
c y c l e  l i f e ,  energy dens i ty ,  and r e l i a b i l i t y  o f  these c e l l s  by many 
manufacturers and users.  The Design Var iab le  C e l l  Program i s  one 
sys temat ic  approach s t a r t e d  by NASA i n  c o l l a b o r a t i o n  w i t h  General E l e c t r i c  
(GE) towards t h a t  goa l .  Nine impor tant  designs were se lec ted  f o r  
eva luat ion .  

F i f t y - t w o  nickel-cadmium c e l l s  each o f  12AH nominal  capac i t y  manufactured 
by GE were sen t  t o  t h e  Naval Weapons Support Center f o r  e v a l u a t i o n  o f  
d i f f e r e n t  des ign v a r i a b l e s  w i t h  which these c e l l s  were b u i l t .  F i g u r e  1 
shows t h e  d i f f e r e n t  p l a t e  t rea tments  and designs o f  the  c e l l s .  The 
e v a l u a t i o n  t e s t  procedure and the  r e s u l t s  o f  e v a l u a t i o n  have been 
fpyumented by  J i m  Harkness i n  the  r e p o r t  WOEC/C 79-114 i n  December 1979 . These c e l l s  were then l i f e  c y c l e d  i n  a Low-Earth O r b i t  (LEO) regime. 

I n  February 1979 e i g h t  5 - c e l l  packs, pack 3D through 3K corresponding t o  
Group 1 t o  8, were p u t  on l i f e  t e s t .  The l i f e  t e s t  parameters were: 

Temperature 20°c 
Cycle Per iod  90 Minutes 
Depth-of-Discharge 40 Percent  
Charge Rate 9.6 Amps 
Discharge Rate 9.6 Amps 
Vol tage L i m i t  Per C e l l  1.453 
Percent  Recharge 110 t o  115 

C e l l s  o f  Group 9, Pack 3L, were p u t  on l i f e  t e s t  i n  August 1979 w i t h  t h e  
same t e s t  regime. 

A b r i e f  d e s c r i p t i o n  o f  t he  des ign v a r i a b l e s  f o r  each group o f  c e l l s  i s  
g i ven  by  George Morrow i n  h i s  paper i n  t h e  present  proceedings, and, hence 
w i l l  n o t  be repeated here. 

A f t e r  1 year o f  c y c l i n g ,  one c e l l  from each pack was removed and the  
i n i t i a l  e v a l u a t i o n  t e s t s  were repeated. An update o f  t h e  r e s u l t s  o f  
e v a l u a t i o n  t e s t  and p e r f o r m a n y ~ ) o f  these c e l l s  was presented by David Baer 
i n  t h e  1981 B a t t e r y  Workshop . The r e s u l t s  o f  chemical  and 
e lec t rochemica l  a n a l y s i  f t h e  c e l l s  t h a t  were p u l l e d  o u t  were presented 

$37 by  K u n i g a h a l l i  Vasanth . 
The purpose o f  t h i s  p r e s e n t a t i o n  i s  t o  g i v e  an update on t h e  performance o f  
t he  des ign v a r i a b l e  c e l l s  a long w i t h  t h e  r e s u l t s  o f  chemical, 
e lec t rochemica l  a n a l y s i s  and capac i t y  checks performed on c e l l s  t h a t  were 
c y c l e d  3 t o  4 years. 



E x p e r i m e n t a l  Approach 

The e x p e r i m e n t a l  t e c h n i q u e s  t h a t  have been f o l l o w e d  i n  t h i s  i n v e s t i g a t i o n  
a r e  : 

o  V i s u a l  I n s p e c t i o n  
o  P h y s i c a l  Measurements 
o  Chemical and E l e c t r o c h e m i c a l  A n a l y s i s  
o  SEM Examina t ion  

A teardown a n a l y s i s  o f  e a c h  c e l l  was c a r r i e d  o u t  a c c o r d i n g  t o  t e q ) a n a l y s i s  
p r o c e d u r e s  g i v e n  i n  t h e  NASA Document X-711-74-279 R e v i s i o n  A .  

V i s u a l  Examina t ion  

On o p e n i n g  t h e  ce l l s ,  it was found t h a t  t h e  c e l l  [ lack was u s u a l l y  m o i s t  
w i t h  e l e c t r o l y t e ,  t h e  e x t e n t  v a r y i n g  from one  c ~ ? l l  t o  a n o t h e r .  With t h e  
e x c e p t i o n  o f  one o r  two g r o u p s ,  t h e  s e p a r a t o r s  were d e t e r i o r a t e d  v e r y  much 
and i n v a r i a b l y  were  s t u c k  t o  t h e  s u r f a c e  o f  t h e  ~ i e g a t i v e  e l e c t r o d e .  I n  
o t h e r  words ,  t h e  s e p a r a t o r  b a g s  c o u l d  n o t  be  t a k e n  o u t  i n  one s i n g l e  p i e c e  
as i n  t h e  case o f  u n c y c l e d  c e l l .  The s e p a r a t o r  t h a t  came o f f  t h e  
e l e c t r o d e s  had d a r k  t o  l i g h t  g r a y  p a t c h e s  due  t o  d i f f e r e n t  e x t e n t s  o f  
cadmium m i g r a t i o n .  The p o l y p r o p y l e n e  s e p a r a t o r  g r o u p  c e l l  showed very  
heavy cadmium m i g r a t i o n  a l t h o u g h  t h e  s e p a r a t o r s  came o f f  i n  one p i e c e  
( F i g u r e  3 ) .  S t r o n g  a d h e r e n c e  o f  t h e  t h i n  f i l m  o f  s e p a r a t o r  m a t e r i a l  on t h e  
n e g a t i v e  e l e c t r o d e  is common t o  a l l  t h e  o t h e r  g r o u p s  ( F i g u r e  4 ) .  The 
p o s i t i v e  e l e c t r o d e  c o u l d  be  e a s i l y  s e p a r a t e d  from t h e  s e p a r a t o r .  

One o f  t h e  c e l l s  o f  Group 2 was found t o  have  a  s h o r t .  The s h o r t  as one  
c a n  see from F i g u r e  5  is e x t e n d e d  t o  a  c o u p l e  o f  p l a t e s  on e i t h e r  s i d e  i n  
t h e  s t a c k .  The SEM's i n  and a round  t h e  s h o r t  on t h e  p o s i t i v e  p l a t e  shows 
t h e  p r e s e n c e  o f  l a r g e  c r y s t a l s  o f  Cd(0H) which o b v i o u s l y  must  have  
m i g r a t e d  from t h e  n e i g h b o r i n g  n e g a t i v e  pfate and p i e r c e d  t h e  s e p a r a t o r  
m a t e r i a l  t h u s  c a u s i n g  t h e  c e l l  f a i l u r e .  T h i s  p a r t i c u l a r  c e l l  was 
i d e n t i f i e d  i n  t h e  l i f e  tes t  reg ime  t o  b e  one  t h a t  was n o t  a c c e p t i n g  c h a r g e .  
F i g u r e s  6 and 7 show t h e  s h o r t  and c r y s t a l s  on t h e  n e g a t i v e  and p o s i t i v e  
p l a t e ,  r e s p e c t i v e l y .  

P h y s i c a l  Measurement 

Each d e s i g n  v a r i a b l e  12AH ce l l  c o n s i s t s  o f  11 p o s i t i v e  and 1 2  n e g a t i v e  
p l a t e s .  The p o s i t i v e  p l a t e s  were housed i n  a bag o f  s e p a r a t o r  m a t e r i a l .  
P h y s i c a l  measurements  i n v o l v e  t h e  r e c o r d i n g  o f  t h e  we igh t  and t h i c k n e s s  o f  
e a c h  p l a t e  and a r e  g i v e n  i n  T a b l e  1, The t h i c k n e s s  is measured i n  t h r e e  
s e p a r a t e  p l a c e s  ( t o p ,  m i d d l e ,  b o t  tom) and  l a t e r  averaged .  These 
measurements  were  done a f t e r  t h e  p o s i t i v e s ,  n e g a t i v e s ,  and t h e  s e p a r a t o r s  
were s o x h l e t e d  s e p a r a t e l y  i n  o r d e r  t o  e x t r a c t  t h e  e l e c t r o l y t e  and f u r t h e r  
d r i e d  i n  a n  oven a t  4 5 ' ~  o v e r n i g h t  i n  a n i t r o g e n  a tmosphere .  

For  a l l  t h e  g r o u p s ,  t h e  t h i c k n e s s  o f  t h e  p o s i t i v e s  is p l o t t e d  v e r s u s  t h e  
number o f  c y c l e s  i n  F i g u r e  8. The g e n e r a l  b e h a v i o r  t h a t  c a n  b e  s e e n  i n  
t h e s e  c u r v e s  is t h a t  t h e  p o s i t i v e  s w e l l i n g  t a k e s  p l a c e  l i n e a r l y  d u r i n g  t h e  
f i r s t  6 , 0 0 0  c y c l e s  f i n a l l y  t e n d i n g  t o  t a p e r  o f f  t o  a l i m i t i n g  v a l u e .  I n  



t h e  c a s e  o f  p o s i t i v e s  o f  ce l l s  o f  Groups 2 ,  3 ,  4 ,  and 6 ,  t h e  f l a t  p a r t  o f  
t h e  c u r v e  a f t e r  a b o u t  18 ,000  c y c l e s  i n d i c a t e s  t h a t  t h e  t h i c k n e s s  is 
r e a c h i n g  a  l i m i t i n g  v a l u e .  As t h e  c e l l  a g e s ,  s w e l l i n g  o f  t h e  p o s i t i v e  
p l a t e  o c c u r s  l e a d i n g  t o  t h e  s q u e e z i n g  o f  t h e  d e t e r i o r a t e d  s e p a r a t o r  
m a t e r i a l  and e l e c t r o l y t e  l o s s  between t h e  p l a t e s .  The d r y n e s s  o f  t h e  
p l a t e s  may r e s u l t  i n  ce l l  f a i l u r e .  

P. McDermott and E. Sommerfeldt  ( 6 )  r e p o r t e d  i n  t h e  a n a l y s i s  o f  d a t a  from 
t h e  A c c e l e r a t e d  Test Program on 6.OAH a e r o s p a c e  nickel-cadmium ce l l s ,  t h a t  
t h e r e  was a  s t r o n g  n e g a t i v e  c o r r e l a t i o n  between i n t e r e l e c t r o d e  s e p a r a t i o n  
and number o f  c y c l e s .  They a l s o  have  shown t h a t  a s  t h e  s e p a r a t i o n  
d e c r e a s e s ,  s o  d o e s  t h e  amount o f  e l e c t r o l y t e  i n  t h e  s e p a r a t o r s .  Our 
r e s u l t s  a r e  i n  agreement  w i t h  t h e i r  o b s e r v a t i o n s  ( s e e  T a b l e  2 ) .  
E l e c t r o l y t e  d e c r e ~ 7 g s  i n  t h e  s e p a r a t o r  a s  t h e  p o s i t i v e  swells due  t o  
c y c l i n g .  H .  L i m  h a s  r e p o r t e d  t h a t  t h e  n i c k e l  e l e c t r o d e  expands  d u r i n g  
d i s c h a r g e  and t h a t  t h e r e  is a  l i n e a r  r e l a t i o n s h i p  between t h e  b e n d i n g  rate 
( e x p a n s i o n )  and  d e p t h - o f - d i s c h a r g e .  The r e s u l t s  o f  n e a r l y  4  y e a r s  o f  
c y c l i n g  o f  t h e  d e s i g n  v a r i a b l e  c e l l s  shows t h a t  a t  a  f i x e d  r a t e  o f  DOD 
(40%) t h e  p o s i t i v e  s w e l l i n g  is l i n e a r  w i t h  r e s p e c t  t o  t h e  f i r s t  few 
t h o u s a n d  c y c l e s  ( 4000)  and is l i k e l y  t o  r e a c h  a l i m i t i n g  v a l u e  l a t e r  on. 

E l e c t r o l y t e  A n a l y s i s  

The r e s u l t s  o f  t h e  e l e c t r o l y t e  a n a l y s i s  f o r  a l l  t h e  d e s i g n  v a r i a b l e  g r o u p s  
a r e  g i v e n  i n  Tab le  2. W i t h i n  a  g i v e n  g roup ,  t h e  c a r b o n a t e  c o n t e n t  
g e n e r a l l y  i n c r e a s e s  as a  f u n c t i o n  o f  t h e  number o f  c y c l e s .  T h i s  s h o u l d  b e  
e x p e c t e d  s i n c e  t h e  P e l l o n  s e p a r a t o r  m a t e r i a l  is a  polyamide o f  t h e  fo rmula  
(-NH-(CH2) -CO) . The amide g r o u p s  (-CONH-) t h a t  l i n k  t h e  hydrocarbon  
r e a c t  slow?y w i f h  t h e  h y d r o x y l  i o n s  o f  t h e  e l e c t r o l y t e  i n c r e a s i n g  t h e  
w e t a b i l i t y  and u l t i m a t e l y  l e a d i n g  t o  t h e  d e c o m p o s i t i o n  o f  t h e  s e p a r a t o r  
t h u s  i n c r e a s i n g  t h e  c a r b o n a t e  l e v e l .  T h i s  a l s o  l e a d s  t o  t h e  d e g r a d a t i o n  o f  
t h e  p r o p e r t i e s  o f  t h e  s e p a r a t o r .  The r e s u l t s  a l s o  show t h a t  t h e  
e l e c t r o l y t e  d i s t r i b u t i o n  f o l l o w s  t h e  same o r d e r  f o r  a l l  t h e  g r o u p s  
c o n s i d e r e d  and seem t o  b e  i n d e p e n d e n t  o f  t h e  number o f  c y c l e s .  

The e l e c t r o l y t e  d i s t r i b u t i o n  o r d e r  is NEG>POS>SEP. 

C a p a c i t y  and U t i l i z a t i o n  ( S e e  T a b l e  3)  

For  p u r p o s e s  o f  compar i son ,  i t  may b e  n e c e s s a r y  t o  d i v i d e  t h e  g r o u p s  i n t o  
t h r e e  c a t e g o r i e s :  

( 1 )  Groups 2 ,  3 ,  4, 6 ,  and 8 t h a t  underwent  a p p r o x i m a t e l y  17 ,300  c y c l e s  
( 2 )  Groups 1, 5,  and 7  t h a t  underwent  a p p r o x i m a t e l y  23,000 c y c l e s  
( 3 )  Group 9 t h a t  underwent  a p p r o x i m a t e l y  14 ,827  c y c l e s  

C o n s i d e r i n g  t h e  f i r s t  c a t e g o r y  t h e  p o l y p r o p y l e n e  g roup  (Group 6 )  is t h e  o n e  
t h a t  is h a r d  h i t .  I t  n o t  o n l y  shows v e r y  heavy cadmium m i g r a t i o n ,  b u t  low 
p o s i t i v e  and n e g a t i v e  p l a t e  c a p a c i t y  and  u t i l i z a t i o n .  Among t h e  o t h e r  
g r o u p s  i n  t h i s  c a t e g o r y ,  T e f l o n  (Group 2 )  and L i g h t  Loading (Group 4 )  show 
e q u a l  pe r fo rmance  w i t h  r e g a r d  t o  c a p a c i t y  and u t i l i z a t i o n .  But t h e  v i s u a l  
e x a m i n a t i o n  o f  c e l l s  show t h a t  t h e  t e f l o n a t e d  c e l l  s e p a r a t o r s  h a v e  cadmium 
m i g r a t i o n  h i g h e r  t h a n  t h a t  i n  t h e  case o f  c e l l s  w i t h  l i g h t  l o a d i n g  
(Group 4 ) .  I n  a d d i t i o n ,  one  o f  t h e  t e f l o n a t e d  c e l l s  f a i l e d  a t  16 ,150  



cycles due to  severe shorting which can be related to cadmium migration. 

In the second category, the Control (Group 1) and No Pq (Group 5) groups 
performed bet te r  than the A.K.  Plate Old Process and the other groups as  
well. SEM's of the sample electrode p la tes  from Group 1 and Group 5 are 
shown i n  Figures 13-16. Analysis by George Morrow shows tha t  the No Pq 
l o s t  only 15% of i n i t i a l  capacity i n  3 years of cycling and about 55% by 
the end of cycling, i . e . ,  4 years. A f i r s t  look a t  the capaci t ies  and 
u t i l i za t ion  i n  Table 4 for  the c e l l s  i n  category 2 ,  shows that  a l l  three 
groups seem t o  have performed equally. However, the A . K .  Old Pla te  Process 
has large carbonate content compared t o  control and No Pq groups. R u t  the 
positive swelling is small ( r e fe r  t o  Table 1 and Table 2 ) .  Analysis of 
e l ec t r i ca l  t e s t  r e su l t s  show tha t  the No Pq group los t  only 15% of i n i t i a l  
capacity i n  3 years of cycling, and about 55% by the end of cycling. 
Further, a comparison of the end-of-eclipse voltages for these design 
variable groups have stiown tha t  the no pq gro~lp perfurmed bet te r  that1 the 
r e s t  of tile groups. 

I t  is rather  d i f f i c u l t  t o  choose between the Control and No Pq grotlp, i n  
tha t ,  the chemical analysis and electrochemical resul t s  are alrnost similar 
and group 1 shows a higher percent of u t i l iza t ion .  A closer analysis 
between these two groups now becomes necessary to  decide one way oc the 
other. 

NOTE:  The baseline capacity t e s t  is designed to determine the actual  plate  
capacity a f t e r  a 100% overcharge based on the manufacturer's nominal c e l l  
capacity. 

Cycling t e s t  is designed to  (determine the steady s t a t e  cycling 
capacity. The duration of each charge cycle assures an input of 1.20% of 
the baseline capacity. The capacity of each cycle i s  measured a t  C/2 r a t e  
of discharge, The capac.ity obtained on the third cycle is defined as the 
steady-state capacity. 

The author expresses h i s  appreciation t o  Sher Khan, Angelie McNair, and 
Dr. M ,  Rock of Bowie Sta te  College for the i r  help in the analysis,  to  
Diane Kolos and Brad Parker of the Goddard Space Flight Center for pictures 
and SEM's, and t o  NASA/Goddard Space Flight Center for  the award of Grant 
NSG-5009. 
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Figure 8. Curves - POS Thickness vs. Number of Cycles 
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Table 1. (Continued) THICKNESS AND WEIGHT OF CELLS 

PLATE WEIGHT 
GROUP S.N. PACK NO. OF PLATE THICKNESS (cm) WITH TAB (Gms) 

# OF CELL # CYCLES POSITIVE NEGATIVE POSITIVE NEGATIVE 

31 UNCYCL 
5833 

17,632 

3J UNCYCL 
5834 

23,335 

3K UNCYCL 
2008 
2459 

17,300 



Table 2. RESULTS O F  ELECTROLYTE ANALYSIS 

GROUP NO. OF Gms Electrolyte YO % ML KOH 
# CYCLES NEG POS SEP TOTAL KOH K2C03 FOUND ADDED 



Table 2. (Continued) RESULTS OF ELECTROLYTE ANALYSIS 

GROUP NO. OF Gms Electrolyte % % ML KOH 
CYCLES NEG POS SEP TOTAL KOH K,CO, FOUND ADDED 

0 GROUP 7 AND GROUP 8 CELLS CONTAIN LARGE AMOUNTS OF CO; 
- GROUP 7 CELLS NOT DECARBONATED 
- GROUP 8 CELLS HAVE THICKER POSITIVES 

ORDER OF ELECTROLYTE DISTRIBUTION: NEG > POS > SEP 



Table 3. CAPACITIES: CHEM AND BASELINE 

CAPACITY ON 
CELL BASIS (AH) % UTILI- 

GROUP S.N. OF PACK NO.OF CHEMICAL BASELINE ZATION 
NAME # CELL # CYCLES POS NEG POS NEG POS NEG 

CONTROL 1 0 4  
0 1  

h, 
0 6  

P 
Cn 

TEFLON 2 04 
0 1  
0 3  

SILVER 

LIGHT LOADING 4 0 1  
0 2  
05 



Table 3. (Continued) CAPACITIES: CHEM AND BASELINE 

CAPACITY ORB 
CELL BASIS (AH) % UTILI- 

GROUP S.N. OF PACK NO.OF CHEMICAL BASELINE ZATION 
NAME # CELL # CYCLES POS NEG POS WTEG POS NEG 

POLYPROPYLENE 

A.K. PLATE 
OLD PROCESS 

A.K. PLATE 
NEW PROCESS 

ELECTROCHEM 



Table 4. Co, Cd, Ni IN THE PLATES 

S.N. OF PACK NO. OF % Cd(OH), % Co(OH1, AH CHARGED % Ni(OH), 
NAME GROUP CELL # CYCLES IN POSITIVE PLATE Cd IN NEG IN NEG 

CONTROL 1 04 3D UNCYCL 
01 5833 
06 23,468 

h, 
TEFLON 2 04 3E UNCYCL 

P 
CC, 01 5841 

03 1 7,760 

SILVER 3 01 3F 5844 
03 17.781 

LIGHT LOADING 4 01 3G UNCYCL 
02 5844 
05 17,855 

NO PQ 
TREATMENT 05 01 3H UNCYCL 

02 5840 
03 23,282 



Table 4. (Continued) Co, Cd, Ni IN THE PLATES 

S.N. OF PACK NO. OF % Cd(OHI2 %CO(OH)~  AH CHARGED %Ni(OHI2 
NAME GROUP CELL # CYCLES IN POSITIVE PLATE Cd IN NEG IN NEG 

POLYPROPYLENE 
SEPARATOR 6 

AK PLATE OLD 
PROCESS 7 

NO DECARB 

AK PLATE 8 
NEW PROCESS 

ELECTROCHEM 9 

02 31 UNCYCL 
01 5833 
05 17,632 

05 UNCYCL 
06 5834 
01 23,335 

02 3K UNCYCL 
06 2008 
05 2459 
03 17,300 





S/N 006 GROUP 1 NEG #I 23,468 CYCLES 
HEXAGONAL CRYSTALS OF Cd(OH)2 

- 

1250 X 2500 X 

Figure 10. SEMs of NEG from Group 1 Cell Showing Large Crystals of Cd (OH)2 








