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This  r e p o r t  w a s  prepared as an account o f  Government-sponsored work. 
Nei ther  t h e  United S t a t e s ,  nor t h e  Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion  (NASA), nor  any person a c t i n g  on behalf  o f  NASA 

(a) makes warranty o r  r ep resen ta t ion ,  expressed o r  implied 
w i t h  r e s p e c t  t o  the accuracy,  completeness,  o r  u se fu lness  
of  t h e  informat ion  contained i n  t h i s  r e p o r t ,  o r  t h a t  t h e  
use  of  any information,  appa ra tus ,  method, o r  process  
d i sc losed  i n  t h i s  r epor t  may not  i n f r i n g e  privately-owned 
r i g h t s ;  o r  

(b) assumes any l i a b i l i t i e s  w i th  r e s p e c t  t o  t h e  use  o f ,  o r  
f u r  damages r e s u l t i n g  from t h e  use of  any information,  
appa ra tus ,  method, or process  d i s c l o s e d  i n  t h i s  r e p o r t .  

A s  used above, "person a c t i n g  on behalf  of  NASA" inc ludes  any employee 
o r  c o n t r a c t o r  of  NASA, o r  employee o f  such c o n t r a c t o r ,  t o  t h e  e x t e n t  
t h a t  such employees o r  con t r ac to r  o f  NASA, o r  employee o f  such con- 
t r a c t o r ,  p repa res ,  d i sseminates ,  o r  provides  a c c e s s  t o  any information 
pursuant  t o  h i s  employment with such c o n t r a c t o r .  

Request f o r  cop ie s  of t h i s  r epor t  should be r e f e r r e d  t o  

Nat iona l  Aeronautics and Space Adminis t ra t ion  
O f f i c e  o f  S c i e n t i f i c  and Technical  Information 
Washington 25, D .  C .  
At tn:  AFSS-A 
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HEAT STERILIZABLE Ni-Cd BATTERY DEVELOPMENT 

Jet  Propuls icn Laboratory 
Contract No. 951972 

Report f o r  t h e  F i r s t  Q u a r t e r  1967 

1 J u l y  1967 to  September 1967 

ABSTRACT 

Con t rac tua l  work conducted du r ing  the f i r s t  q u a r t e r l y  r e p o r t i n g  per iod w a s  

concerned wi th  c o n s t r u c t i o n  of t e s t i n g  s t a t i o n s ,  prel iminary s e p a r a t o r  and 

seal e v a l u a t i o n  and d e f i n i t i o n  o f  the b a s i c  problems a s s o c i a t e d  wi th  t h e  

e f f e c t s  o f  h e a t  s t e r i l i z a t i o n  on the e l e c t r o c h e m i s t r y  of t h e  Ni-Cd system. 

E a r l y  i n  t h e  program a panel  c o n s i s t i n g  of 60 t e s t  s t a t i o n s  which monitor 

c u r r e n t ,  v o l t a g e  and r e s i s t a n c e  of t h e  c e l l s  was cons t ruc t ed .  T h i s  panel  

was subsequent ly  i n t e g r a t e d  i n t o  our e x i s t i n g  d a t a  a c q u i s i t i o n  system 

which a u t o m a t i c a l l y  r eco rds  t h e  p e r t i n e n t  e lectrochemical  parameters .  

Seve ra l  polypropylene s e p a r a t o r s  were s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n  on 

t h e  b a s i s  of t h e i r  thermal and chemical s t a b i l i t y  i n  7 N  KOH. Approximately 

f o r t y  c y l i n d r i c a l  c e l l s  were constructed us ing  t h e s e  s e p a r a t o r s .  P e l l o n  

14019 s e p a r a t o r  i s  t h e  most promising i n  terms o f  lower v o l t a g e ,  lower 

r e s i s t a n c e ,  h ighe r  capac i ty  and lower un i fo rmi ty  both be fo re  and a f t e r  

s t e r i l i z a t i o n .  A l l  c e l l s  evaluated e x h i b i t  an  i n c r e a s e  i n  end-of-charge 

v o l t a g e  a f t e r  s t e r i l i z a t i o n .  Th i s  e f f e c t  cannot be explained by r e s i s t a n c e  

i n c r e a s e s  and i s  bel ieved a s soc ia t ed  w i t h  morphological changes a t  t h e  

cadmium e l e c t r o d e .  

A t  p r e s e n t  g l a s s - to -me ta l  seals which are p r o t e c t e d  by a KOH r e s i s t a n t  

c o a t i n g  have been t h e  most success fu l  i n  undergoing h e a t  s t e r i l i z a t i o n .  

A d e c i s i o n  on t h e  f i n a l  des ign  a s  well a s  materials of c o n s t r u c t i o n  w i l l  

be made d u r i n g  t h e  second q u a r t e r .  
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INTRODUCTION 

The h e a t  s t e r i l i z a t i o n  of c e r t a i n  s p a c e c r a f t s  r equ i r ed  t o  prevent  contamination 

o f  p l a n e t s  w h i l e  searching f o r  e x t r a  terrestr ia l  l i f e  has  c rea t ed  t h e  problem 

t h a t  some components are unable t o  withstand t h e  seve re  temperatures  used f o r  

s t e r i l i z a t i o n .  

which must f u n c t i o n  s a t i s f a c t o r i l y  over hundreds of charge-discharge c y c l e s  

a f t e r  being sub jec t ed  t o  t h e  r i g o r s  of h e a t - s t e r i l i z a t i o n .  Since no such 

s t o r a g e  b a t t e r y  i s  c u r r e n t l y  a v a i l a b l e ,  t h e  Jet  Propuls ion Laboratory (JPL) 

h a s  undertaken a sys t ema t i c  program t o  develop such b a t t e r i e s .  The g e n e r a l  

o b j e c t i v e s  of t h e  JPL program as ou t l ined  i n  t h e  "Spacecraft  S t e r i l i z a t i o n  

Technology "(') are: 

ter ies  and b a t t e r y  components subjected t o  h e a t  s t e r i l i z a t i o n  procedures .  

( 2 )  To develop technology t o  ass is t  i n  t h e  proper  des ign ing  and f a b r i c a t i o n  

o f  h e a t - s t e r i l i z a b l e  b a t t e r i e s .  (3) To test  and t o  e v a l u a t e  components and 

u n i t s  o f  h e a t - s t e r i l i z a b l e  b a t t e r i e s .  ( 4 )  To produce a b a t t e r y  which w i l l  

s a t i s f a c t o r i l y  meet f l i g h t  program requirements .  

This  appears  t o  be e s p e c i a l l y  t r u e  of r echa rgeab le  b a t t e r i e s  

(1) To o b t a i n  bas i c  and new information r e g a r d i n g  bat-  

The g o a l  of t h e  p re sen t  Research and Development c o n t r a c t  i s  t o  perform s t u d i e s  

and t o  des ign ,  develop, f a b r i c a t e  and tes t  sea l ed  , r echa rgeab le ,  nickel-cadmium 

b a t t e r i e s  capable  of su rv iv ing  h e a t  s t e r i l i z a t i o n .  

The h e a t  s t e r i l i z a t i o n  requirements i nc lude  t e s t i n g  a t  135°C f o r  t ype  approval ,  

and 125OC t e s t i n g  f o r  f l i g h t  acceptance.  

t u r e ,  t h e  h e a t i n g  rate i s  19"C/hour. 

f o r  s i x t y - f o u r  hours  and t h e n  cooled t o  room temperature  a t  t h e  same ra te  a t  

which it was hea ted .  Two such cycles  a re  r e q u i r e d .  For p re l imina ry  t e s t i n g  

one 120-hour c y c l e  may be used. 

A t  t h e  135°C s t e r i l i z a t i o n  tempera- 

The chamber i s  h e l d  a t  t h i s  temperature  

-2- 



Commercially produced Ni-Cd cel ls  a r e  no t  designed t o  withstand t h e  r i g o r s  o f  

t h e  h e a t  s t e r i l i z a t i o n  p rocess  and the f a c t o r s  r e s p o n s i b l e  f o r  t h e  d e t e r i o r a t i o n  

i n  t h e  performance of Ni-Cd ce l l s  need t o  be i n v e s t i g a t e d  and understood be fo re  

a r e l i a b l e ,  h e r m e t i c a l l y  s e a l e d ,  rechargeable  c e l l  w i th  long c y c l e  l i f e  and 

s a t i s f a c t o r y  performance c h a r a c t e r i s t i c s  can be developed. The s p e c i f i c  t a s k s  

under t h i s  c o n t r a c t ,  t h e r e f o r e ,  include t h e  following: 

A .  TASK I - Elec t rochemis t ry  

Use stat  i s t i c a l  f a c t o r i a l  programs t o  perform s t u d i e s  t o  c h a r a c t e r i z e  

e l e c t r o d e s ,  e l e c t r o l y t e  s o l u t i o n s  and s e p a r a t o r s  of t h e  nickel-cadmium 

system. This  e f f o r t  s h a l l  c o n s i s t  o f ,  but not  n e c e s s a r i l y  be l i m i t e d  

t o ,  t h e  fol lowing s t u d i e s :  

1. E l e c t r o l y t e  So lu t ion  

a .  E f f e c t  of h e a t  s t e r i l i z a t i o n  on c e l l  performance a t  v a r i o u s  

concen t r a t ions  of KOH. 

E f f e c t  o f  t he  a d d i t i o n  of l i t h i u m  ( L i + ) ,  sodium (Na+), and 

bismuth (Si3+) ions and of s u r f a c t a n t s  t o  t h e  e l e c t r o l y t e  

s o l u t i o n  

b. 

2 .  Nickel E lec t rode  

a .  E f f e c t  o f  h e a t  s t e r i l i z a t i o n  on t h e  s t r u c t u r e  and behavior 

of t h e  n i c k e l  e l e c t r o d e .  

b. E f f i cacy  o f  var ious formulat ion and f a b r i c a t i o n  methods t o  

produce more e f f i c i e n t ,  h e a t  s t e r i l i z a t i o n - r e s i s t a n t  e l e c t r o d e s .  

E f f e c t  of t h e  a d d i t i o n  o f  coba l tous  ion  (Co*) t o  t h e  

e l e c t r o d e .  

c .  

3 .  Cadmium Elec t rode  

a .  E f f e c t  o f  hea t  s t e r i l i z a t i o n  on t h e  s t r u c t u r e  and behavior 

of t h e  cadmium e l e c t r o d e .  

-3- 



b. E f f i cacy  of var ious formulat ion and f a b r i c a t i o n  methods 

t o  produce more e f f i c i e n t  h e a t  s t e r i l i z a t i o n - r e s i s t a n t  

e l e c t r o d e s .  

E f f e c t  o f  t h e  a d d i t i o n  of t h a l l i u m  (Tl') and indium (In+) c .  

t o  t h e  e l e c t r o d e .  

4. Separator  

Behavior of v a r i o u s  s e p a r a t o r s  i n  cel ls  comprised o f  s e l e c t e d  

e l e c t r o d e s  and e l e c t r o l y t e  s o l u t i o n s  under cond i t ions  o f  h e a t  

s t e r i l i z a t i o n  and subsequent e l e c t r i c a l  cyc l ing .  

B. TASK I1 - C e l l  Case 

Develop, des ign ,  f a b r i c a t e ,  and test c e l l  ca se  materials, which 

s h a l l  be sea l ed  a f t e r  a c t i v a t i o n ,  and which a re  intended t o  be 

capable  of w i ths t and ing  a s t o r a g e  l i f e  of twelve (12)  months 

a f t e r  a c t i v a t i o n  and s e a l i n g ,  and a minimum of  twelve (12 )  months 

a f t e r  s t e r i l i z a t i o n .  

C.  TASK I11 - F a b r i c a t i o n  and T e s t  

F a b r i c a t e  and tes t  c e l l s  of a p r i s m a t i c  c o n f i g u r a t i o n  o f  about 

four  ( 4 )  AH capac i ty  a t  the  c o n t r a c t o r ' s  f a c i l i t i e s  i n  a parallel  

e f f o r t  t o  support  a JPL in-house tes t  program. 

1. Develop a procedure f o r  t h e  c h a r a c t e r i z a t i o n  o f  nickel-cadmium 

c e l l s  which s h a l l  include,  but no t  n e c e s s a r i l y  be l i m i t e d  t o ,  

t h e  following: 

a .  One o r  more s t e r i l i z a t i o n  c y c l e s .  

b. E l e c t r i c a l  c y c l i n g  a t  v a r i o u s  rates, dep ths  of d i scha rge ,  

and temperature .  

c ,  C e l l  i n t e r n a l  p re s su re  measurements f o r  v a r i o u s  cond i t ions .  

- 4 -  
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C e l l  v o l t a g e  r egu la t ion  wi th  cyc l ing .  

C e l l  v o l t a g e  and/or capac i ty  s t a b i l i t y  f o r  a per iod o f  

t i m e  a t  f i f t y  degrees  cen t ig rade  (5OoC) on a charged 

s tand  test  a f t e r  s t e r i l i z a t i o n  and e l e c t r i c a l  cyc l ing .  

2 .  Perform t h e  c h a r a c t e r i z a t i o n  i n  accordance wi th  t h e  p lan  

approved by Jet  Propuls ion Labora to r i e s .  

3 .  Test c e l l s  a t  t h e  c o n t r a c t o r ' s  f a c i l i t y  fo r  t h e  c a p a b i l i t y  

o f  w i ths t and ing  t h e  shock and v i b r a t i o n  requirements  s t a t e d  

i n  t h e  a p p l i c a b l e  s p e c i f i c a t i o n s  l i s t e d  i n  Exh ib i t  I. 

4 .  F a b r i c a t e  and cha rac t e r i ze  nickel-cadmium cel ls  u t i l i z i n g  

t h e  e lec t rochemica l  and mechanical des ign  developed i n  

Tasks I and 11, and a s  approved by Jet  Propuls ion  Labora to r i e s ,  

o f  a sea l ed  c e l l  capable o f  s u c c e s s f u l l y  su rv iv ing  hea t  s te r i -  

l i z a t i o n ,  shock and v i b r a t i o n  environments as def ined  i n  

Jet Propuls ion  Labora to r i e s '  s p e c i f i c a t i o n  GMP-50436-DSN-B. 

a .  Develop a t e s t  plan t o  prove t h e  des ign .  

b. Perform t h e  t e s t s  i n  accordance wi th  t h e  test p lan ,  as  

approved by Je t  Propulsion Labora to r i e s .  

T h i s  r e p o r t  summarizes t h e  work performed dur ing  t h e  f i r s t  q u a r t e r  o f  

the  c o n t r a c t .  

-5 - 



RESULTS AND DISCUSSION 

TASK I - Elec t rochemis t ry  

Sepa ra to r  Eva lua t ion  

Information obtained from J e t  Propulsion L a b o r a t o r i e s  and o t h e r  p e r t i n e n t  

l i t e r a t u r e  i n d i c a t e  t h a t  polyalkanes and polyhalocarbons are s u i t a b l e  as  

s e p a r a t o r s  i n  a l k a l i n e  secondary c e l l s  and b a t t e r i e s .  The requirement 

o f  h e a t  s t e r i l i z a b i l i t y  ( i . e . ,  exposure t o  135°C f o r  128 hour s  i n  -30% 

KOH) f u r t h e r  l i m i t s  t h e  s e l e c t i o n  o f  s u i t a b l e  s e p a r a t o r  materials t o  f e l t e d  

o r  porous polypropylene, "Teflon" and f luorohalocarbons.  Membrane type  

s e p a r a t o r s ,  developed mainly for  Ag-Zn and Ag-Cd b a t t e r i e s  t o  prevent  

i n t e r n a l  s h o r t - c i r c u i t i n g  v i a  d e n d r i t e  growth, were n o t  considered s u i t a b l e  

f o r  t h i s  a p p l i c a t i o n .  These polymetric materials are c h a r a c t e r i z e d  by a 

r e l a t i v e l y  high r e s i s t a n c e  which i n c r e a s e s  i n t e r n a l  p a r a s i t i c  power l o s s e s  

and low pe rmeab i l i t y  t o  oxygen gas which i n h i b i t s  r a p i d  oxygen recombination 

i n  t h e  overcharge mode, causing high i n t e r n a l  p r e s s u r e .  

Seve ra l  brands of nonwoven polypropylene and polypropylene-nylon mixtures 

were evaluated as t o  t h e i r  s t a b i l i t y  under s t e r i l i z a t i o n  c o n d i t i o n s .  Nylon 

f e l t  was included as a c o n t r o l  s tandard.  These d a t a  are  shown i n  Table  I. 

Another important c h a r a c t e r i s t i c  of t h e s e  s e p a r a t o r s  i s  t h e i r  e f f e c t  on 

t h e  e l ec t rochemica l  behavior of h e r m e t i c a l l y  sealed c e l l s .  These d a t a  

were obtained i n  t h e  i n i t i a l  screening program. Typ ica l  r e s u l t s  are shown 

i n  Table 11. Considering t h e  thermal and chemical s t a b i l i t y  d a t a  presented 

i n  Table  I and t h e  electrochemical  performance d a t a  p re sen ted  i n  Table 11, 

t h r e e  polypropylene type  s e p a r a t o r s  were s e l e c t e d  f o r  f u r t h e r  e v a l u a t i o n .  

-6- 



TABLE I 

THERMAL/CHEMICAL STABILITY OF VARIOUS SEPARATORS 

Separator Type 
Material (Felt1 Manufacturer 

Nylon 

Polypropylene 

Polypropylene 

Polypropylene 

Polypropylene 

Polypropylene/Nylon 

Dyne1 

Polypropylene 

Pellon #2505 

Pellon 1/25 /249 

Pellon 1/25 /242 

Pellon 14019 

Pellon 14020 

Pellon 1243 

Kendall M1401 

Kendall EM476 

Polypropylene/Nylon Kendall EM490 

Ny 1 on Kendall 
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Appearance After 
Sterilization 

Dissolved 

Not Visibly A.t t a cked 

Not Visibly Attacked 

Not Visibly Attacked 

Not Vi si bly At tacked 

Nylon Portion Dissolved 

Dissolved 

Not Visibly Attacked 

Nylon Portion Attacked 

Dissolved 
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Again r e f e r r i n g  t o  t h e  d a t a  presented i n  Table  11, it i s  apparent  t h a t  t h e s e  

f e l t e d  polypropylenes suppl ied by the v a r i o u s  manufacturers  vary widely i n  

t h e i r  e lec t rochemica l  behavior .  This v a r i a b i l i t y  i s  noted i n  such parameters 

as  t h e  e lec t rochemica l  capac i ty ,  the  i n t e r n q r  c e l l  r e s i s t a n c e ,  t h e  end-of- 

charge vo l t age  and, presumably, i n t e r n a l  p re s su re  dur ing  overcharge.  These 

parameters are  a f f e c t e d  and i n  p a r t  c o n t r o l l e d  by t h e  e l e c t r o l y t e  we t t ing ,  

a b s o r p t i o n  and r e t e n t i o n  p r o p e r t i e s  o f  t h e  sepa ra to r  materials. Charac t e r i s -  

t i c a l l y  pure  polyalkanes (e .g . ,  polypropylene) have r e l a t i v e l y  poor w e t t i n g  

p r o p e r t i e s  ( i .e . ,  con tac t  angle  -90° ) i n  concent ra ted  a l k a l i n e  s o l u t i o n s .  

Of ten  t h e s e  s e p a r a t o r s  are  t r e a t e d  with s u r f a c t a n t s  dur ing  t h e  manufacturing 

process .  Pas t  exper ience  i n  our l a b o r a t o r i e s  h a s  shown t h a t  some o f  t h e s e  

a d d i t i v e s  o r  t h e i r  c o n s t i t u e n t s  ( e . g . ,  c h l o r i d e  ions)  may be de t r imen ta l  t o  

b a t t e r y  performance due t o  t h e i r  ox id iz ing  o r  reducing c h a r a c t e r i s t i c s  i n  t h e  

c e l l  environment.  The s e l e c t e d  sepa ra to r s ,  mentioned previous ly ,  were t h e r e -  

f o r e  analyzed f o r  t r a c e  " impur i t ies"  u s ing  a mass spectrometer .  Resu l t s  of  

t h e s e  ana lyses  are  shown i n  Table  111. 

TABLE I11 

SPECTROSCOPIC ANALYSES O r  SEPARATOR MATERIALS 

I I Major I Cat ions  P resea t  
I I Ash I Const i tuent  I 
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From t h e s e  d a t a  t h e r e  appear t o  be no c a t i o n s  p re sen t  i n  s u f f i c i e n t  q u a n t i t y  

t o  adve r se ly  a f f e c t  t h e  c e l l  performance. The s e p a r a t o r s  and c e l l  e l e c t r o l y t e s  

w i l l  be analyzed f o r  an ions  as w e l l  a s  c a t i o n s  r o u t i n e l y  du r ing  p o s t - s t e r i l i -  

z a t i o n  ana lyses .  

An a t tempt  was made t o  enhance t h e  we t t ing  p r o p e r t i e s  of  t h e  polypropylene 

s e p a r a t o r s  by r e p l a c i n g  and/or  adding a known su r face  a c t i v e  agen t .  

w e t t i n g  c h a r a c t e r i s t i c s ,  thermal  s t a b i l i t y  and compa t ib i l i t y  wi th  potassium 

hydroxide s o l u t i o n s ,  as descr ibed  by t h e  manufacturers ,  t h r e e  su r fac t an t s  were 

chosen f o r  eva lua t ion .  P e r t i n e n t  chemical and phys ica l  p r o p e r t i e s  suppl ied  

by t h e  manufacturers  a r e  shown i n  Table A i n  t h e  Appendix. To determine t h e  

e f f e c t i v e n e s s  of  t h e s e  s u r f a c t a n t s  in  enhancing t h e  w e t t i n g  c h a r a c t e r i s t i c s  of  

t h e  s e p a r a t o r s ,  samples o f  t h e  var ious  f e l t s  as rece ived  were impregnated wi th  

t h e  s u r f a c t a n t  s o l u t i o n s .  I n  another set o f  experiments ,  t h e  sepa ra to r  samples 

were washed f r e e  o f  t h e  s u r f a c t a n t s  incorpora ted  by t h e  manufacturer and were 

then  t r e a t e d  wi th  t h e  su r face  a c t i v e  a g e n t s  t o  determine t h e i r  e f f e c t i v e n e s s  

on e l e c t r o l y t e  w e t t i n g ,  abso rp t ion  and r e t e n t i o n  c h a r a c t e r i s t i c s  of  t h e  s e p a r a t o r s .  

E f f i cacy  of  t h e  s u r f a c t a n t s  was measured i n  terms of  grams of  31 weight percent  

KOH s o l u t i o n  absorbed per gram of  dry s e p a r a t o r .  Untreated s e p a r a t o r s  were used 

as c o n t r o l  samples. These d a t a  a r e  shown i n  Table  I V  f o r  s u r f a c t a n t s  T r i t o n  

X-100; FC-95; and FC-98 wi th  water o r  methanol as  so lven t s .  

Based on 

These d a t a  show t h a t  t h e  a t t empt s  t o  d a t e  t o  enhance t h e  w e t t i n g  and abso rp t ion  

p r o p e r t i e s  o f  t h e s e  polypropylene sepa ra to r s  by t h e  leaching  and/or  a d d i t i o n  

of  s u r f a c t a n t s  have been unsuccessful .  From independent s t u d i e s  conducted i n  

t h e s e  l a b o r a t o r i e s  t h e  a d d i t i o n  o f  s u r f a c t a n t s  t o  t h e  e l e c t r o l y t e s  appears  

more promising. Th i s  course of  a c t i o n  w i l l  be followed i f  it i s  found t h a t  

- 10- 
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TABLE I V  

ABSORPTION OF KOH BY VARIOUS SEPARATORS 
(gm of 31% KOH/gm o f  d r y  s e p a r a t o r )  

S e p a r a t o r  Treatment 
and S u r f a c t a n t  Used 

S e p a r a t o r  Material 

EM47 6 25 I249 14019 
P e l l o n  P e l l o n  Kendal l  

Material Unt rea ted  ( c o n t r o l  sample)  3.2 2.2 10.9 

Material Unwashed 
FC-95 i n  H 2 0  1:lOOO 

Material Unwashed 
T r i t o n  X-100 i n  H20 1:lOOO 

Material Wa shed 
FC-98 i n  CH3OH 7.5% Soln.  

Material Unwashed 
FC-98 i n  CH3OH 7 .5  Soln.  

Material Washed 
T r i t o n  X-100 i n  H20 1:l 

Material Unwashed 
T r i t o n  X-100 i n  H20 1:l 

Material Unwashed 
FC98 i n  CH30H 1:lOO 

Material Unwashed 
T r i t o n  X-100 i n  H20 1:lOO 

Unwashed Samples 
FC-98 i n  30% KOH 500 ppm 

2.5 2.2 9.9 

2.5 2.7 10.1 

1.8 1 .2  2.8 

3.5 1 . 5  2.7 

3 .O 3 .O 4.7 

2.5 2 .o 4.6 

2.2 2.2 3.1 

3.2 2.1 7.7 

2 .o 2.6 10.1 
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t h e  s u r f a c t a n t s  incorpora ted  i n  t h e  s e p a r a t o r s  by t h e  manufacturer are 

des t royed  o r  rendered i n e f f i c i e n t  by t h e  s t e r i l i z a t i o n  process .  F ina l  

s e l e c t i o n  of  t h e  sepa ra to r  w i l l  be made when t h e  eva lua t ion ,  inc luding  

f u r t h e r  e lec t rochemica l  t e s t i n g ,  i s  completed. 

A t o t a l  o f  approximately 40 c y c l i n d r i c a l  0.6 Ah sea led  c e l l s  were made f o r  

e l e c t r o l y t e  and f u r t h e r  s epa ra to r  op t imiza t ion  s t u d i e s .  The c e l l s  have 

undergone f i v e  p r e s t e r i l i z a t i o n  c h a r a c t e r i z a t i o n  cyc le s .  The d a t a  obta ined  

inc lude  (1) e lec t rochemica l  capac i ty ,  (2)  end-of-charge vo l t age ,  ( 3 )  end- 

of-charge r e s i s t a n c e ,  and (4) end-of-discharge r e s i s t a n c e .  These d a t a  are 

shown i n  Tables  V t o  V I I .  

These d a t a  i n d i c a t e  t h e  electrochemical  performance of  c e l l s  i s  s t r o n g l y  

inf luenced  by t h e  sepa ra to r  used i n  t h a t  system. The l a c k  o f  r e p r o d u c i b i l i t y  

i n  t h o s e  c e l l s  con ta in ing  sepa ra to r s  EM476 and 251249 i s  r e f l e c t e d  i n  t h e  

s tandard  d e v i a t i o n  (6) of the capac i ty  and r e s i s t a n c e  va lues .  The v a r i a b i l i t y  

among c e l l s  conta in ing  sepa ra to r  14019 i s  notab ly  smal le r .  The l ack  of  

r e p r o d u c i b i l i t y  o f  c e l l  performance con ta in ing  d i f f e r e n t  s e p a r a t o r s  may be 

a t t r i b u t e d  l a r g e l y  t o  t h e  nonuniformity of  t h e  sepa ra to r  materials s i n c e  a l l  

o t h e r  parameters  ( e .g .  p l a t e  area, p la te  capac i ty ,  c e l l  volume, e t c . )  are he ld  

cons t an t .  Thus sepa ra to r  14019 i s  considered more uniform i n  i t s  e f f e c t  on 

ce l l  performance. I n  a d d i t i o n ,  those cel ls  conta in ing  sepa ra to r  14019 e x h i b i t  

b e t t e r  e lec t rochemica l  c h a r a c t e r i s t i c s  (e .g .  h igher  capac i ty ,  lower i n t e r n a l  

r e s i s t a n c e )  t han  c e l l s  w i th  t h e  other  s e p a r a t o r s .  

The dec rease  i n  capac i ty  from cycle  t o  cyc le  i s  common t o  a l l  c e l l s  t e s t e d ,  

a l though  t h i s  e f f e c t  occurs  t o  a l e s s e r  degree  i n  those  ce l l s  con ta in ing  

s e p a r a t o r  14019. Nevertheless ,  the cause o f  t h i s  behavior must be determined 

-12- 
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TABLE V 

C e l l  Capaci ty  - 0.600 Ah nominal, c y l i n d r i c a l  t ype  
E l e c t r o l y t e  
Charge Rate - 60 Mill iamperes f o r  24 hours  
Discharge Rate - 1.5 Amperes t o  1.000 v o l t s  
Separa tor  - Kendall EM476; 2 l a y e r s  

- 30% KOH, 80% pore volume f i l l e d  ( c a l c u l a t e d )  

-13- 



TABLE V I  

Cell Capacity - 0.600 Ah nominal, cylindrical type 
Electrolyte - 30% KOH, 80% calculated pores f i l l e d  
Charge Rate - 60 Milliamperes for 24  hours 
Discharge Rate - 15 Amperes t o  1.000 v o l t s  
Separator - Pellon 25/249 

PRESTERILIZAT ION DATA 

End- of -Charge Resistance ( I  

Cell Cycle: 
No 1 2 3 4 

IAvg. 1 41.59 I 40.42 I 39.74 I 37.39 
I I I I CF I 2.821 4.081 4 .261  4.75 

!! 

II I I I I I 

32.80 28.81 32.08 30.55 26.15 25.16 

45.21 31.45 34.74 34 .21  30.41 30.03 

41.44 37.01 40.37. 38.55 39.91 38.51 

38.741 31.38 I 36.00 I 35.14 I 31.14 I 30.1 
II 1 I I I 

4.8711 2.75 I 3.22 I 2.87 I 4.42 I 4 . 2 4  
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TABLE VI1 

C e l l  Capaci ty  - 0.600 Ah nominal, c y l i n d r i c a l  type  
E l e c t r o l y t e  - 30% KOH, 80% c a l c u l a t e d  pores  f i l l e d  
Charge Rate - 60 Mill iamperes f o r  24 hours  
Discharge Rate - 1.5 Amperes t o  1.000 volts 
Separa tor  - Pe l lon  14019 

PRESTERILIZATION DATA 

- 
C e l l  

No e 

19 

20 

21 

23 

24 

25 

27 

Ava . 
6 

- 
- 
I 

- 
- 
- 
- 
- 

- 

s_____ 

End-of-Charge Res is tance  ( r  
Cycle : 

14.77 15 .38  14 .71  15.89 

1.01 I 0.73  I 0.54 I 0.75 
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s i n c e  c e l l - t o - c e l l  as w e l l  as cyc le- to-cyc le  uni formi ty  i s  important before  

a meaningful s t a t i s t i c a l  program can be implemented. Previous  exper ience  i n  

t h e  l a b o r a t o r y  i n d i c a t e s  t h a t  t h e  decreas ing  capac i ty  as a func t ion  o f  s h o r t -  

term c y c l i n g  may be a s soc ia t ed  wi th  e l e c t r o l y t e  r e d i s t r i b u t i o n  which, i n  t u r n ,  

depends on c e l l  geometry. 

The c a p a c i t y  dec rease  on cyc l ing  is no t  s i g n i f i c a n t  i n  4 Ah p r i sma t i c  c e l l s ,  

as i s  shown i n  Table VIII. The c e l l - t o - c e l l  v a r i a t i o n  is assoc ia t ed  w i t h  t h e  

d i f f e r e n c e  i n  pore volume f i l l i n g  by KOH, no t  n e c e s s a r i l y  l a c k  of un i formi ty  

o f  t h e  sepa ra to r  material. 

Post  s t e r i l i z a t i o n  behavior of  t h e  c y c l i n d r i c a l  c e l l s  is charActer ized by 

increased  capac i ty  and increased  end-of-charge v o l t s g e .  These d a t a  are pre-  

sented i n  Tables  I X  t o  X I .  

Without except ion,  t h e  c e l l s  exhib i ted  a h ighe r  end-of-charge v o l t a g e  a f t e r  

s t e r i l i z a t i o n .  This i nc rease  i n  vol tage  cannot be f u l l y  explained by the 

small i nc rease  i n  c e l l  r e s i s t a n c e  a f t e r  s t e r i l i z a t i o n ,  From independent 

s t u d i e s  conducted i n  t h e s e  l a b o r a t o r i e s  i t  appears  t h a t  t h i s  h igher  end-of- 

charge v o l t a g e  is assoc ia t ed  wi th  morphological changes a t  t h e  cadmium (nega t ive )  

e l e c t r o d e  dur ing  s t e r i l i z a t i o n  which r e s u l t s  i n  i n e f f i c i e n c y  upon t h e  subsequent 

charg ing  c y c l e ,  Charge v o l t a g e s  greater than  1.5 Volt6 are normally a s s o c i a t e d  

wi th  hydrogen evo lu t ion  a t  t h e  cadmium (negat ive)  e l e c t r o d e ,  

Th i s  a spec t  of  t h e  e lec t rochemis t ry  is being i n v e s t i g a t e d  f u r t h e r  w i th  t h e  

a i d  of s p e c i a l l y  designed c e l l s  with p l a s t i c  and p r i s m a t i c  s t a i n l e s s  s tee l  

c a s e s .  

s u r e  du r ing  t h e  charge and d ischarge  c y c l e s ,  

These c e l l s  are equipped with p re s su re  gages t o  monitor t h e  gas  pres -  

I n  a d d i t i o n ,  gas  ana lyses  can 



TABLE V I 1 1  

C e l l  Capaci ty  - 4.0 Ah nominal, p r i s m a t i c  t ype  
E l e c t r o l y t e  - 30% KOH, pore  f i l l i n g  as shown 
Charge Rate - 2.000 Amperes f o r  3 hours  
Discharge Rate - 4.000 Amperes t o  1.000 v o l t  c u t o f f  
Separa tor  - Pe l lon  14019 

ev 
PRESTERILIZATION DATA 
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TABLE I X  

Ce l l  Capaci ty  - 0.600 Ah nominal, c y l i d r i c a l  t ype  
E l e c t r o l y t e  - 30% KOH, 80% c a l c u l a t e d  pores  f i l l e d  
Charge Rate - 60 Mill iamperes f o r  24 hours  
Discharge Rate - 1.5 Amperes t o  1.000 v o l t s  

PO ST - STE RIL I ZAT ION DATA 

Separa t  01 

Kendall  
EM 476 

* Average of 3 c e l l s  a f t e r  s t e r i l i z a t i o n  
* Average of 3 c e l l s  p r i o r  t o  s t e r i l i z a t i o n  
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I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

cel l  Capaci ty  - 
E l e c t r o l y t e  - 
Charge Rate - 
Discharge Rate - 

TABLE X 

0.600 Ah nominal, c y l i n d r i c a l  t ype  
30% KOH, 80% c a l c u l a t e d  pores  f i l l e d  
60 Mill iamperes f o r  24 hours  
1.5 Amperes t o  1.000 v o l t s  

* Average of  3 ce l l s  a f t e r  s t e r i l i z a t i o n  
* Average o f  3 ce l l s  p r i o r  t o  s t e r i l i z a t i o n  
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TABLE X I  

POST-STERILIZATION BEHAVIOR OF CYLINDRICAL CELLS 

Cell Capacity - 0.600 AH nominal, cyl indrical  type 
Electrolyte - 30% KOH, 70% calculated pores f i l l e d  
Charge Rate - 60 rnA for 24 hrs 
Discharge Rate - 1.5 A t o  1,000 v o l t s  

" .  . . .  .- ... -.. - . x 1 

End Charge Resistance ( m a )  ; 

* Average o f  3 c e l l s  a f ter  s ter i l izat ion 
wt Average of  3 c e l l s  prior t o  s t er i l i za t ion  
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be performed a t  any time t o  determine t h e  composition o f  evolved gases .  

a s s o c i a t e d  problem i s  dev i s ing  a s u i t a b l e  r e f e r e n c e  e l e c t r o d e  t h a t  w i l l  a l s o  

su rv ive  t h e  h e a t  s t e r i l i z a t i o n  cyc le .  The commonly employed Hg/HgO e l e c t r o d e  

cannot  be used i n  t h i s  geometry. 

decomposes t o  t h e  uncharged Ni(OH)2 a t  t h e  s t e r i l i z a t i o n  temperature  o f  135'C, 

t h u s  s h i f t i n g  i t s  p o t e n t i a l  and in t roducing  unce r t a in ty  i n t o  t h e  p o t e n t i a l  

v a l u e s  ob ta ined .  Previous ly  t h e  s t a i n l e s s  s teel  c e l l  case i t s e l f  has  been 

used as an  empi r i ca l  r e f e r e n c e  e l ec t rode ,  i n  t h e s e  l a b o r a t o r i e s ,  w i th  success .  

Th i s  approach w i l l  be pursued f u r t h e r .  

An 

The p a r t i a l l y  charged N i ( O H ) z / N i O O H  e l e c t r o d e  

The i n c r e a s e  i n  capac i ty  observed i n  t h e  c y l i n d r i c a l  c e l l s  i s  considered 

a t y p i c a l  of  t h e  behavior normally expected and previous ly  r epor t ed  on h e a t  

s t e r i l i z e d  nickel-cadmium c e l l s .  I n  no case,  however, do t h e  capac i ty  va lues  

exceed t h o s e  normally expected f o r  t hese  c e l l s  us ing  convent ional  nylon 

s e p a r a t o r s .  Severa l  4 Ah p r i s m a t i c  c e l l s  were hea t  s t e r i l i z e d  t o  determine 

t h e  s t a b i l i t y  of  t h e  des ign  of  t h e  hermetic  seal .  The f ind ings  concerned 

w i t h  t h e  behavior of t h e  s e a l  w i l l  be d i scussed  l a t e r .  The e lec t rochemica l  

behavior  o f  t h e s e  c e l l s ,  shown i n  Table X I I ,  was similar t o  t h a t  of  t h e  

c y l i n d r i c a l  c e l l s  except f o r  a decrease  i n  capac i ty .  Again, our bes t  knowledge 

t o  d a t e  i n d i c a t e s  t h i s  capac i ty  l o s s  i s  due t o  changes i n  t h e  morphology o f  

t h e  cadmium e l e c t r o d e s  which reduces i t s  e f f i c i e n c y  on charge and r e s u l t s  i n  

decreased  capac i ty .  This  area of  i n v e s t i g a t i o n  w i l l  be a c t i v e l y  pursued 

du r ing  t h e  next  q u a r t e r  when t h e  appropr i a t e  s e p a r a t o r s  are s e l e c t e d  and c e l l  

case  and seal des ign  a r e  f i n a l i z e d .  
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TABLE X I 1  

Cell  Capaci ty  - 4.0 Ah nominal, p r i sma t i c  t ype  
E l e c t r o l y t e  - 30% KOH, pose f i l l i n g  as shown 
Charge Rate - 2.000 amperes f o r  3 hours  
Discharge Rate - 
Separa tor  - P e l l o n  14019 

4.000 amperes t o  1.000 v o l t  c u t o f f  

POST- STERILIZATION DATA 
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TASK 11. C e l l  Cases and S e a l s  I Two c e l l  and seal des igns  were se lec ted  fo r  experimental  use.  Pre l iminary  

t e s t i n g  ( i . e .  s epa ra to r  sc reening)  was c a r r i e d  ou t  i n  c y l i n d r i c a l  c e l l s  w i t h  

polypropylene seals ,  Because of  the i n c o n s i s t e n c i e s  prev ious ly  mentioned 

t h e  major p o r t i o n  of t h e  experimental  program w i l l  be conducted us ing  t h e  

p r i s m a t i c  conf igu ra t ion .  The 3 0 4  s t a i n l e s s  s teel  p r i s m a t i c  c a s e s  have 

s u c c e s s f u l l y  passed t h e  r equ i r ed  two s t e r i l i z a t i o n  c y c l e s .  

I 
1 
1 

The seals are o f  t h e  g lass - to-meta l  t ype  whose c o n s t r u c t i o n  i s  shown i n  F i g s  2 , 3  I 
i n  t h e  appendix.  Mass-produced, hermet ica l ly  sea led  g lass - to-meta l  s e a l s  of  

t h i s  t ype  are used ex tens ive ly  i n  t h e  e l e c t r o n i c  i n d u s t r y  f o r  d iodes ,  t r a n s i s t o r s ,  

e t c . ,  and f o r  e lec t r ica l  feed-throughs.  We have had cons iderable  experience 

i n  t h e  f a b r i c a t i o n  and t e s t i n g  o f  these seals f o r  e l e c t r o n i c  devices .  S ince  

g l a s s  i s  not  r e s i s t a n t  t o  KOH a t  s t e r i l i z a t i o n  tempera tures ,  it must be pro- 

I 
I 

t e c t e d  from chemical a t t a c k .  Work performed p r i o r  t o  t h i s  c o n t r a c t  wi th  epoxy 

coated g l a s s  seals have shown no leakage over  a one-year per iod a t  room 

tempera ture  and s e v e r a l  weeks a t  145'F. 

and con tac t  w i t h  s e v e r a l  vendors,  we have se l ec t ed  KEL-F, Durafilm K (an  epoxy) 

and S tycas t  ( an  epoxy) f o r  f u r t h e r  eva lua t ion  as p r o t e c t i v e  coa t ings .  These 

materials were app l i ed  t o  s e v e r a l  case t o p s  and he rme t i c  seals by t h e  Durafilm 

Company who s p e c i a l i z e  i n  p r o t e c t i v e  coa t ing  technology.  

i n  four  o r  f i v e  s t e p s ,  each s t e p  involves spraying  and baking. 

Af t e r  a review of  t h e  l i t e r a t u r e  I 
R 

I 
1 The coa t ing  i s  app l i ed  

The t o p s  and seals were assembled in to  ce l l s .  

cha rac t e r i zed  (see Table  VIII), s c e r i l i z e d ,  r e c h a r a c t e r i z e d  ( s e e  Table X I I )  

and subsequent ly  opened f o r  examination. The coa t ings  app l i ed  t o  t h e  t o p s  and 

sea l ed  were no t  a t t acked  by KOH during and a f t e r  t h e  h e a t  s t e r i l i z a t i o n  process .  

The c e l l s  were e l ec t rochemica l ly  

I 
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. 
I* 
I 
I 
I 
'I 
I 

Although t h e  adhesion o f  t h e  coat ing t o  t h e  m e t a l l i c  s u r f a c e s  was poor,  t h e  

seals themselves were p ro tec t ed  and d i d  not  l eak .  

t o  t h e  c a s e  t o p s  can be improved by des ign  changes and/or a d d i t i o n a l  p r e t r e a t -  

Adherence of t h e  c o a t i n g s  

ments t o  t h e  metal s u r f a c e s .  

were manufactured and are c u r r e n t l y  being assembled i n t o  cel ls .  The f a c t o r i a l  

experimental  program w i l l  be undertaken when a uniform s e p a r a t o r  and a r e l i a b l g  

seal are ob ta ined .  

C e l l  tops and seals inco rpora t ing  such changes 

TASK 111. F a b r i c a t i o n  and Tests 

A test  pane l ,  complete wi th  c o n t r o l  s t a t i o n s ,  was b u i l t  f o r  e l ec t rochemica l  

c h a r a c t e r i z a t i o n  of c e l l s  and p l a t e s  p r i o r  t o  and fol lowing h e a t  s t e r i l i z a t i o n .  

The t es t  s t a t i o n s  were connected t o  our  automatic  d a t a  a c q u i s i t i o n  system 

which r e c o r d s  a l l  p e r t i c e n t  e lectrochemical  c h a r a c t e r i s t i c s  o f  t h e  c e l l s .  

The d a t a  which i s  recorded on punchcards i s  then  processed by an  I B M  360-30 

computer according t o  programs available i n  tne sys t em ' s  i i b r a r y .  A t y p i c a l  

computer p r i n t - o u t  i s  shown i n  t h e  appendix i n  Table B. This  f a c i l i t y  i s  

r o u t i n e l y  being used f o r  a l l  t h e  c h a r a c t e r i z a t i o n  of ce l l s  under t h i s  program. 
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CONCLUSIONS 

1. Polypropylene s e p a r a t o r s  a r e  thermally and chemical ly  s t a b l e  i n  KOH a t  

s t e r i l i z a t i o n  tempera tures  o f  135°C. 

2. The card ing  o r  w e t t i n g  agen t s  present  i n  t h e  sepa ra to r  materials do no t  

c o n t a i n  harmful c a t i o n s  i n  s u f f i c i e n t  q u a n t i t y  t o  adverse ly  a f f e c t  c e l l  

performance . 

3 .  Of t h e  seve ra l  non-woven polypropylene types  eva lua ted ,  namely, P e l l o n ' s  

FT2140, 25/249, 14019 and Kendal l ' s  EM476, s epa ra to r  14019 appears  

s u p e r i o r  i n  terms of uni formi ty  and c o n t r i b u t i n g  t o  lower c e l l  r e s i s t a n c e  

and h ighe r  c e l l  capac i ty .  

4 .  The r e s u l t s  obtained t o  d a t e  i n d i c a t e  t h a t  much of  t h e  loss i n  capac i ty  

which occurs  i n  c y l i n d r i c a l  cel ls  from c y c l e  t o  cyc le  i s  a s soc ia t ed  wi th  

geometry f a c t o r s .  Th i s  behavior i s  no t  observed i n  p r i sma t i c  c e l l s .  

5. A t  p re sen t  g lass - to-meta l  s e a l s  coated wi th  KOH r e s i s t a n t  coa t ings  (KEL-F 

and Durafilm K) appear  t o  withstand h e a t  s t e r i l i z a t i o n  a t  135OC as  w e l l  

as  subsequent p re s su re  cyc l ing  without any leakage.  
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CONFERENCES 

1. 

2 .  

On August 28, 1967, D r .  Ralph Lutwack from Jet  P ropu l s ion  L a b o r a t o r i e s  

v i s i t e d  our  Research and Development l a b o r a t o r i e s  t o  review t h e  p rogres s  

of  t h e  work under t h i s  c o n t r a c t .  

o f  t h e  s ta t i s t ica l  experiments were d i scussed  wi th  D r .  Lutwack. He a l s o  

reviewed t h e  test  f a c i l i t i e s  and in spec ted  t h e  cel ls  t h a t  were s t e r i l i z e d  

and cu t  open f o r  f a i l u r e  a n a l y s i s .  

The experimental  d a t a  and t h e  d e s i g n  

Drs. Ralph Lutwack, A i j i  A. Uchiyama and Gordon L .  J u v i n a l l  from t h e  

Spacec ra f t  Power Sec t ion ,  J e t  Propulsion L a b o r a t o r i e s ,  v i s i t e d  our  

Research and Development l a b o r a t o r i e s  and manufacturing f a c i l i t i e s  on 

F r iday ,  October 6 ,  1967. They reviewed t h e  c o n t r a c t  work as w e l l  a s  

o u r  e l ec t rochemica l  test  f a c i l i t i e s  and Ni-Cd b a t t e r y  product ion 

f a c i l i t i e s  i n  connection w i t h  spacec ra f t  power requirements .  
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I '  APPENDIX 

TABLE A 

Sur fac t an t  - FC 98(2) 
Manufacturer - 3M Company 
Type - Anionic Fluorochemical Sol id  
S o l u b i l i t y  - I n  H20 10 gm/1000 gm H20 

I n  CH30H 40 gm/1000 gm CH30H 
Decomposition 

Surface  Tension 
Temperature - 350°C 

Concentrat ion 
( P P d  

0 
1 
10 

100 
1000" 

Surface  Tension 
(dynes / cm) 

I n  30% KOH I n  H 2 0  

*Surf act  a n t  no t  completely d isso lved  . 

83  7 2  
36 - 
26 60 
22 46 
22 40 

S u r f a c t a n t  - FC 95(3) 
Manufacturer - 3M Company 
Type - Anionic Fluorochemical Sol id  
S o l u b i l i t y  - I n  H 2 0  2 gm/1000 gm H20 

Decomposit ion 

Surface  Tension 

I n  CH30H 60 gm/1000 gm CH30H 

Temperature - 390°C 

Concentrat ion 
( PPm) 

0 
1 
10 

1000 
loo* 

Surface  Tension 
(dynes/cm) 

I n  30% KOH I n  H20 

83  72 
72 
26 65 
24 45 
24 22 

- 

* Sur fac t an t  no t  completely d i s s o l v e d .  
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A.PPEND IX 
(Contd) 

S u r f a c t a n t  - T r i t o n  X-100(4) 
Manufacturer - Rohm & Haas Company 
Type - Nonionic Akylaryl Polyether  Alcohol ( l i q u i d )  
S o l u b i l i t y  - I n  H20, completely misc ib l e  
Decompo s i t  i o n  

Sur face  Tension 
Temperature - >70°C 

Concentrat ion 
( PPm) 

0 
10 
100 

1000 
10000 

-29- 

Surface Tension 
(dynes/cm) 

7 2  
46 
31 
30 
30 
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FIGURE 1 

ECV 
* ECN-R ENDOF CHARGE NEG VS. REF 

OCV OPEN CIRCUIT CELL VOLTAGE 
* OCN-R OPEN CIRCUIT NEG VS-REF 

T-V CELL VOLTAGE 

ECR END OF CHARGE RESISTANCE 
EDR END OF DISCHARGE RESISTANCE 

EDP END OF DISCHARGE PRESSURE 
ECC ELECTROCHEMICAL CAP4CtTY 

END OF CHAKGE CELL VOLTAGE 

* N-R NEG VS. REF 

* ECP END OF CHARGE PRESSURE 

* EFF EFFlCl ENCY 
* LEVEL 
* WATECHARGE 
* DISCHARGE 

*NOT APPLICABLE FOR THIS DATA 
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FIGURE 2 

TYPE I 
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