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ABSTRACT 

A program was undertaken i n  con junc t ion  with t h e  General E l e c t r i c  Company 
t o  evaluate e i g h t  o f  t h e  more important  nickel-cadmium c e l l  designs t h a t  
a re  c u r r e n t l y  being used o r  t h a t  have been used dur ing  t h e  past  15 years. 
Design va r iab les  t e s t e d  i n  t h i s  program inc luded te f l ona ted  negat ive 
p la tes ,  s i l v e r  t r e a t e d  negat ive p la tes ,  l i g h t  p l a t e  load ing l e v e l ,  no 
p o s i t i v e  p l a t e  cadmium treatment, p l a t e  design o f  1968 u t i l i z i n g  bo th  o l d  
and new processing techniques, and e lec t rochemica l ly  impregnated p o s i t i v e  
p lates.  The data  acquired from these t e s t  packs i n  a low e a r t h  o r b i t  
c y c l i n g  regime i s  presented and analyzed here. Th is  data showed 
conc lus ive ly  t h a t  t h e  c e l l s  manufactured w i t h  no p o s i t i v e  p l a t e  cadmium 
treatment  outperformed a l l  o ther  c e l l  designs i n  a l l  aspects o f  t h e  program 
and t h a t  t h e  c e l l s  with t e f l o n a t e d  negat ive e lectrodes performed very 
poor ly .  

INTRODUCTION 

A rev iew o f  t h e  design h i s t o r y  o f  nickel-cadmium aerospace c e l l s  i n d i c a t e s  
t h a t  p resent  c e l l s  bear on ly  a s l i g h t  resemblance t o  those used i n  the  
f i r s t  s a t e l l i t e  app l ica t ions .  The changes t h a t  have occurred i n  t h e  c e l l s  
can be a t t r i b u t e d  t o  a number o f  fac tors .  The des i re  t o  improve energy 
densi ty ,  t h e  need f o r  longer l i f e ,  t h e  need t o  improve product ion  y ie ld ,  
t h e  d e s i r e  t o  enhance c e l l  performance and t h e  compet i t ive d r i v e  t o  meet 
customer's requirements. Many o f  t h e  changes have been tes ted  and 
evaluated by t h e  var ious  users bu t  the re  has been no systematic approach t o  
compare t o  r e l a t i v e  m e r i t s  o f  each design. Consequently, a program was 
undertaken i n  con junc t ion  with the  General E l e c t r i c  (G.E.) t o  evaluate 
e i g h t  o f  t h e  more impor tant  designs t h a t  a re  c u r r e n t l y  being used o r  have 
been used i n  t h e  space program dur ing  the  past  15 years. The o b j e c t i v e  o f  
t h i s  paper i s  t o  present  t h e  t e s t  r e s u l t s  and conclusions drawn from t h e  
Design Var iab le  Program. 

APPROACH 

A c e l l  with a proven h e r i t a g e  and a phys i ca l  design s i m i l i a r  t o  t h a t  o f  
other w ide ly  used aerospace c e l l  s i zes  was a necessi ty  i n  order  t o  assure 
the  v a l i d i t y  o f  t h e  data  c o l l e c t e d  i n  t h i s  program. For these reasons the  
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G.E. 12Ah cel l  was s e l e c t e d  a s  t h e  Design Var i ab l e  tes t  cel l .  I t  had been 
used i n  t h e  p a s t  wi th  much success, t h e r e f o r e ,  its behavior was well 
documented and because its des ign  is much l i k e  t h a t  o f  t h e  6 and 20Ah 
cells,  t h e  d a t a  c o l l e c t e d  could be adapted wi th  confidence t o  t hose  cells. 

E igh t  o f  t h e  most f r e q u e n t l y  used des igns  dur ing  t h e  p a s t  15  y e a r s  were 
s e l e c t e d  as t h e  des ign  v a r i a b l e s  t o  be used i n  t h i s  program. A 
s p e c i f i c a t i o n  was w r i t t e n  f o r  t h e s e  des igns  and was incorpora ted  i n t o  a 
G.E. manufacturing c o n t r o l  document. A f t e r  acceptance t e s t i n g  by G.E. and 
review and acceptance  by t h e  Goddard Space F l i g h t  Center  (GSFC), t h e  cells 
were sh ipped  t o  t h e  NASA Ba t t e ry  Test F a c i l i t y  a t  t h e  Naval Weapons Support 
Center  (NWSC) i n  Crane, Ind i ana  were t h e  Design Var iab le  Test Program was 
c a r r i e d  ou t .  

The tes t  program c o n s i s t e d  o f  two segments ( ~ i g u r e  1 ) .  F i r s t ,  an i n i t i a l  
e v a l u a t i o n  program was conducted. These tes ts  were preformed i n  o rde r  t o  
c h a r a c t e r i z e  each cell ,  t o  compare i n i t i a l  behavior ,  and t o  look f o r  any 
manufacturing d e f e c t s  overlooked dur ing  acceptance t e s t i n g .  These tests 
were r epea t ed  on one c e l l  from each des ign  a f t e r  1 year  and on a l l  ce l ls  
remaining from each group a t  t h e  end-of-cycling. The two r e p e t i t i o n s  were 
c a r r i e d  o u t  i n  o r d e r  t o  compare degrada t ion  and performance based on t h e  
same cri teria a t  d i f f e r e n t  p o i n t s  dur ing  t h e  l i f e  o f  t h e  cells.  

The second segment and p r i n c i p a l  p a r t  o f  t h e  Design Var iab le  Program was 
extended c y c l i n g  i n  t h e  low e a r t h  o r b i t  (LEO) regime (F igure  2) .  This  
c y c l i n g  regime u t i l i z e d  a h igher  than normal depth-of-discharge (DOD) o f  40 
pe rcen t  i n  o rde r  t o  a c c e l e r a t e  t h e  cel l  degrada t ion  and t h e r e f o r e  t h e  test 
results. Data from t h i s  t e s t i n g  w i l l  i n d i c a t e  whether each v a r i a b l e  is 
d e t r i m e n t a l  o r  b e n e f i c i a l  t o  Ni-Cd ce l l  performance i n  normal LEO o r b i t .  

DESCRIPTION OF DESIGN VARIABLES 

Using 12Ah cells, a c o n t r o l  group and e i g h t  des ign  groups o f  s i x  c e l l s  per  
group were manufactured with t h e  des ign  paramenters a s  shown i n  F igure  3 .  
A d i s cus s ion  o f  each group is a s  follows: 

1. Control :  This  group r e p r e s e n t s  G.E. ' s  b a s i c  aerospace  des ign  and 
processes  as o f  1978. The p o s i t i v e s  o f  t h e s e  cells  were sub jec t ed  t o  
cadmium t r ea tmen t  (Pq) a s  is i n d i c a t i v e  o f  G.E. 's process  s i n c e  1970. The 
loading  was somewhat l i g h t e r  t han  normally used by G.E. dur ing  t h i s  
time-frame. These l i g h t e r  l e v e l s  were chosen because t h e  GSFC had r e c e n t l y  
procured two f l i g h t  l o t s  (IUE) wi th  t h i s  design.  The cel ls  were 
manufactured wi th  nonwoven nylon s e p a r a t o r  (Pe l lon  2505) and a l l  ce l ls  
rec ieved  decarbonat ion  t rea tment .  

2. Teflon: These cells a r e  i d e n t i c a l  t o  t h e  c o n t r o l  with t h e  except ion  
t h a t  t h e  n e g a t i v e s  were t r e a t e d  with t e f l o n .  As a result t h e s e  ce l ls  a l s o  
con ta in  s l i g h t l y  more KOH t han  t h e  Control .  



3. S i l v e r :  Th is  group i s  i d e n t i c a l  t o  t h e  C o n t r o l  except t h e  negat ives had 
s i l v e r  t reatment  and, as with Teflon, s l i g h t l y  more #OH. 

: The p l a t e s  o f  th is group have l i g h t e r  l oad ing  ( l e s s  
than those o f  t h e  prev ious  th ree  groups. These p l a t e s  are 

from t h e  same impregnation pos t  as t h e  C o n t r o l  bu t -a re  from d i f f e r e n t  
s p i r a l s .  The purpose of t h i s  group was t o  evaluate a f u r t h e r  reduc t ion  o f  
p l a t e  l oad ing  with respect  t o  i n i t i a l  and l i f e  bene f i t s .  Though no t e f l o n  
o r  s i l v e r  treatments were used, these c e l l s  con ta in  5cc more e l e c t r o l y t e  
than t h e  Con t ro l  c e l l s .  

5. No PQ: Th is  group i s  i d e n t i c a l  t o  t h e  C o n t r o l  except t h a t  t h e  p o s i t i v e s  
were n o t  subjected t o  t h e  PQ treatment. The p o s i t i v e  p l a t e s  a r e  from t h e  
same impregnation post  as t h e  c o n t r o l  b u t  from d i f f e r e n t  s p i r a l s ,  The 
negat ive p l a t e s  a re  from t h e  same s p i r a l  as t h e  Control .  

6. Polypropylene: Th is  group conta ins a l l  o f  t h e  design parameters of t h e  
Con t ro l  except t h a t  GAF polypropylene separator m a t e r i a l  was used i n  place 
o f  nylon. 

7, A.K.-Old Process: Th is  design i s  i n d i c a t i v e  o f  c e l l s  made du r ing  t h e  
middle s i x t i e s ,  i.e., t h e  c e l l s  are made with t h e  p l a t e  design and 
processes o f  t h a t  era, S p e c i f i c a l l y ,  no PQ t reatment  was used, t h e  
negat ives were n o t  depleted dur ing  t h e  flooded c e l l  t e s t ,  and the re  was no 
decarbonation, Also, t h e  p l a t e  design was d i f f e r e n t  than t h e  c o n t r o l  and 
the re  was no precharge adjustment made t o  t h e  c e l l s .  

8. A.K.-Present Process: Th is  group conta ins  t h e  same p l a t e  l o t  as t h e  
A.K.-Old Process. However, these c e l l s  were processed us inq t h e  same 
aerospace procedures and as the  con t ro l .  

- 

9. Electrochemical:  Th is  design conta ins  e lec t rochemica l ly  impregnated 
pos i t i ves .  A l l  o ther  va r iab les  are  i d e n t i c a l  t o  t h e  Control .  Th is  was an 
e a r l y  attempt by G.E. t o  use e lectrochemical  impregnation i n  c e l l  
manufacture. 

I t  i s  noted t h a t  t h e  amount o f  KOH va r ies  from group-to-group. The 
c r i t e r i a  f o r  determining t h e  amount o f  KO# was t o  ob ta in  the  maximum KOH 
a l lowab le  i n  each group cons is tent  w i t h  reasonable overcharge pressures. 
The overcharge pressure design goa l  was 30 t o  76 PSIA, 

The c e l l  procurement s p e c i f i c a t i o n  requ i res  the  precharge t o  be s e t  t o  40 -1- 
5 percent  o f  t h e  excess negative. Since 4,6 ampere-hours o f  precharge on 
Group 1 through 6 represents between 38 and 41 percent  o f  t h e  excess 
negative, i t  was decided t o  precharge a l l  c e l l s  i n  these 6 groups t h e  same. 
As s t a t e d  prev ious ly  t h e  A.K,-Old Process group n o t  was precharged. The 
A,K.-New Process was precharged t o  1,8 ampre-hours which represents 37 
percent o f  t he  excess negative. The Electrochemical  group was precharged 
t o  5.8 ampere-hours which i s  e s s e n t i a l l y  t h e  same percentage t h a t  was used 
i n  groups 1 through 6. 



I N I T I A L  EVALUATION TEST RESULTS 

I n i t i a l  eva lua t ion  tests were c a r r i e d  o u t  a t  NWSC-Crane be fo re  t h e  s t a r t  of  
LEO cyc l ing ,  a f t e r  1 year  on one c e l l  from each group, and a l l  remaining 
cel ls  i n  each group a t  t h e  end o f  cyc l ing .  A l l  e v a l u a t i o n  tests were 
performed a t  room ambient p r e s su re  and temperature  wi th  d i s cha rge  a t  t h e  
2-hour r a t e  u n l e s s  o therwise  noted. The tests c o n s i s t e d  o f  t h e  following: 

a .  Phenolphthalein l eak  test. 

b. Three c a p a c i t y  tests, t h e  t h i r d  a t  20°c and i n t e r n a l  r e s i s t a n c e  
measurements made dur ing  t h e  second. 

c. Charge r e t e n t i o n  tes t ,  20%. 

d. I n t e r n a l  s h o r t  test .  

e. Charge e f f i c i e n c y  t e s t ,  20'~. 

f .  Overcharge t e s t s  a t  DOC, 25 '~,  and 35 '~.  

g. Phenolphthalein l eak  test .  

The room ambient capac i ty  tes t ,  t h e  2 5 ' ~  overcharge test, and t h e  O'C 
overcharge test  proved t o  be t h e  most b e n e f i c a l  f o r  behavior comparison 
between t h e  groups. 

ROOM AMBIENT CAPACITY TEST RESULTS 

The room ambient capac i ty  t e s t  cons i s t ed  of  a charge a t  t h e  20-hour r a t e  
f o r  48 hours  followed by a d i scharge  a t  t h e  2-hour r a t e  t o  0 ,7  v o l t s  pe r  
cell .  The i n i t i a l ,  1 yea r ,  and end-of-cycling c a p a c i t i e s  a r e  shown i n  
F igure  4. 

This  d a t a  i n d i c a t e s  t h a t  t h e  capac i ty  l o s s  f o r  most groups t o  t h e  
end-of-cycling ( 3  t o  4 yea r s )  was between 24 percent  and 35 pe rcen t  
excluding only t h e  Polypropylene, Electrochemical  and No PQ groups. 

Thir ty-nine precent  of  t h e  i n i t i a l  t e s t e d  capac i ty  o f  t h e  Polyropylene 
group was gone wi th in  t h e  f i r s t  year  under t h e  LEO c y c l i n g  regime. Th i s  
f i r s t  year  capac i ty  l o s s  was t h e  g r e a t e s t  among any of  t h e  groups a s  was 
t h e  t o t a l  c apac i ty  l o s s  o f  49 percent  a t  t h e  end o f  3 y e a r s  o f  cyc l ing .  
Conversely, t h e  Electrochemical  group appears  t o  have l o s t  t h e  l e a s t  
c apac i ty  with a l o s s  o f  only 2 percent  a t  t h e  end-of-cycling. Th i s  is 
misleading,  however, because t h i s  group remained on test  f o r  only 2.5 yea r s  
(14000 c y c l e s ) ,  and t h e r e  was no 1-year tes t  p o i n t  a v a i l a b l e  f o r  
comparison. 



The No PQ group remained on t e s t  f o r  4 years (23300 cycles)  and had l o s t  
t he  l e a s t  amount o f  capac i ty  o f  any group a t  t h e  1 year po in t ,  on ly  6 
percent,  bu t  could n o t  be recharged a f t e r  t he  end-of-cycl ing and, 
there fore ,  no capac i ty  da ta  p o i n t  was obtained. The o ther  groups t h a t  
remained on t e s t  fo r  4 years, Con t ro l  and A.K.-Old Process, showed average 
capac i ty  performance n o t  on l y  t o  t h e  1 year p o i n t  showing 21 percent  and 16 
percent  capaci ty  losses respec i tve ly ,  b u t  a l s o  t o  t h e  end-of-cycl ing as was 
mentioned above. 

2 5 ' ~  OVERCHARGE TEST RESULTS - 
The 2 5 ' ~  overcharge t e s t  consisted o f  a constant  cu r ren t  charge a t  t h e  
10-hour r a t e  f o r  24 hours. The i n i t i a l ,  1 year, and end-of-cycling, 
end-of-charge (EOC) vol tages reached du r ing  this t e s t  f o r  a l l  design groups 
are  presented i n  F igu re  4. Groups 1, 2, 3, 5, 6, and 9 showed l i t t l e  o r  no 
change i n  the  EOC t e s t  vo l tage l e v e l s  dur ing  l i f e .  The vol tages reached by 
these groups were i n  the  normal range f o r  aerospace Ni-Cd c e l l s  and ranged 
from 1.454 v o l t s  t o  1.465 v o l t s .  O f  t h e  groups mentioned above, t h e  
Con t ro l  group showed t h e  h ighest  vo l tage each t ime tes ted  fo l lowed by 
Polypropylene and t h e  A.K.-Old Precess group. 

Group 4, L i g h t  Loading, i n i t i a l l y  has an average EOC t e s t  vo l tage o f  1.458 
v o l t s  b u t  when the  t e s t  was repeated a t  t h e  1-year p o i n t  t he  t e s t  vo l tage 
had r i s e n  t o  1.477 vo l t s .  However, t h e  EOC t e s t  vol tage a t  t h e  
end-of-cycl ing was i n  the  normal range. Group 8, A.K.-Present Process, 
a l so  showed an EOC t e s t  vo l tage r i s e  a t  t he  1-year p o i n t  with a vo l tage o f  
1.520 v o l t s  causing t h e  charge t o  be stopped prematurely. U n l i k e  L i g h t  
Loading, however, an abnormally h i g h  EOC t e s t  vo l tage remained a t  t h e  
end-of-cycl ing i n d i c a t i n g  t h a t  these c e l l s  were "negative l i m i t e d "  and had 
been so s ince before  t h e  1 year r e t e s t .  The A.K.-Old Process group, even 
though i t  was made with t h e  same p l a t e  as Group 8, s u r p r i s i n g l y  showed no 
s igns o f  being "negative l im i ted ' '  u n t i l  t h e  remaining c e l l s  were tes ted  a t  
t he  end-of-cycl ing (4 years). Th is  d i f fe rence,  therefore,  has t o  be due t o  
t h e  d i f f e rences  i n  t h e  p l a t e  processing techniques used on each group. 
Both groups i n i t i a l l y  had a lower negat ive t o  p o s i t i v e  r a t i o  than t h e  other  
groups because o f  t he  1968 design and so from t h e  beginning possessed a 
s t rong tendency t o  becoming "negative l im i ted , "  I n  a d d i i t o n  t o  t h i s ,  t h e  
p l a t e  forming o r  ECT processes o f  t h e  present process, because o f  a longer 
r e v e r s a l  t ime and a d d i t i o n a l  precharge adjustment, caused t h e  amount o f  
excess negat ive i n  t h e  group t o  be reduced t o  a much greater  ex tent  than i n  
t h e  o l d  process group. The e f f e c t  o f  l e s s  excess negat ive i s  a r i s e  i n  
vo l tage dur ing  overcharge, a cond i t i on  i n  which c e l l s  are s a i d  t o  be 
"negative l im i ted . "  Th is  i s  exac t l y  t h e  e f f e c t  shown dur ing  t h i s  t e s t .  

OOC OVERCHARGE TEST RESULTS - 
The O'C overcharge t e s t  cons is ted  o f  a constant  cu r ren t  charge a t  t h e  
20-hour r a t e  f o r  60 hours. The i n i t i a l  EOC voltages, and t h e  1 year, and 
end-of-cycl ing EOC and peak vol tages are presented i n  F igure  5. 



The overcharge tes t  produced c o n t r g s t s  o f  a much g r e a t e r  magnitude between 
t h e  groups on t es t  than  d i d  t h e  25 C test. I t  showed t h a t  by t h e  1 year  
retest t h e  Light  Loading, No PQ, Polypropylene, A.K.-Old Process ,  and 
A.K.-Present Process  groups a l l  had h ighe r  t han  normal peak and EOC test 
vo l t ages  which i n d i c a t e d  they  had become "nega t ive  l imited."  I n  f a c t ,  t h e  
charge was s topped prematurely on each o f  t h e s e  groups because o f  high 
vo l t age  o r  p ressure .  By c o n t r a s t ,  t h e  Teflon group showed t h e  lowest  peak 
tes t  vo l t age  of  any group, a t  1 year ,  a t  1.529 v o l t s  followed by S i l v e r  a t  
1.546 v o l t s ,  and t h e  Con t ro l  a t  1.551 v o l t s .  

A t  t h e  end-of-cycling only  t h e  A.K.-Present Process  and A.K.-Old Process  
groups had high EOC tes t  vo l t age  and t h e r e f o r e ,  were t h e  only groups which 
appeared t o  be "nega t ive  l imi tedg1  a t  t h e  end-of-cycling. This  agreed wi th  
t h e  r e s u l t s  ob ta ined  du r ing  t h e  2 5 ' ~  overcharge test .  The Teflon group 
showed many i n t e r m i t t e n t  s h o r t s  dur ing  t h i s  tes t  a t  t h e  end-of-cycling and 
thus ,  t h e  d a t a  ob ta ined  is no t  v a l i d  and, i n  f a c t ,  r e p r e s e n t s  on one of  t h e  
fou r  cells; t h e  o t h e r s  could no t  be charged. The No PQ group formed 
i n t e r n a l  s h o r t s  p r i o r  t o  t h e  s t a r t  of  t h e  end-of-cycling eva lua t ion  tests 
a s  was d i scussed  prev ious ly .  

LOW EARTH O R B I T  CYCLING TEST RESULTS 

The d a t a  a n a l y s i s  t o  be presen ted  w i l l  concen t r a t e  on t h e  6 des ign  groups 
t h a t  performed t h e  b e s t  dur ing  t h e  test  program and t h a t  provided t h e  most 
p e r t i n e n t  in format ion  wi th  regard  t o  t h e  a p p l i c a t i o n  o f  aerospace Ni-Cd 
cells.  The 6 groups a r e  t h e  Control ,  Tef lon,  S i l v e r ,  No PQ, A.K.-Old 
Process ,  and Electrochemical .  

A comparison o f  t h e  capac i ty  performance o f  each of  t h e  groups dur ing  
cyc l ing  is very b e n e f i c i a l  t o  t h e  eva lua t ion  o f  each design va r i ab l e .  
Therefore ,  c apac i ty  checks were performed on d i f f e r e n t  cells i n  each group 
a t  6 month i n t e r v a l s  through 2 yea r s  and then  yea r ly  t o  t h e  end-of-cycling. 
These c a p a c i t y  checks c o n s i s t e d  o f  a d i s cha rge  a t  t h e  nominal c y c l i n g  
d ischarge  r a t e  (9.6 amps) t o  a vo l t age  o f  approximately 0 . 7 5 ~ .  

The 1, 2, and 3 year  c a p a c i t y  p l o t s  f o r  t h e  6 groups a r e  shown i n  F igu re s  
6 ,  7, and 8 r e spec t ive ly .  A 4-year c a p a c i t y  p l o t  f o r  t h e  Control ,  No P4, 
and A.K.-Old Process  group is shown i n  F igure  9.  These p l o t s  i n d i c a t e  t h a t  
t h e  above 3 groups c o n s i s t e n t l y  maintained a g r e a t e r  capac i ty  than  any o f  
t h e  o the r  groups t e s t e d  and o f  t hose  3 ,  t h e  No PQ performed b e t t e r  than t h e  
o t h e r  2. 

A more a c c u r a t e  r e p r e s e n t a t i o n  o f  t h i s  behavior  is presen ted  i n  F igu re  10 ,  
where t h e  p recen t  o f  t h e  i n i t i a l  a c t u a l  capac i ty  ve r sus  c y c l e  number is 
p l o t t e d  f o r  each group. Th i s  p l o t  d e c i s i v e l y  shows t h a t  t h e  No PQ group, 
from t h e  beginning, l o s t  t h e  l e a s t  amount o f  capac i ty  on a precentage b a s i s  
than any o t h e r  group. Th i s  group l o s t  on ly  1 5  percent  o f  i ts  i n i t i a l  
c apac i ty  du r ing  3 y e a r s  o f  c y c l i n g  and 55 pe rcen t  by t h e  end-of-cycling. 



This  i s  compared t o  t h e  Con t ro l  group l o s s  o f  35 percent i n  3 years and 60 
percent  by t h e  end-of-cycling, and t h e  A.K.-Old Process group l o s s  o f  40 
percent  i n  3 years and 52 percent  when taken o f f  t e s t .  The Te f lon  and 
S i l v e r  groups l o s t  65 percent  and 59 percent  o f  t h e i r  i n i t i a l  capac i t i es  i n  
3 years and t h e  Electrochemical  group l o s t  22 percent o f  i t s  capac i ty  i n  
2.5 years. The capac i ty  l o s s  percentages do n o t  necessar i l y  agree with t h e  
capac i ty  l o s s  percentages presented f o r  t h e  eva lua t ion  tes ts .  The 
d iscrepancies r e s u l t e d  from dif ferences i n  t h e  discharge cu r ren t  used i n  
each o f  t h e  tes ts .  A l l  d ischarges du r ing  t h e  eva luat ion  t e s t s  were a t  t h e  
2-hour r a t e  w h i l e  those performed dur ing  t h e  c y l c l i n g  capaci ty  checks were 
a t  t h e  1.3-hour nominal c y c l i n g  ra te .  Also, a p a r t i a l  recond i t i on ing  took  
p lace before  t h e  eva lua t ion  t e s t  each time. 

Another parameter t h a t  provides a good i n d i c a t i o n  o f  t he  performance o f  a 
c e l l  du r ing  LEO c y c l i n g  i s  t h e  end-of-eclipse (EOE) voltage. A comparison 
o f  t h e  EOE vo l tages throughout l i f e  f o r  t h e  6 groups se lec ted i s  found i n  
F igu re  11. The f i g u r e  again shows t h a t  t h e  No PQ group outperformed the  
o the r  groups by main ta in ing  an EOE vo l tage o f  1.14 v o l t s  from 7500 through 
19000 cyc les  a f t e r  s low ly  d e c l i n i n g  from a beg inn ing-o f - l i fe  EOE vo l tage o f  
1.21 v o l t s  and before  beginning a sharp dec l i ne  a t  t h e  end-of-cycling. The 
A.K.-Old Process group performed b e t t e r  than t h e  No P4 group a t  t h e  
beginning-of- l i fe  b u t  l e v e l e d  o f f  a t  a lower EOE vol tage o f  1.12 v o l t s .  
The Con t ro l  group a l s o  provided adequate performance a f t e r  a sharp dec l ine  
a t  t h e  beg inn ing-o f - l i fe  b u t  maintained an EOE average vol tage o f  on l y  1.03 
v o l t s  throughout most o f  i t s  c y c l e  l i f e .  

The S i l v e r ,  Tef lon, and Electrochemical  groups d i d  n o t  perform as w e l l  as 
t h e  others. The S i l v e r  group p a r a l l e l l e d  t h e  Con t ro l  group u n t i l  
approximately c y c l e  11000 then  i t  began a steady EOE vo l tage dec l i ne  ending 
with an EOE vo l tage o f  0.94 v o l t s  a t  t he  end-of-cycl ing (17300 cycles).  
The Electrochemical  group began l i f e  by making a very sharp EOE vo l tage 
drop t o  1.06 v o l t s  a t  1500 cycles. It then maintained approximately t h i s  
vo l tage u n t i l  t h e  end-of- l i fe .  The Te f lon  group performed worse than any 
o ther  group showing a steady vo l tage dec l i ne  throughout l i f e .  The EOE 
vo l tage o f  t h i s  group was 0.89 v o l t s  a t  t he  end-of-cycl ing (17300 cycles)  
the  lowest  end-of-cycl ing vo l tage o f  any o f  t h e  6 groups. 

A p l o t  o f  t h e  percent  recharge f o r  each group throughout l i f e  i s  presented 
i n  F igu re  12. A nominal percent  recharge o f  115 percent was t o  be 
maintained throughout l i f e  by ad jus t i ng  t h e  charge vol tage l i m i t  o f  each 
pack. A percent recharge o f  115 percent was n o t  maintained. However, t h i s  
p l o t  shows t h a t  a l l  groups maintained a recharge percentage h i g h  enough t o  
assure t h a t  f u l l  charge was being achieved and the  d e l t a  between t h e  groups 
was l e s s  than 5 percent w i t h  few exceptions. Therefore, a l l  groups were 
maintained i n  approximately the  same s t a t e  throughout l i f e  which i n d i c a t e s  
t h a t  a l l  data c o l l e c t e d  du r ing  t h e  LEO c y c l i n g  t e s t  was v a l i d .  



CONCLUSIONS 

The No PQ group outperformed a l l  o ther  Design Var iab le  Program groups i n  
both  t h e  area o f  capac i ty  and end-of-eclipse voltage. Th is  performance was 
r i v a l e d  on ly  by t h e  Con t ro l  group t h a t  had PQ b u t  no o ther  treatment and 
t h e  1968 A.K.-Old Process group which d i d  n o t  have PQ. The f a i l u r e  o f  t h e  
No PQ group t o  accept charge a t  t h e  end-of-cycl ing d i d  leave a quest ion  
mark by i t s  performance. I n a b i l i t y  t o  accept charge i s  an i n d i c a t i o n  t h a t  
hard  sho r t s  had developed between t h e  p l a t e s  i n  a l l  c e l l s ,  a c o n d i t i o n  t h a t  
i s  caused by excessive cadmium migrat ion.  

The Electrochemical  group showed a capac i ty  l o s s  lower than most o ther  
groups, espec ia l l y  du r ing  t h e  eva luat ion  tes ts ,  and enhanced a c t i v e  
m a t e r i a l  u t i l i z a t i o n .  It d i d  n o t  perform a t  t h e  same l e v e l  as t h e  No PQ 
group, however, and had a very low beg inn ing -o f - l i f e  capaci ty  as a r e s u l t  
o f  t he  low p o s i t i v e  p l a t e  l oad ing  l e v e l s  i t  possessed. Undoubtedly, t h e  
cause o f  these low p o s i t i v e  load ing l e v e l s  was t h a t  t h i s  was an e a r l y  
attempt by G.E. t o  use e lectrochemical  impregnation i n  c e l l  manufacture. 
Because o f  t he  i n d i c a t i o n s  o f  decreased capac i ty  l o s s  and enhanced a c t i v e  
m a t e r i a l  u t i l i z a t i o n ,  and i n  l i g h t  o f  t h e  advances made i n  t h i s  area i n  t h e  
past  6 years, t h i s  process should be reevaluated w i t h  respect  t o  the  
aerospace energy storage program. 

The Te f lon  and S i l v e r  treatments enhance t h e  r a t e  o f  oxygen recombinat ion 
and thus a l l ow  a greater  amount o f  e l e c t r o l y t e  t o  be added t o  t h e  c e l l s .  
One o r  t h e  o ther  o f  these treatments i s  s t r o n g l y  recommended by t h e  
manufacture and previous acceptnace and l i f e  t e s t  da ta  i n d i c a t e d  t h a t  these 
treatments improved c e l l  performance. On t h e  contrary, these groups showed 
t h e  poorest  performance o f  any o f  t h e  6 groups analyzed. The Te f lon  group, 
which i s  t h e  c u r r e n t l y  accepted GSFC design, cons is ten t l y  gave t h e  poorest  
performance o f  any group i n  a l l  aspects o f  t h e  design va r iab le  t e s t  
program. Th is  group had the  h ighest  capac i ty  l o s s  and t h e  lowest  
end-of-eclipse vol tages o f  any group tested. I t  a lso  had i n t e r m i t t e n t  
sho r t s  a t  t he  end-of-cycl ing (17300 cycles)  which i nd i ca tes  excessive 
cadmium migrat ion.  A c o n d i t i o n  t h e  Te f lon  supposedly prevents. The m e r i t s  
o f  t h i s  design should c l e a r l y  be reevaluated i n  l i g h t  o f  i t s  poor 
performance and t h e  s t rong  performance o f  o ther  designs. 
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o I N I T I A L  E V A L U A T I O N  T E S T *  
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o P R E S S U R E  V E R S U S  C A P A C I T Y  T E S T S  

o LOW E A R T H  O R B I T  C Y C L I N G  

* T E S T S  R E P E A T E D  A F T E R  1 Y E A R  C Y C L I N G  AND A T  E N D  OF PROGRAM 

Figure 1 .  Design Variable Test Program 



o TEMPERATURE 

o DEPTH-OF-DISCHARGE 

o ORBIT PERIOD 

o CHARGE CURRENT 

4 0  PERCENT 

9 0  MINUTES 

9 . 6  AMPS TO A  VOLTAGE 

L I M I T  ( 1 . 4 5 3  V/CELL 

TYPICAL)  

o DISCHARGE CURRENT 9 . 6  AMPS 

Figure 2. Leo Cycling Test Regime 



P O S  
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G / D U  
O F  S I N T E R  

P R E C H A R G E  ' 
A D J U S T  

AH 
F I N A L  KOH 
Q U A N T I T Y ,  C C  V A R I A B L E  

1 .  C O N T R O L  

P A C K  NO. 

3 D 

3 E  

3 F  

3 G  

3 H 

3 I 

33 

2 .  T E F L O N  

3. S I L V E R  

4. L I G H T  

5 .  NO P Q  

6 .  P O L Y P R O Y L E N E  

7. AK-OLD P R O C  

8. A K - P R E S  P R O C  3 K  2 1 3 0  2542 

9. E L E C T R O C H E U  3 L 1 2 7 6 ~  2280 

B A S E D  ON 228 C C  O z I A h  

BY H Y D R A T E  P I C K - U P ,  N O T  H Y D R A T E  R E D U C T I O N  

Figure 3. Design Variable Program-Cell Manufacturing Information 
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V A R I A B L E  

C O N T R O L  

T E F L O N  

S I L V E R  

L I G H T  

NO P Q  

P O L Y  P R O P  

AK-OLD P R O C  

A K - P R E S  P R O C  

E L E C T R O C H E H  

I N I T I A L  A F T E R  1 Y E A R  E N D - O F - C Y C L I N G  
E O C  - E O C  - P E A K  - E O C  - P E A K  - 

T E R M I N A T E D  D U E  T O  H I G H  V O L T A G E  ( V O L T A G E  E X C E E D E D  1 . 5 6 V  F O R  2 H O U R S )  

2 T E R M I N A T E D  DUE T O  H I G H  P R E S S U R E ,  > 100 P S I A .  

A L L  C E L L S  I N  T E F L O N  G R O U P  SHOWED I N T E R M I T T E N T  S H O R T S .  

A L L  C E L L S  I N  NO P Q  G R O U P  S H O R T E D .  

Figure 5. Design Variable Program, Initial Evaluation Test Results 
(Continued) 
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Figure 6. Design Variable Program 
1 Year Capacity Comparison-9.6 Amp Discharge 
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Figure 7. Design Variable Program 
2 Yr Capacity Comparison-9.6 Amp Discharge 
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Figure 8. Design Variable Program 
3 Yr Capacity Comparison-9.6 Amp Discharge 
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Figure 9. Design Variable Program 
4 Yr Capacity Comparison-9.6 Amp Discharge 



PACK 3L 
ELECTROCHEM --- 

PRCK 3J 
AK-OLD PROC ---- 

PACK 3H 
NO PO 

. . . . . . . 
?ACK 3F 
SILVER 

PACK 3E 
TEFLON 

PACK 3D 
CONTROL 

Figure 10. Design Variable Program 
Percent of Initial Actual Capacity Comparison 
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Figure 1 1. Design Variable Program 
End of Eclipse Voltage Comparison 
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Figure 12. Design Variable Program 
Percent Recharge Comparison 




