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ABSTRACT 

The program has  progressed t o  t h e  s t a g e  of. eva lua t ing  f u l l  s i z e  

(220 Ah) c e l l s ,  m u l t i - c e l l  modules and 22 Kwh b a t t e r i e s .  Nickel e lec-  

t r o d e s  a r e  now being prepared by an e l e c t r o p r e c i p i t a t i o n  process  (EPP) 

t h a t  d i s p l a y  s t a b l e  c a p a c i t i e s  of up t o  24 Ah lp l a t e  ( a t  C/3 d r a i n  r a t e )  

a t  des ign  t h i c k n e s s  (2.5 mm) i n  t e s t s  ongoing a t  200' test cyc les .  I r o n  

e l e c t r o d e s  of t h e  composite-type a r e  a l s o  d e l i v e r i n g  24 Ah/p la te  ( a t  

C/3) a t  t a r g e t  t h i c k n e s s  (1.0 mm). I r o n  p l a t e s  a r e  d i sp l ay ing  c a p a c i t y  

s t a b i l i t y  , f o r  300' test c y c l e s  i n  cont inu ing  3  p l a t e  c e l l  t e s t s .  Best 

f i n i s h e d  c e l l s  a r e  d e l i v e r i n g  57 t o  63  Wh/Kg a t  C/3, based on c e l l  

weights  of t h e  f i n i s h e d  c e l l s ,  and i n  t h e  a c t u a l  designed c e l l  volume. 

6 -ce l l  module (6-1) performance has  demonstrated 239 Ah, 1735 Wh, 53  

Wh/Kg a t  t h e  C/3 d r a i n  r a t e .  Th i s  module is  now being eva lua ted  a t  t h e  

Na t iona l  Ba t t e ry  Tes t  Laboratory (NBTL), Argonne Nat iona l  Laboratory. 

The "2 x 4" b a t t e r y  has  been cons t ruc t ed ,  t e s t e d  and de l ive red  

t o  J e t  Propuls ion  Laboratory f o r  engineer ing  test and eva lua t ion .  The 

b a t t e r y  d e l i v e r e d  22.5 Kwh, a s  r equ i r ed  (199 Ah d i scha rge  a t  113 7 )  a t  

t h e  C/3 d r a i n  r a t e .  The b a t t e r y  has performed s a t i s f a c t o r i l y ,  under 

dynamometer and cons t an t  c u r r e n t  d r a i n  t e s t s .  Some c e l l  problems, 

r e l a t e d  t o  c o n s t r u c t i o n ,  n e c e s s i t a t e d  changing 3  modules, bu t  t h e  

b a t t e r y  is  now ready f o r  f u r t h e r  t e s t i n g .  

Reduction i n  n i c k e l  p l a t e  swe l l i ng  (and concur ren t  s t a c k  

e l e c t r o l y t e  s t a r v a t i o n ) ,  t o  improve cyc l ing ,  i s  one a r e a  of major e f f o r t  

t o  reach  t h e  f i n a l  b a t t e r y  o b j e c t i v e s .  Pas ted  n i c k e l  e l e c t r o d e s  a r e  

showing promise i n  i n i t i a l  f u l l - s i z e  c e l l  tests and w i l l  con t inue  t o  be  

eva lua ted  i n  f i n i s h e d  c e l l s ,  a long wi th  o t h e r  technology advancements i n  

t h i s  a rea .  



CONCLUSIONS 

1. Fiber  layups a r e  now sub jec t ed  t o  a needle-punching process ,  t o  

reduce plaque lay-up th i cknes s  and, thereby ,  t o  improve t h e  

s i n t e r i n g  furnace  throughput.  

2. The e l e c t r o p r e c i p i t a t i o n  process  has  been improved and 24 Ah f u l l  

s i z e  n i c k e l  e l e c t r o d e s  a t  t a r g e t  t h i c k n e s s  (2.5 mm) have demon- 

s t r a t e d  c y c l i c  s t a b i l i t y  a t  p r e s e n t l y  200' t e s t  cyc les .  

3. 2.00 mm t h i c k  thermal  n i c k e l  e l e c t r o d e s  have been f a b r i c a t e d  which 

have demonstrated 23 Ah i n  f u l l  s i z e  e l e c t r o d e  t e s t s  and have 

completed over  200 test cyc l e s  t o  da te .  

4 .  Composite-type, f u l l - s i z e  i r o n  e l e c t r o d e s  have been prepared and 

demonstrated 21-26 Ah a t  t a r g e t  t h i cknes s  (1.0 mm). No degrada t ion  

has  been experienced i n  some experimental  p l a t e s  i n  c y c l i c  t e s t s  
+ p r e s e n t l y  up t o  300 cyc l e s .  

5. Separa tor  systems p r e s e n t l y  being used i n  t h e  p i l o t  l i n e  have pro- 

duced c e l l s  i n  t h e  0.60 t o  0.70 m R  range,  compared with c e l l s  of 1.2 

t o  1.4 mR, one year  ago. 

6. F u l l  s i z e  i ron-n icke l  c e l l s  have been cons t ruc ted  and t e s t e d  t h a t  

demonstrate  3 / 4 3  Wh/Kg a t  t h e  C / 3  d r a i n  r a t e .  Uegradation no t i ced  

i n  some of t he se  c e l l s  seems t o  be  r e l a t e d  t o  n i c k e l  e l e c t r o d e  

swe l l i ng  and subsequent s t a c k  e l e c t r o l y t e  s t a r v a t i o n  during 

cyc l ing .  Increased p l a t e  p o r o s i t y  and improvements i n  t h e  g r i d  

s t r u c t u r e  may a l l e v i a t e  t h e  e l e c t r o l y t e  s t a r v a t i o n  during cyc l ing .  

7. Ful l - s ize  c e l l s  have remained s t a b l e ,  i n  100% DOD c y c l i c  t e s t i n g ,  

f o r  over 120 test cyc l e s  t o  d a t e ,  with t e s t i n g  cont inuing.  

8. A 6 - ce l l  module, b u i l t  i n  t h e  p i l o t  l i n e ,  ha s  demonstrated 239 Ah, 

1735 Wh, 53 Wh/~g a t  t h e  C/3 d r a i n  r a t e .  This  module was de l ive red  

t o  NBTL/ANL f o r  t h e i r  eva lua t ion .  



9 .  The "2 x 4" battery has been b u i l t  i n  the p i l o t  l i n e ,  tested in- 

house, and delivered to JPL for their t e s t  evaluation. The battery 

delivered 22.5  KWh a t  the C/3 drain rate (199Ah a t  113 7).  The 

battery is performing s a t i s f a c t o r i l y  a t  JPL i n  constant current, 

constant speed dynamometer t e s t s  and in  SAE 5227 driving cycle 

tests. 



1.0 PROGRAM MANAGEMENT 

I n  a d d i t i o n  t o  providing t e c h n i c a l  and f i n a n c i a l  c o n t r o l  of pro- 

gram a c t i v i t i e s ,  t h e  program management t a s k s  i nc lude  p repa ra t i on  of 

s p e c i a l  r e p o r t s  requi red  by t h e  Statement  of Work. Since t he  t e c h n i c a l  

and f i n a n c i a l  r epo r t i ng  elements a r e  covered i n  o t h e r  s e c t i o n s  of t h i s  

r e p o r t ,  t h e  in format ion  presen ted  i n  t h i s  s e c t i o n  w i l l  d e a l  wi th  t he  

s t a t u s  of t h e  s p e c i a l  r e p o r t s  and o t h e r  des igna ted  a c t i v i t e s .  

1.1 Program Management Report 

A program p lan  was submit ted on schedule ,  reviewed by ANL per- 

sonne l  and found accep tab l e  with a  few r e v i s i o n s  and c l a r i f i c a t i o n s  

requi red .  The r ev i sed  p lan  incorpora ted  t he  suggested r e v i s i o n s ,  was 

submit ted i n  May 1978 and found accep tab l e  by ANL personnel .  

The d e t a i l e d  program p lan  f o r  f i s c a l  year  1979, which d e a l s  p r i -  

mar i ly  wi th  r e v i s i o n s  t o  t h e  Cost Plan (DOE Form 533P) and t h e  Manpower 

Plan (DOE Form 534P), was submit ted and approved i n  February 1979. 

1.2 Q u a l i t y  Assurance (QA) Plan 

A d r a f t  QA Plan was submit ted t o  ANLIOEPM i n  A p r i l  1978 and 

reviewed by ANL personnel .  Severa l  e lements  of t h e  p lan  r equ i r ed  addi- 

t i o n a l  c l a r i f i c a t i o n .  A l l  ques t i onab le  e lements  were reso lved  and a  

subsequent submission of t h e  (2A Plan was approved March 13, 1979. 

1.3 Ma te r i a l  Report 

A Ma te r i a l  Report was submit ted on schedule  t o  D r .  John 

Barghusen, t h e  ANLIOEPM o f f i c i a l  adminis te r ing  t h e  s tudy.  The r e p o r t  

i nc ludes  manufacturing process  flow s h e e t s ,  a  complete breakdown of 

m a t e r i a l s  used i n  t h e  manufacture of n i cke l - i ron  b a t t e r i e s  (KgIKWh), a n  

e s t ima te  of q u a n t i t i e s  of m a t e r i a l  t h a t  could be  recyc led ,  p ro j ec t ed  

market volumes, and a  f o r e c a s t  of b a t t e r y  c h a r a c t e r i s t i c s  through t h e  

year  2000. The r e p o r t  w i l l  be updated t o  i nco rpo ra t e  r e c e n t  p rocess  

changes. 



1.4 Recycling Study 

Seve ra l  commercial vendors have been contac ted  t o  d i s c u s s  t h e  

f e a s i b i l i t y  of r e c y c l i n g  m a t e r i a l s  from used n i cke l - i ron  b a t t e r i e s  and 

chemical compounds der ived  during the  manufacturing process .  Alterna-  

t i v e  m a t e r i a l s  rec lamat ion  procedures  which a r e  being eva lua ted  range 

from a complete s e p a r a t i o n  of c e l l  components and subsequent raw 

m a t e r i a l  rec lamat ion  t o  t o t a l  c e l l  p rocess ing  i n  a mel t  fu rnace  with 

on ly  a f e r ro -n i cke l  a l l o y  a s  t he  reclaimed m a t e r i a l .  The meta l s  market 

supply/demand r e l a t i o n s h i p s  between s c r a p  and v i r g i n  meta l s  appears  t o  

b e  t h e  dominant f a c t o r  i n  a s s e s s i n g  f i n a n c i a l  f e a s i b i l i t y  of a s u i t a b l e  

rec lamat ion  process .  

Nickel  is t h e  major m a t e r i a l  of concern f o r  reclamation.  Three 

vendors  were contac ted  i n  1978 t o  eva lua t e  f e a s i b l e  rec lamat ion  processes:  

a )  Na t iona l  Nickel Alloy Corporat ion,  Greenv i l l e ,  Pa., i s  

c u r r e n t l y  i n t e r e s t e d  i n  process ing  only  t h e  n i c k e l  e l e c t r o d e  

a s  a f e r ro -n i cke l  a l l o y  f o r  n i c k e l  reclamation.  A sample 

n i c k e l  e l e c t r o d e  was s e n t  t o  them f o r  m a t e r i a l s  eva lua t ion  

and r ecyc l ing  f e a s i b i l i t y  a n a l y s i s .  

b) INMETCO, Ellwood C i ty ,  Pa. ,  i s  a wholly owned s u b s i d i a r y  of 

I N C O  e s t a b l i s h e d  t o  rec la im n i c k e l  and o t h e r  prec ious  

metals .  M r .  Todd Grant ,  P r e s i d e n t ,  met with Westinghouse 

personnel  i n  August 1978 t o  d i s c u s s  meta l s  reclamation.  

INMETCO has  t h e  c a p a b i l i t y  t o  rec la im n i c k e l  from f e r r o -  

n i c k e l  compounds a s  e i t h e r  n i c k e l  o r  t o  r e f i n e  t h e  s c r ap  t o  

o t h e r  f e r ro -n i cke l  a l l o y s .  Process  developments a r e  

c u r r e n t l y  being undertaken t o  remove o t h e r  tramp me ta l s ,  

such a s  c o b a l t ,  from sc rap  compounds. The p l a n t  is 

c u r r e n t l y  under c o n s t r u c t i o n  and i s  expected t o  be  

o p e r a t i o n a l  by la te  1978. Sample e l e c t r o d e s  were s e n t  t o  

INCO Research and Development Center f o r  m a t e r i a l s  

eva lua t ion .  



c)  The P e s s e s  Company, Solon,  Ohio,  i s  c u r r e n t l y  a  major  

r e c y c l e r  of nickel-cadmium and n i c k e l - i r o n  b a t t e r i e s  i n  t h e  

United S t a t e s .  A meet ing was h e l d  w i t h  D r .  Marvin P e s s e s , '  

P r e s i d e n t ,  t o  d i s c u s s  r e c y c l i n g  t h e  Westinghouse n i c k e l - i r o n .  

b a t t e r y .  Edison-type n i c k e l - i r o n  b a t t e r i e s  a r e  p r e s e n t l y  

smel ted a s  a  u n i t  w i t h  no a t t e m p t  t o  r e c l a i m  m a t e r i a l s  o t h e r  

t h a n  t h e  f e r r o - n i c k e l  a l l o y  o b t a i n e d .  

Nickel-cadmium b a t t e r i e s  a r e  handled d i f f e r e n t l y .  The t o p s  

a r e  c u t  o f f  t h e  c e l l s  and p l a t e s  a r e  s e p a r a t e d .  The n i c k e l  

and cadmium e l e c t r o d e s  a r e  p rocessed  s e p a r a t e l y  t o  g i v e  h i g h  

p u r i t y .  i n g o t s  which a r e  t h e n  s o l d  a s  such.  A n  e f f o r t  i s  

c u r r e n t l y  underway t o  wash t h e  t h e r m o p l a s t i c  c a s e  m a t e r i a l  

and s e l l  i t  a s  r e g r i n d .  No a t t e m p t  i s  made t o  r e c l a i m  t h e  

e l e , c t r o l y t e .  

I n  t h e  c a s e  of t h e  Westinghouse n i c k e l - i r o n  c e l l  d e s i g n ,  e i t h e r  

o f  . the above p r o c e s s e s  i s  v i a b l e ,  dependent  on t h e  f i n a l  c e l l  des ign .  

The f o l l o w i n g  c r i t e r i a  would de te rmine  t h e  process s e l e c t i o n :  

1) I f  copper t e r m i n a l s  a r e  used,  t h e  c e l l  would b e  c u t  and 

s t r i p p e d  t o  remove t h e  copper s i n c e  i t  is  considered,  an  

unwanted contaminant  i n  t e r r o - n i c k e l  a l i 6 y s .  

2 )  I f  c o b a l t  is  used a t  t h e  c u r r e n t  r a t i o  i n  t h e  n i c k e l  e l e c -  

t r o d e  t h e y  may a l s o  b e  r e q u i r e d  t o  s t r i p  t h e  c e l l  and pro- 

c e s s  t o  remove t h e  c o b a l t .  S i n c e  a  b u l k  of t h e  f e r r o - n i c k e l  

a l l o y s  t h e y  s e l l  t o  s t a i n l e s s  s t e e l  manufac tu re r s  ends  up i n  

n u c l e a r  equipment a p p l i c a t i o n s ,  t h e  c o b a l t  i s  an  unwanted 
1 I contaminant".  D r .  P e s s e s  s t a t e d ,  t h a t  most of t h e  c e l l s  

t h e y  c u r r e n t l y  r e c y c l e  have some t r a c e  amounts of c o b a l t  ( t o  

1-2%).  

INMETCO ana lyzed  s e v e r a l  n i c k e l  e l e c t r o d e s  and i n d i c a t e d  > 9 5 %  

r e c o v e r y  of n i c k e l  from n i c k e l  m e t a l l i c s  o r  n i c k e l  chemica l s  from t h e  

e l e c t r o d e  p rocess ing .  The v a l u e  of n i c k e l  u n i t s  f o r  r e c y c l e d  m a t e r i a l  

i s  approx imate ly  85% of C l a s s  t h e  I1 primary n i c k e l  p r i c e .  



Since  t h e  above t h r e e  companies a r e  p r imar i l y  i n t e r e s t e d  i n  t h e  

me ta l s  reclamation and have no c u r r e n t  i n t e r e s t  i n  p l a s t i c s ,  t h e  case lcover  

and s e p a r a t o r  m a t e r i a l s  rec lamat ion  w i l l  be i n v e s t i g a t e d  wi th  app rop r i a t e  

t he rmop la s t i c  p roces se r s  and manufacturers .  Recycling a p p l i c a t i o n s  f o r  t h e  

c e l l  e l e c t r o l y t e  and t h e  spen t  e l e c t r o l y t e  from the  EPP process  w i l l  a l s o  be  

determined. 

1.5 Environmental Impact S tudy  

A computer a s s i s t e d  l i t e r a t u r e  search  was c a r r i e d  out  on t he  

Lockheed d a t a  base ,  c e n t e r i n g  on t h e  fo l lowing  segments: APTIC, 

Chemical Abs t r ac t s ,  Energyl ine,  Env i ro l ine ,  Compendex, NTIS, and Pollu- 

t i o n  Abs t rac t s .  Words searched were s e l e c t e d  with a view towards 

environmental  impact s t a t emen t s  and included components of t h e  b a t t e r y ,  

compounds used i n  i ts  manufacture and use,  t o x i c i t y  t h e r e o f ,  s a f e t y  

p recau t ions ,  and d i s p o s a l  methods. The a b s t r a c t s  were eva lua ted  and the  

p e r t i n e n t  a b s t r a c t s  were noted. Relevant information was t hen  r e t r i e v e d  

from t h e  key a b s t r a c t s .  

The r e g i o n a l  Federa l  EPA o f f i c e s  and Pennsylvania Department of 

Environmental Resources o f f i c e  have been contac ted  f o r  a p p r o p r i a t e  

e f f l u e n t  in format ion  and o t h e r  r e l e v a n t  environmental s tandards .  Cur- 

r e n t l y  no s t anda rds  o r  g u i d e l i n e s  e x i s t  a t  t h e  s t a t e  o r  f e d e r a l  l e v e l  

f o r  n i c k e l  b a t t e r y  f a c i l i t i e s .  It appears  t o  be t h e  consensus of those  

involved t h a t  i f  a s t anda rd  were imposed, i t  would c l o s e l y  adhere t o  t h e  

e l e c t r o p l a t i n g  i n d u s t r y  g u i d e l i n e s  which a r e  c u r r e n t l y  publ ished i n  EPA 

document 44011-751040. The major Westinghouse concern i s  c u r r e n t l y  

concent ra ted  on n i c k e l  e l e c t r o d e  processing and subsequent e f f l u e n t  

t rea tment  requirements .  

An August 1978 meeting was he ld  w i th  ANL personnel  from Bio log ica l  

and Medical Research Div is ion  and Environmental Impact S tud ie s  Div is ion  

t o  d i s c u s s  t h e  Westinghouse n i cke l - i ron  b a t t e r y  manufacturing processes  

r e l a t i v e  t o  t h e i r  h e a l t h  assessment program on near-term b a t t e r i e s .  



R e s u l t s  of Westinghouse n i cke l - i ron  b a t t e r y  p i l o t  p l a n t  and 

personnel  monitor ing i n d i c a t e s  p re sen t  p rocess  techniques a r e  i n  

compliance wi th  known a p p l i c a b l e  ~ l l e ~ h e n ~  County, Commonwealth of 

Pennsylvania,  and Federal  r egu la t i ons .  

A complete environmental d r a f t  r e p o r t  is planned f o r  submission 

i n  t h e  second q u a r t e r  FY'80. 

1.6 Sa fe ty  Analysis  

The b a t t e r y  system s a f e t y  a n a l y s i s  in format ion  was c o l l e c t e d  and 

r epo r t ed  a t  t h e  f i r s t  des ign  review. Experiences obtained a s  a  r e s u l t  

of p rev ious ly  operated e l e c t r i c  v e h i c l e  b a t t e r y  systems and a p p l i c a b l e  

s a f e t y  s tandards  followed by o t h e r  i n d u s t r i e s  u t i l i z i n g  b a t t e r y  system 

formed the  b a s i s  f o r  t h e  ana lys i s .  

1.7 System S p e c i f i c a t i o n  

The pre l iminary  s p e c i f i c a t i o n  was submit ted on schedule  i n  June 

1978. 

The i n i t i a l  Nickel-Iron Ba t t e ry  S p e c i f i c a t i o n  c o n s i s t s  of f o u r  

s ec t i ons .  The f i r s t  s e c t i o n  r e l a t e s  C e l l  and Bat te ry  S p e c i f i c a t i o n s  t o  

t h e  i n i t i a l  near-term t a r g e t  of 50 Wh/Kg ( 2 3  Wh/lb), a s  w e l l  a s  t h e  

f i n a l  goa l  on t h e  c o n t r a c t  of 60 Wh/Kg (27 Wh/lb). The second s e c t i o n  

d e t a i l s  p e r t i n e n t  performance informat ion ,  p a r t i c u l a r l y  c e l l  charge,  

d i s cha rge ,  power and temperature  c h a r a c t e r i s t i c s .  The t h i r d  s e c t i o n  

add re s se s  p o t e n t i a l  performance l i m i t i n g  c h a r a c t e r i s t i c s  i n  t he  c e l l  and 

b a t t e r y .  Important f a c t o r s  he re  appear  t o  be  charging energy e f f i c i e n c y  

and t o t a l  e l e c t r o l y t e  weight. The f o u r t h  s e c t i o n  l is ts  11 b a t t e r y  t e s t s  

t h a t  a r e  planned t o  be performed on t h e  n i cke l - i ron  b a t t e r y .  These 

t e s t s  w i l l  e s t a b l i s h  e f f i c i e n c y  a s  a  func t ion  of d r a i n  r a t e ,  charge  

acceptance,  v o l t a g e  c h a r a c t e r i s t i c s ,  i n t e r n a l  r e s i s t a n c e  behavior ,  open 

c i r c u i t  c a p a c i t y  l o s s e s ,  temperature  e f f e c t s  on capac i ty  and l i f e ,  

ga s s ing ,  e l e c t r o l y t e  displacement ,  and s h o r t  c i r c u i t  c u r r e n t s .  



The d a t a  p r e s e n t e d  i n  t h e  s p e c i f i c a t i o n  have been compiled from 

s e v e r a l  s o u r c e s :  (1) e x t e n s i v e ,  in-house background e x p e r i e n c e  and d a t a  

o b t a i n e d  a t  Westinghouse,  ( 2 )  r e c e n t  development test r e s u l t s  on s m a l l  

and f u l l - s i z e  t e s t  e l e c t r o d e s ,  and ( 3 )  e n g i n e e r i n g  p r o j e c t i o n  based on 

t h e  p r e s e n t  s t a t e  of technology.  



2.0 TECHNICAL STATUS 

The t e c h n i c a l  e f f o r t  during t h e  p a s t  year  was aimed a t  meeting 

t h e  o b j e c t i v e s  of t h e  System Development Task of t h e  program. 

2.1 System Development 

The o b j e c t i v e  of t h e  System Development t a s k  of t h i s  b a t t e r y  

program was t o  demonstrate improved performance c a p a b i l i t y  i n  pro to type  

c e l l s ,  modules, and b a t t e r i e s .  These improvements i nc lude  a t t a i n i n g  53 

Wh/Kg.and 120 Wh/l i n  t h e  o v e r a l l  c e l l ,  under 4-8 h  charge and 2-4 h 

d i scha rge  cond i t i ons ,  whi le  e x h i b i t i n g  short- term,  s t a b l e  cyc l ing  

c a p a b i l i t y .  

The System Development t a s k  encompasses 5 major subtasks :  

(1) t h e  n i c k e l  e l e c t r o d e  

(2 )  t he  i r o n  e l e c t r o d e  

( 3 )  c e l l  components 

( 4 )  c e l l  t e s t i n g  

(5) p i l o t  p l a n t  ope ra t i ons .  

The progress  toward meeting t h e  o b j e c t i v e s  of each of t h e s e  

subtask  a r e a s  and t h e i r  p r e sen t  s t a t u s  a r e  now descr ibed .  

2.1.1 Nickel E lec t rode  

The n i c k e l  e l e c t r o d e  development c o n s i s t s  o f :  

c o n t r o l l i n g  e l e c t r o d e  swe l l i ng  dur ing  charge /d ischarge  

cyc l ing  

improving 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  

a improving t h e  load ing  f a c t o r  and p o r o s i t y  

Concurrent ly  a l l  t he se  developments a r e  aimed a t  reduced 

m a t e r i a l s ,  p rocess ing ,  and c a p i t a l  c o s t s .  



2.1.1.1 The Grid S t r u c t u r e  Development 

The goa l  of t h e  g r i d  s t r u c t u r e  development i s  t o  provide t he  

s t r u c t u r a l  b a s i s  on which t h e  opt imal  ba lance  of load ing ,  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 f i n a l  e l e c t r o d e  p o r o s i t y  can be  achieved. This  

is being accomplished by i n v e s t i g a t i n g  v a r i a t i o n s  of s t a r t i n g  g r i d  den- 

s i t y  and th i cknes s  and t h e i r  e f f e c t s  on e l e c t r o d e  loading ,  loaded e lec-  

t r o d e  t h i cknes s ,  and performance. The f e a s i b i l i t y  of e l imina t ing  o r  

reducing h igh  c o s t  i t ems  ( e . g . ,  n i c k e l  p l a t i n g  t he  g r i d  p r i o r  t o  load- 

i n g )  w i l l  be t e s t e d .  I n  a d d i t i o n ,  t h e  a b i l i t y  of t h e  g r i d  s t r u c t u r e  t o  

c o n t r o l  t he  n i c k e l  e l e c t r o d e  swe l l i ng ,  without  e x t e r n a l  a i d s ,  w i l l  be 

i n v e s t i g a t e d .  

New f a b r i c a t i o n  techniques ,  aimed a t  reducing c o s t s  and improv- 

ing  plaque uni formi ty ,  a r e  a l s o  be ing  inves t i ga t ed .  Comparison of 

p laques  made by modified techniques wi th  t h e  s ta te -of - the-ar t  w i l l  be 

used t o  s e l e c t  t h e  candida te  process  t o  be pursued. 

2.1.1.1.1 Nickel Plaque P repa ra t i on  

The c u r r e n t  c o l l e c t o r  and con ta ine r  f o r  t he  a c t i v e  n i c k e l  oxide 

is formed from s t e e l  f i b e r s  which a r e  s i n t e r e d  and n i c k e l  p l a t ed  t o  form 

a  coheren t ,  porous,  conduct ive  s t r u c t u r e .  

Fab r i ca t i on  of t h e  porous s t r u c t u r e  o r  plaque begins  by assembly 

of a  number of s teel  wool b a t t e s ( l l  i n t o  an a r r a y  of many l a y e r s  u n t i l  a  

g iven  f i b e r  weight i s  a t t a i n e d .  A b a t t e  i s  a  ve ry  low d e n s i t y  s t r u c t u r e  

t h a t  i s  extremely bulky and must be compressed t o  a t  l e a s t  113 of i t s  

o r i g i n a l  t h i cknes s  dur ing  t h e  s i n t e r i n g  opera t ion .  To a t t a i n  t h e  f i n a l  

d e s i r e d  th ickness ,  t h e  s i n t e r e d  plaque i s  compacted by a  r o l l i n g  opera- 

t i o n .  I n  t h i s  ope ra t i on  t h e  s t e e l  f i b e r s  a r e  ben t ,  some s i n t e r e d  bonds 

a r e  broken, and t h e  plaque is now somewhat mechanical ly  weak. There- 

f o r e ,  an a d d i t i o n a l  s i n t e r i n g  ope ra t i on  i s  employed t o  form new bonds 

between con tac t ing  f i b e r s ,  making the  plaque s t i f f  aga in ,  and a l s o  

i nc reas ing  i t s  e l e c t r i c a l  conduc t iv i t y .  



Need le-Punching 

Experiments wi th  a needle-punching p roces s (2 )  have shown t h a t  

t h e  bulky f i b e r  lay-up can be  r e a d i l y  compacted t o  about 1 1 3 . i t s  

o r i g i n a l  th ickness  ( t o  3 . 8  cm). Severa l  of t h e s e  t h inne r  lay-ups can 

now be s tacked onto s i n t e r i n g  sc r eens  and processed a t  one time. Only 

one bulky f i b e r  lay-up could be processed on a s c r een  through t h e  

fu rnace  be fo re  needle-punching was employed. The barbed, t r i a n g u l a r  

need le  i n  the  needle-punching process ,  i n  pushing f i b e r s  through t h e  
. . 

t h i c k  f i b e r  lay-up, causes  many f i b e r s  t o  break. The s t e e l  f i b e r s  used 

a r e  produced by a machining process  which gene ra t e s  many s u r f a c e  

i r r e g u l a r i t i e s  which, i n  t h e  work-hardened f i b e r ,  a r e  s i t e s  f o r  stress 

concent ra t ion .  During t h e  needle-punching ope ra t i on ,  those  f i b e r s  t h a t  

a r e  pushed by t h e  barbed needle  beyond t h e i r  y i e l d  s t r e n g t h  o r  i n t o  a 

sharp  bend a r e  r e a d i l y  broken. However, t he  s u r f a c e  i r r e g u l a r i t i e s  on 

t h e s e  f i b e r s  cause them t o  hook onto  o t h e r  f i b e r s  dur ing  t h e  punching 

o p e r a t i o n  and r e s u l t s  i n  an i n t e r l o c k i n g ,  t h i n n e r  and more dense f i b e r  

s t r u c t u r e .  

Scale-up manufacture of needle-punched plaques has  been t rans-  

f e r r e d  t o  a manufacturer of s t e e l  wool ( I n t e r n a t i o n a l  S t e e l  Wool) who i s  

equipped t o  produce needle-punched s t e e l  wool lay-ups of 38 by 51 cm. 

Thei r  machine is  capable  of p rocess ing  150 cm widths ,  b u t ,  because of 

our s i n t e r i n g  furnace  width l i m i t a t i o n ,  t he se  l a r g e r  lay-ups w i l l  have 

t o  be c u t  by them inco  smaller width s e c t i o n s .  The f i b e r  i n  t h e s e  lay-  

ups w i l l  be o r i en t ed  such t h a t  t h e r e  w i l l  be two l a y e r s  i n  t h e  l eng th  

d i r e c t i o n  (51 cm) t o  one l a y e r  i n  t h e  width dimension. This  c ross - layer  

procedure was i n i t i a t e d  when i t  was found i n  our l abo ra to ry  t h a t  t h e  

f i b e r s  i n  t h e  h igh ly  s t r e s s e d  r eg ion  i n  t h e  v i c i n i t y  of t h e  v e r t i c a l  t a b  

could be r e a d i l y  broken when a l l  of t h e  f i b e r s  were o r i e n t e d  p a r a l l e l  t o  

t h e  v e r t i c a l  tab.  This  s e p a r a t i o n  of f i b e r s  trom t h e  t ab  was d i scovered  

a f t e r  t he  plaques had been processed through t h e  n i c k e l  EPP process .  



Modified Plaque Lay-Ups 

A f i b e r  s t r u c t u r e ,  i n  which some of t h e  f i b e r s  a r e  pos i t i oned  

go0, t o  t h e  s u r f a c e  of t h e  plaque would be  more d e s i r e a b l e ,  because of 

t h e  p o t e n t i a l  improvement i n  mechanical s t r e n g t h  i n  t h e  th ickness  dimen- 

s ion .  This  improved s t r e n g t h  would be advantageous i n  r e s i s t i n g ,  t h e  

expansion of t h e  a c t i v e  n i c k e l  oxide which i s  d i spe r sed  i n  t h e  pores  of 

t h e  plaque. To ach ieve  t h i s  type  of s t r u c t u r e ,  however, w i l l  r e q u i r e  

some mod i f i ca t i on  of t h e  needle-punching equipment. 

I n  a d d i t i o n  t o  improving t h e  mechanical i n t e g r i t y  of a  plaque 

f a b r i c a t e d  wi th  a  v e r t i c a l  t ab  ( s e e  F igure  2.11, a  c r o s s  l a y e r  Of f iber  

improves t h e  e l e c t r i c a l  conduc t iv i t y  i n  a  d i r e c t i o n  perpendicu la r  t o  t h e  

tab .  The e l e c t r i c a l  conduc t iv i t y  of t h e  porous,  low d e n s i t y  f i b e r  

s t r u c t u r e  is  dependent upon t h e  o r i e n t a t i o n  of t h e  f i b e r s ,  t he  f i b e r  

d e n s i t y ,  and the  degree of c o n t a c t ,  o r  bonds, between the  f i b e r s .  I n  

t h e  o r i g i n a l  des ign  wi th  a  bus a c r o s s  t h e  t op  of t h e  plaque,  a l l  of t h e  

f i b e r s  were o r i e n t e d  pe rpend icu l a r ly  t o  t h e  tab  and t h e  e l e c t r i c a l  

conduc t iv i t y  was maximized i n  t h i s  d i r e c t i o n  and minimized i n  t h e  t r ans -  

v e r s e  d i r e c t i o n .  However, t h e  t o t a l  f i b e r  r e s i s t a n c e  per  u n i t  a r e a  i n  a  

p l a t e  des ign  wi th  a  t ab  a c r o s s  t h e  top  of t h e  p l a t e  was es t imated  t o  be  

h ighe r  than a  des ign  i n  which a  v e r t i c a l  t a b  i s  employed. Hence t h e  

plaque des ign  was changed t o  one having a  v e r t i c a l  bus and t ab ,  a s  

i l l u s t r a t e d  i n  F igure  2.1. 

The p re sen t  plaque des ign  u t i l i z e s  a  v e r t i c a l  t ab  t h a t  i s  s p o t  

welded t o  t h e  f i b e r  plaque a f t e r  t h e  f i r s t  s i n t e r i n g  opera t ion .  This  

placement reduces t h e  e f f e c t i v e  volume i n  t h e  plaque f o r  d e p o s i t i o n  of 

a c t i v e  m a t e r i a l .  This  a c t i v e  a r e a  (and volume) i s  equ iva l en t  t o  t h a t  

formerly used wi th  a  t ab  ac ros s  t h e  top of t h e  plaque. However, t he se  

v e r t i c a l  t a b s  do no t  image t h e  coun te re l ec t rodes  i n  the. same a r e a  and 

t h e r e  r e s u l t s  some expected but sma l l  l o s s  i n  p l a t e  performance. 



Cut  Here 

Fig. 2. 1 - Present outward plaque design for  nickel 
electrodes. Thickness i s  1. 91 mm pr ior  to EPP active 
material loading,and 2. 54 mm after loading. 



Experiments have been performed wi th  plaques i n  which a  tab  is 

i n s e r t e d  between two needle-punched l a y e r s  of f i b e r s ,  p r i o r  t o  t h e  

s i n t e r i n g  opera t ion .  This  t a b  is  a t t ached  to  t h e  f i b e r  by a  smal l  spo t  

weld a t  t h e  top  of t h e  plaque p r i o r  t o  s i n t e r i n g .  ~ d d i t i o n a l  f i be r - t ab  

bonds a r e  formed dur ing  s i n t e r i n g .  The primary b e n e f i t  would be an 

i n c r e a s e  of  a v a i l a b l e  volume f o r  a c t i v e  m a t e r i a l  load ing;  however, t h e  

p ro j ec t ed  i n c r e a s e  i n  manufactur ing c o s t s  due t o  t h e  more complex s t ruc -  

t u r e  f a b r i c a t i o n  has  l e d  t o  t h e  d e c i s i o n  t o  te rmina te  t h i s  development 

e f f o r t .  

Plaque E l e c t r i c a l  Res i s t ance  

The e f f e c t  of f i b e r  o r i e n t a t i o n  and n i c k e l  p l a t i n g ,  on t he  e lec-  

t r i c a l  r e s i s t a n c e  of t h e  plaque i s  i l l u s t r a t e d  i n  Table 2.1. These meas- 

urements were made i n  t h e  f i b e r  a r e a  on ly ,  us ing  a  four-point  v o l t a g e  

drop  de te rmina t ion  on a  two p l a t e  plaque,  a s  i l l u s t r a t e d  i n  F igure  

2.2. The e f f e c t  of e i t h e r  a  s i n g l e  o r  a  double s i n t e r i n g  on the  

e l e c t r i c a l  r e s i s t a n c e  i s  shown t o  be somewhat i n s i g n i f i c a n t  a f t e r  t h e  

s i n t e r e d  plaque has  been n i c k e l  p l a t ed  (Table 2.2). A ve ry  s i g n i f i c a n t  

deg rada t ion  of e l e c t r i c a l  c o n d u c t i v i t y  i s  noted a s  a  T P . . S I I ~ ~  of mishandl- 

i n g  a  f i b e r  plaque (Table  2.2 - Plaque T 3 1 4 )  which caused some f i b e r s  

t o  s e p a r a t e  near  t h e  end of t h e  v e r t i c a l  t ab .  

Measurements have shown sma l l  d i f f e r e n c e s  i n  e l e c t r i c a l  r e s i s -  

t a n c e ,  depending on t h e  f i b e r  o r i e n t a t i o n  o r  type  of t a b  (e.g., s o l i d ,  

s p l i t  o r  spo t  welded t o  expanded me ta l ) .  An at tempt  t o  fo l low s e v e r a l  

of  t h e s e  p laques  through t h e  EPP n i c k e l  process  was no t  too s u c c e s s f u l ,  

due t o  process  v a r i a t i o n s .  S imi l a r  d i f f i c u l t i e s  were encountered wi th  

o t h e r  plaques processed wi th  t h e  equipment a t  t h a t  t i m e ,  i n d i c a t i o g  t h a t  

o t h e r  v a r i a b l e s  w e r e  being introduced i n t o  t h e  experiment.  Some 40 

a d d i t i o n a l  p laques ,  con ta in ing  s i m i l a r  f i b e r  p rocess ing  v a r i a b l e s ,  have 

been prepared and a r e  ready t o  be processed. 



Table 2.1 

ELECTRICAL RESISTANCE OF FIBER METAL PLAQUES FOR NICKEL ELECTRODES 

As 
Sin te red  Nickel P l a t ed  Remarks 

Plaque m ~ ( ~ )  - r n ~  

0.26 0.18 Longitudinal  and tube  wound 
f i b e r s .  Bus welded on ou t s ide .  

2A 0.31 0.21 Longitudinal  and tube  wound 
f i b e r s .  Bue between two needle  

2B 0.29 0.19 punched l aye r s .  

3A 0.23 0.17 Longitudinal  f i b e r s .  Bus between 
two needle  punched l aye r s .  Exmet 

3B 0.22 0.17 welded t o  bus. 1.2 x 2.0 cm 

a )  Measured a t  c e n t e r  between v e r t i c a l  t ab  buses - 15.24 cm a p a r t  ( p o i n t  1 

t o  poin t  1 i n  Fig. 2.2) . 



Fed u ska 
b. m. - jd 11-19-79 

Fig. 2. 2 -Location of voltage probes! 1-1) for  
e lectr ical  measu remmt  of f iber mstal ~ l a q u e s  
in a double-plaque processing conf igura t ion.  
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TABLE 2.2 

ELECTRICAL RESISTANCE OF FIBER METAL PLAQUES FOR NICKEL ELECTRODES, HAVING 

( 1 )  IMBEDDED VERTICAL TABS, ( 2 )  1 OR 2 SINTERINGS, ( 3 )  SINGLE OR CROSS- 

ORIENTED FIBERS 

P l a q u e  No. 

F1 11/12  

F1 19 /20  

F1 13/14  

F1 17 /18  

F1 15/16  

F1 314 

F1 9 /10  

F1 112 

F1 516 

S l  7/8 

T 19 /20  C r o s s  F i b e r  

T 314 C r o s s  F i b e r  

5601561 

2087185 

2076155 

Tab 

Type 

S o l i d  

S o l i d  

S o l i d  

S o l i d  

Spread  

Spread  

Spread  

Spread  

Spread 

Welded 

Welded 

Welded 

Welded 

Welded 

S i n t e r  

1 

1 

1 

2 

2. 

1 

1 

1 

2 

a 

2 

2 

2 

2 

2 

R e s i s t a n c e  
(MQ) 



2.1.1.1.2 I r o n  Plaque Product ion  

The c u r r e n t  c o l l e c t o r  f o r  t h e  i r o n  e l e c t r o d e  is a  porous 

s t r u c t u r e  p r e s e n t l y  formed from a  combination of s t e e l  f i b e r s  and an 

expanded steel shee t .  The expanded meta l  is t h e  c e n t e r  l a y e r  f o r  t h e  

f i b e r  s t r u c t u r e ,  which is formed on e i t h e r  s i d e ,  using a  s i m i l a r  f i b e r  

lay-up technique a s  developed f o r  t he  plaque used f o r  t h e  n i c k e l  p l a t e .  

The plaque i s  s i n t e r e d  i n  hydrogen, trimmed, and a  t ab  seam welded t o  

t h e  plaque. An advantage of t h i s  composite porous s t r u c t u r e  is t h a t  t he  

expanded me ta l  appears  t o  o f f e r  some s t i f f n e s s  i n  handl ing dur ing  t h e  

seam welding opera t ion .  The g r i d  s t r u c t u r e  f o r  the  i r o n  p l a t e  is no t  

processed through a second s i n t e r i n g  ope ra t i on ,  a s  i s  t h e  g r i d  f o r  t h e  

n i c k e l  p l a t e .  The change i n  plaque des ign  t o  a  v e r t i c a l  t a b ,  i n s t e a d  of 

t h e  h o r i z o n t a l  t ab  a c r o s s  t h e  top of t h e  plaque, has  changed t h e  proce- 

d u r e  f o r  t h e  welding opera t ion .  However, wi th  a  low d e n s i t y ,  porous 

f i b e r  meta l  s t r u c t u r e ,  such as t h e  i r o n  plaque, t h e  expanded meta l  

s c r e e n  appears  t o  g i v e  a b e t t e r  weld s t r u c t u r e  wi th  t h e  tab.  Experi- 

ments have been i n i t i a t e d  t o  e v a l u a t e  an i r o n  plaque without  an expanded 

me ta l  g r id .  .Plaques from a  needle-punched, f i b e r  lay-up a r e  being used 

i n  t h i e  la t ter  experiment. 

The e f f e c t  of f i b e r  o r i e n t a t i o n  and f i b e r  c ros s - sec t ion  on 

e l e c t r i c a l  r e s i s t a n c e  are shown i n  Table  2.3. The lower d e n s i t y  f i b e r  

s t r u c t u r e  h a s  a s i g n i f i c a n t l y  lower conduc t iv i t y  than t h e  h ighe r  d e n s i t y  

s t r u c t u r e s ,  a s  would be  expected. The d i f f e r e n c e  shown f o r  l o n g i t u d i n a l  

and c ross - layer  p laques  is  f o r  t h e  unplated condi t ion .  Nickel p l a t i n g  

would be expected t o  improve t h e  e l e c t r i c a l  conduc t iv i t y  of t h e  plaque 

and more s i g n i f i c a n t l y  f o r  a  lower d e n s i t y  plaque having a  v e r t i c a l  t a b  

s i n c e  t h e  p l a t i n g ,  i n  e f f e c t ,  i n c r e a s e s  t h e  f i b e r  dens i ty .  



Table 2 . 3  

ELECTRICAL RESISTANCE OF FIBER METAL P L A ~ U E S ( ~ )  FOR IRON ELECTRODES 

Orientation and Resistance 
Plaque Fiber Type m SI 

longitudinal 
1/0 s i z e  

long i tud inal  
1 s i z e  

( a ) ~ i n g l e  slntered and unplated. 

Cross-layer 
1/0 s i z e  

Cross-layer 
1 s i z e  



2.1.1.2 The Nickel  Elec t rode  E l e c t r o p r e c i p i t a t i o n  (EPP) Process  

The o b j e c t i v e  of t h i s  subtask  is  t o  improve 'upon the  e s t a b l i s h e d  

Westinghouse EPP process(3)  f o r  prepar ing  n i c k e l  e l ec t rodes .  Speci- 

f i c a l l y ,  t h e  work is  aimed a t  developing n i c k e l  e l e c t r o d e s  wi th  0.25 

Ah/g a c t i v e  m a t e r i a l ,  0.14 Ah/g t o t a l  e l e c t r o d e  and 0.075 ~ h / c m ~ ,  a l l  a t  

t h e  3h d ischarge  r a t e .  These goa l s  a r e  t o  be  a t t a i n e d  i n  p l a t e s  of 2 . 5 m  

maximum th i ckness  wi th  25 Ah capac i ty .  The: .BPPprocess technology, 
2 a t  t h e  onse t  of t h i s  program, made 343 cm p l a t e s  with t h e  fol lowing 

s p e c i f i c a t i o n s :  0.20 Ah/g a c t i v e  m a t e r i a l ,  9-12 Ah/g t o t a l  e l e c t t n d e ,  

0.07 ~ h / c m ~  a t  t h e  3h d ischarge  r a t e ,  and 3.3 mm i n  th ickness .  

I n  a d d i t i o n ,  p l a t e  des ign  and process  techniques a r e  be ing  

i n v e s t i g a t e d  both t o  improve p l a t e  dimensional s t a b i l i t y  and e l imina te  

t h e  need f o r  t h e  n i c k e l  p l a t i n g  s t ep .  

Also on t h e  program, t h e  EPP process  i s  being f u r t h e r  r e f i n e d  t o  

meet t he  t e c h n i c a l  requirements of t h e  n i c k e l  p l a t e  while  minimizing 

process  t ime and m a t e r i a l  l o s se s .  

Experiments conducted to  date show EPP, as app l i ed  t o  f ibar 

plaque s u b s t r a t e s ,  i s  most c o n s i s t e n t l y  accomplished by empl-nying two 

l e v e l s  of impregnation. These l e v e l s  a r e  f i r s t  "high" c u r r e n t ,  followed 

by "low" c u r r e n t .  

According t o  t h e  concept a r i s i n g  from our experiments,  t h e  

"high" cu r r en t  s t e p  reaches  a s a t u r a t i o n  l e v e l  wi th  r e spec t  t o  accom- 

p l i s h e d  impregnation wi th  Ni(OH)2 i n  a s h o r t  time. The "low" c u r r e n t  

s t e p ,  which is  requi red  t o  complete t h e  Ni(OH)2 packing up t o  d e n s i t i e s  

needed f o r  t a r g e t  capac i ty ,  can take  from 16 t o  40 hours  t o  reach com- 

p l e t i o n ,  a s  p r e s e n t l y  executed. 

It .was found p o s s i b l e  t o  f u r t h e r  i nc rease  e f f e c t i v e  p l a t e  

c a p a c i t y  by modifying t h e  procedure by inc luding  a charge ld ischarge  s t e p  

between the two levels of EPP processing.  The r e s u l t  is  a high-capacity 

p l a t e  -- 25.0 Ah a t  a . 2 . 5  mm p l a t e  th ickness .  To ta l  e lapsed process ing  

t ime i s  approximately 48 hours. This  p l a t e  p roces s ing 'has  been 



i d e n t i f i e d  a s  a s tandard employed i n  p o s i t i v e  p l a t e s  f o r  the  "2 x 4" 

ba t t e ry ,  and f o r  a l l  o ther  pos i t ives  manufactured during 197.9. 

2.1.1.2.1 P l a t e  Swell ing 

EPP runs occasionally r e s u l t  i n  very high capaci ty  p l a t e s ,  but 

with excessive swell ing (up t o  3.8 mm). This swell ing during processing 

could be associa ted  with incomplete n icke l  p l a t e  coverage of the  s t e e l  

wool f i b e r s  during the  e l e c t r o l y t i c  n icke l  p l a t e  s tep.  A l l  plaques pre- 

s e n t l y  produced show less p l a t e  swell ing a s  a r e s u l t  of extending n ickel  

p la t ing  t i m e .  The add i t iona l  p la t ing  a l s o  provides a s t i f f e r  s t r u c t u r e  

which should reduce swell ing during c y c l i c  operation. 

2.1.1.2.2 Maintenance of LiOH i n  the  Formation Tank 

LiOH content  a f f e c t s  EPP Ni(OH)2 formation by promoting B-NiOOH 

a s  the  prefer red  product on charge and l imi t ing  the  amount of l e s s -  

des i rab le  ~ - N ~ o o H ( ~ ) .  Therefore, L i O H  i s  maintained a t  15 g / l  i n  the  

KOH formation bath. 

The composition of the  KOH forming bath has been s t a b i l i z e d  

using a p ro tec t ive  blanket  of p l a s t i c  spheres,  employed t o  l i m i t  C02 

absorpt ion  when the  su r face  of the  KOH s o l u t i o n  is exposed t o  ' a i r .  This 

method of maintaining t h e  concentrat ion of LiOH, v i a  the  use of a pro- 

t e c t i v e  surface  blanket  of p l a s t i c  spheres,  i s  employed i n  'the p i l o t  

l i n e  formation tank a s  a process cont ro lmeasure .  

2.1.1.2.3 Effec t  of Fiber  Density on P l a t e  Performance 

Nickel plaques, employing 110 s i z e  s t e e l  f i b e r s  and a three- 

groove su r face  on one s i d e ,  were n i c k e l  plated.  They were then evalu- 

ated f o r  performance, a f t e r  being c a r e f u l l y  processed according t o  our 

cu r ren t  EPP schedule. Six plaques each, of high, regular  and low den- 

s i t y  were processed. The loadings and performance measured a t  the  3 h 

r a t e  on discharge tl a r e  a s  follows: 



Table 2.4 

EFFECT OF FIBER DENSITY ON NICKEL PLATE PERFORMANCE 

Act* M t l  
Loading Capacity 

Fiber  Density g / P l a t e  Ah/Pla t e  Ah/% Active 
(high) 82 21.2 0.26 
(reg -1  100 21.6 0.21 
(low) 106 20.0 0.19 

Final  p l a t e  thicknesses were genera l ly  i n  the  2.3-2.4 mm 

designed range. Lowest p l a t e  loadings and h ighes t  a c t i v e  ma te r i a l  

e f f i c i e n c y  a r e  found with high-density f i b e r  plaques. Judged on an 

economic bas i s  s u b s t i t u t i n g  s t e e l  foe 86me NI(CJH)~ would appear co be 

advantageous s i n c e  capacity-per-unit weight of p l a t e  (0.10 Ah/g of 

p l a t e )  is  independent of f i b e r  densi ty.  

These r e s u l t s  were reproduced i n  subsequent EPP runs using 

groups of s i x  high-density plaques and s i x  low-density plaques. The 

r e s u l t s  confirmed the  trend reported i n  Table 2.4, with high-density 

f i b e r  y ie ld ing higher a c t i v e  ma te r i a l  e f f i c i ency .  

A L l ~ l i d  tack of sf1 ~ ~ I a y i i e s ,  einpluyiag high f i b e r  dens i ty ,  was 

prepared and tes ted .  The r e s u l t s  continued t o  show t h a t  increas ing 

f i b e r  dens i ty  enhances u t i l i z a t i o n  of p o s i t i v e  a c t i v e  mater ia l .  In t h i s  

run ,  p l a t e s  having 23.1 Ah were produced. These higher f i b e r  dens i ty  

plaques, due t o  t h e i r  lower loading of Ni(OH)* and g r e a t e r  mechanical 

i n t e g r i t y ,  a l s o  promise t o  con t r ibu te  t o  a design having less swell ing 

c h a r a c t e r i s t i c s .  

Perforated P l a t e  Design 

To provide expansion ,space wi th in  the  stackup and, thereby 

a l l e v i a t e  swell ing pressure ,  a concept employing perfora ted  p l a t e s  i s  

being evaluated. Nickel p l a t e s ,  each incorporat ing 100 holes ,  6.4 mm i n  

diameter,  have been prepared and are being evaluated i n  f u l l - s i z e  c e l l s .  

A set of i d e n t i c a l  p o s i t i v e  and negat ive  p l a t e s ,  wi th  the  holes  imaged, 

have been s i m i l a r l y  prepared f o r  evaluat ion i n  a 250 Ah c e l l  f ea tu r ing  

stackup const ra in ing b o l t s .  These design concepts should not only 



demonstrate  less swe l l i ng ,  bu t  should a l s o  have t h e  b e n e f i c i a l  e f f e c t  of 

p rovid ing  increased  e l e c t r o l y t e  w i th in  t h e  s tackup.  

2.1.1.2.4 Performance of Nickel P l a t e s  Having No Cobal t  

Because of t h e  p re sen t  sho r t age  and sha rp ly  increased  c o s t  of 

c o b a l t  on t h e  open market,  t h e  composition of t h e  p o s i t i v e  p l a t e  was 

c r i t i c a l l y  examined. Evidence i n  t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  t h e  

p re sen t  20:l N i  t o  Co r a t i o  cannot  be s i g n i f i c a n t l y  changed without  

d e t e r i o r a t i n g  l i f e  and capac i ty  performance. ( 5 , 6 )  

Various candida te  elements o f f e r  some promise a s  a  s u b s t i t u t e  

f o r  coba l t .  It i s  claimed, f o r  i n s t a n c e ,  t h a t  much, i f  n o t  a l l  produc- 

t i o n  of n i c k e l  p o s i t i v e  e l e c t r o d e s  i n  Russia  i s  coba l t - f r ee .  Barium 

i s  d i r e c t l y  mixed i n  t h e  p o s i t i v e  p a s t e  a s  t h e  hydroxide. However, per- 

formance of t h e s e  p l a t e s  i s  reputed  t o  be i n f e r i o r  t o  coba l t -conta in ing  

p l a t e s .  

Other a d d i t i v e s  which have been employed a r e  manganese and cad- 

mium. Various manufacturers  i n  t h e  United S t a t e s  have employed them, 

e i t h e r  exc lus ive ly  o r  i n  combination wi th  some reduced amount of 

coba l t .  The e f f e c t  appears  t o  be  one of enhancing c a p a c i t y  and extend- 

ing  cyc l e  l i f e ,  rhough n o t  as e f f e c t i v e l y  as  cobalt dues a lune .  (5 th ,7 )  

A des igna ted  c r i t e r i o n  f o r  s e l e c t i o n  of cand ida t e  materials i s  

t h e  c r y s t a l  h a b i t  of t h e  hydroxide spec i e s .  It i s  reasonable  t o  expect  

t h a t  candida te  hydroxides  should be  c r y s t a l  ana logs  of CO(OH)~ i f  t hey  

a r e  expected t o  f u n c t i o n  l i k e  CO(OH)~, a s  a  c a p a c i t y  enhancer and cyc l e  

l i f e  ex tender  f o r  t h e  p o s i t i v e  p l a t e .  

Known c r y s t a l  analogs of CO(OH)~ a r e :  Mg(OH)2, Fe(OH)2, MI-~(OH)~, 

Cd(OH)2, Ca(OH)2. The o r d e r  l i s t e d  i s  t h a t  of r e l a t i v e  u n i t  c e l l  

volume, a l though o t h e r  c r i t e r i a ,  such a s  f r e e  energy of formation,  me ta l  

i on  r a d i u s  o r  s o l u b i l i t y  i n  KOH may be  more important  p r o p e r t i e s .  

It w i l l  be our  o b j e c t i v e  t o  determine whether i nco rpo ra t i on  of 

t h e s e  a l t e r n a t e  m a t e r i a l s  i n  EPP process ing ,  a s  d i s t i n g u i s h e d  from 



d i r e c t  pa s t i ng  methods which w i l l  a l s o  have t o  be  'considered, can equa l  

o r  improve performance of p o s i t i v e  p l a t e s  using c o b a l t .  

F i n a l l y ,  less-known cand ida t e s ,  such a s  z i n c  and, perhaps copper 

o r  s i l v e r ,  w i l l  be examined t o  determine t h e i r  s u i t a b i l i t y .  Since t h e  

a c t u a l  mechanism of t h e  c o b a l t  e f f e c t  i s  n o t  known, t h e s e  choices  a r e  

determined l a r g e l y  by r e p o r t s  i n  t h e  l i t e r a t u r e ,  and, t o  some e x t e n t  by 

i o n i c  r ad ius  o r  by phase-diagram evidence of compound formation wi th  N i O  

o r  Ni02. 

I n  an i n i t i a l  phase of t h i s  work, we have prepared coba l t - f ree  

EPP plaques a s  c o n t r o l  specimens. To d a t e ,  s i x  development plaques have 

been made. I n i t i a l  c a p a c i t i e s  a r e ,  t y p i c a l l y ,  18 Ah. We know t h a t  

comparably processed  plaques wi th  c o b a l t  have a  c a p a c i t y  range of 22-25 

Ah. The coba l t - f r ee  p l a t e s  w i l l  be cycled t o  determine the  l i f e  

deg rada t ion  c h a r a c t e r i s t i c s .  

2.1.1.2.5 P l a t e s  With Reduced Thickness For 25-Plate C e l l  

An advanced c c l l ,  employing c l c c t r o d c ~  having 85% of t h e  nominal 

t h i cknes s ,  i s  being processed t o  a s s e s s  performance i n  a  25 p l a t e  s tack-  

up. This  des ign  should provide  lower c e l l  r e s i s t a n c e  (more power) and 

less t o t a l  s tackup swe l l i ng  on cyc l ing .  Matching i r o n  e l e c t r o d e s  have 

a l s o  been prepared;  s p e c i a l  pos t  and comb assemblies  have been f a b r i -  

ca ted .  Assembly of t h i s  c e l l  w i l l  occur  i n  September 1979. 

2.1.1.2.6 EPP Nickel  P l a t e  Summary 

Probably t h e  most impor tan t  des ign  problem r e l a t e d  t o  long ser- 

v i c e  l i f e  of t h e  n i cke l - i ron  c e l l  is  t h e  s tackup  swe l l i ng ,  due t o  aa 

i n c r e a s e  i n  t he  p o s i t i v e  p l a t e  t h i cknes s  and r e s u l t i n g  i n  s t a c k  

e l e c t r o l y t e  s t a r v a t i o n  dur ing  cyc l ing .  Three des ign  approaches a r e  

under development and e v a l u a t i o n  i n  o r d e r  t o  circumvent and/or  minimize 

p o s i t i v e  p l a t e  swe l l i ng .  These a r e :  

( 1 )  h igh-s t rength ,  low-loading, h igh  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  p l a t e s ,  v i a  a  high f i b e r  d e n s i t y  plaque design.  



(2) i n -p l a t e  expansion spaces ,  v i a  a  pe r fo ra t ed  p l a t e  design.  

(3) ' new c u r r e n t  c o l l e c t o r  concepts ,  e.g., w i r e  brush type  

geometry. 

A s  eva lua t ion  of f u l l - s i z e  c e l l s  proceeds,  r e g u l a r  measurement 

of p l a t e  shape change and of r e s p e c t i v e  c e l l  c a s e  expansions w i l l  pro- 

v i d e  f i g u r e s  of merit f o r  each of t h e s e  des ign  approaches,  from which 

ranking t h e  b e s t  approach can be s e l e c t e d .  

2.1.1.3 Thermal Nickel Process  

The performance goa l s  f o r  t h e  thermal n i c k e l  e l e c t r o d e  a r e  t he  

same a s  those  f o r  t h e  EPP n i c k e l  e l ec t rode .  Thermal p repa ra t i on  of  

a c t i v e  m a t e r i a l  and subsequent pas t i ng  of t h i s  m a t e r i a l  i n t o  a  g r i d  can 

o f f e r  a  r educ t ion  i n  t o t a l  e l e c t r o d e  c o s t  and a  s i g n i f i c a n t  decrease  i n  

c a p i t a l  equipment expendi ture ,  r e l a t i v e  t o  t he  EPP process .  Refer  t o  

Appendix B f o r  p rocess  d e s c r i p t i o n .  E f f o r t s  dur ing  t h e  p a s t  year  have 

cen te red  on s tudy  of methods f o r  cont inuous,  l a r g e  ba t ch  p repa ra t i on  and 

formula t ion  of an optimum a c t i v e  material p a s t e  composition t h a t  can b e  

incorpora ted  i n t o  a  f i b e r  metal  plaque.  

2.1.1.3.1 Prepa ra t i ve  Methods 

Severa l  methods f o r  l a r g e  s c a l e  p repa ra t i on  of thermal  n i c k e l  

a c t i v e  m a t e r i a l  were explored. Tltese included r e s i s t a n c e  and induc t ion  

hea t ing ,  us ing  n i c k e l  c r u c i b l e s  a s  c o n t a i n e r s ,  plasma sp ray  to r ches ,  and 

cont inuous r e a c t i o n  i n  a  hea ted ,  r o t a t i n g  n i c k e l  tube. The most e f f ec -  

t i v e  and r e l i a b l e  of t h e s e  methods proved t o  be  r e s i s t a n c e  hea t ing  i n  a 

n i c k e l  c ruc ib l e .  S u f f i c i e n t  m a t e r i a l  f o r  10 f u l l - s i z e  c e l l s  can  be  pre- 

pared d a i l y ,  us ing  a  l a b o r a t o r y  s i z e  oven and n i c k e l  c ruc ib l e s .  This  

m a t e r i a l  is q u a l i f i e d  us ing  l a b o r a t o r y  s i z e  e l e c t r o d e  samples and per- 

forms comparable t o  EPP e l e c t r o d e s  a t  0.23 t o  0.25 Ah/g a t  t h e  t h r e e  

hour d i s cha rge  r a t e .  



2.1.1.3.2 S t a r t i n g  Mate r i a l s  

Severa l  n i c k e l  oxide s t a r t i n g  m a t e r i a l s  have been used i n  an 

a t tempt  t o  reduce t h e  o v e r a l l  c o s t  of t h e  f i n a l  a c t i v e  product.  The 

b e s t  oxide f o r  c o n s i s t e n t  performance is INCO Black N i O .  Another 

m a t e r i a l  marketed by INCO, named NOS-75, is  a s i n t e r e d  n i c k e l  oxide 

conta in ing  76% n i c k e l  and about 1% c o b a l t  oxide. Since c o b a l t  i s  a n  

expensive EPP a d d i t i v e ,  t h i s  would he lp  c u t  our  c o s t s  even f u r t h e r .  The 

NOS-75 m a t e r i a l  is  p r i ced  a t  $1.96 p e r  pound of contained n i cke l ,  com- 

pared t o  $2.15 per  pound of black N i O  on t h e  same b a s i s .  However, t h e  

NOS-75 oxide con ta ins  smal l  amounts of heavy metal impur i t i e s  which 

appear  t o  reduce a c t i v e  m a t e r i a l  performance 10-15% lower than t h a t  

found f o r  t h e  b lack  N i O .  Therefore,  no f u r t h e r  eva lua t ion  of t h e  NOS-75 

is planned a t  p resent .  

2.1.1.3.3 Process  Modif ica t ion  

Development e f f o r t s  were i n i t i a t e d  f o r  modifying the  process  f o r  

thermal  n i c k e l  a c t i v e  m a t e r i a l  p repara t ion .  Experiments with p a r t i a l  

and t o t a l  s u b s t i t u t i o n  of sodium peroxide wi th  sodium n i t r a t e  have been 

completed us ing  a  2 kg batch. Resu l t s  on small  and f u l l - s i z e  p l a t e  

t e s t i n g  demonstrate t h a t  a c t i v e  m a t e r i a l  with a  u t i l i z a t i o n  of 0.25 Ahlg 

( a t  C/3 d r a i n  r a t e )  can be prepared. Considerably l e s s  a t t a c k  on t h e  

n i c k e l  conta iner  was noted when NaN03 was used. S i g n i f i c a n t  c o s t  reduc- 

t i o n  can be r e a l i z e d  using t h e  n i t r a t e  process ,  due t o  lower raw 

m a t e r i a l s  c o s t  and p o s s i b l e  recovery of exhaust gases  which could a l low 

regene ra t ion  of NaN03. 

2.1.1.3.4 Elec t rode  Construct ion 

Thermal n i c k e l  a c t i v e  m a t e r i a l  is loaded i n t o  t h e  f i b e r  meta l  

plaque s t r u c t u r e  using a  r o l l  pas t ing  procedure. To a s s u r e  uniform 

d i s t r i b u t i o n  and c o n t r o l  over loading f o r  a given plaque th ickness ,  t h e  

p a s t e  must remain homogeneous dur ing  r o l l i n g .  Tes t  r e s u l t s  i n d i c a t e  

a d d i t i v e s  used t o  prevent  cu rd l ing  do no t  a f f e c t  a c t i v e  m a t e r i a l  



performance. The t a r g e t  performance of thermal  n i c k e l  e l e c t r o d e s  i n  t he  

n i cke l - i ron  b a t t e r y  i s  0.14 Ah/g of f i n i s h e d  p l a t e  a t  t h e  C/3 d i s cha rge  

r a t e .  

2  A l a r g e  number of f u l l - s i z e  (345 cm ) e l e c t r o d e s  have been con- 

s t r u c t e d  a ~ i d  t e s t ed .  The loading  procedure begins  with plaques about  

4.5 mm t h i c k ,  t h e  p a s t e  is  then loaded,  d r i e d  and then s i z e d  t o  2.3 mm, 

o r  less. Loadings of  90-100 g a c t i v e  m a t e r i a l  per  f u l l - s i z e  plaque a r e  

achieved a t  1.8 t o  2.1 mm f i n a l  th ickness .  These p l a t e s  have shown 

s t a b l e  performance i n  t h e  20 t o  23 Ah (.20 t o  .24Ah/g) range  over  

hundreds of test cyc l e s .  

I n i t i a l  f u l l  s i z e  c e l l s  were cons t ruc t ed  using thermal n i c k e l  

e l e c t r o d e s  about 2.3 mm t h i c k  and wi th  105 g a c t i v e  loading.  These 

e l e c t r o d e s  increased  i n  t h i cknes s  t o  2.6 mm on cont inued cyc l ing  which 

caused some swe l l i ng  of t h e  c e l l  c a s e ,  l e ad ing  even tua l ly  t o  a  l o s s  of  

performance. A second s e t  of c e l l s  were prepared,  us ing  n i c k e l  

e l e c t r o d e s  of 2.0 mm i n i t i a l  t h i cknes s  w i lh  95 g a c t i v e  m a t e r i a l  

load ing .  These, s u r p r i s i n g l y ,  gave ou tpu t s  equ iva l en t  t o  t he  t h i c k e r ,  

more-heavily loaded e l e c t r o d e s  i n i t i a l l y  t e s t ed .  Performance test 

r e s u l t s  a r e  summarized i n  Sec t ions  3.1.2. F u l l  s i z e  modules con ta in ing  

such n i c k e l  e l e c t r o d e s  a r e  c u r r e n t l y  being assembled for testing. 

I r o n  E lec t rode  

I r o n  e l e c t r o d e  development was i n i t i a l l y  cen te red  on two 

s p e c i f i c  t echnologies ,  a  b r i q u e t  p rocess  which cons i s t ed  of a  p ressed ,  

s i n t e r e d ,  powder meta l  approach and a  composite process  which cons i s t ed  

of  a  pas ted ,  r educ t ion  process .  

I r o n  e l e c t r o d e  development i s  now r e s t r i c t e d  e n t i r e l y  t o  t h e  

composite type. The composite t ype  e l e c t r o d e  con ta in s  a  f i b e r  me ta l  

expanded metal  conducting g r i d  system t o  c a r r y  t h e  c u r r e n t  and t o  a l low 

i n t e g r a l  a t tachment  of t h e  connect ing tab.  This  s t r u c t u r e  can provide  

e x c e l l e n t  power c h a r a c t e r i s t i c s  f o r  t he  i r o n  e l ec t rode .  Then icke l - i ron  
2 

bat te ty  design required an irun elecLcude u 1  345 cu a c t i v e  



a r e a ,  approximately 1 mm i n  t h i cknes s ,  and having an ou tput  of 26.5 Ah 

a t  t h e  C/3 d i scha rge  r a t e .  The f i n a l  program goa l  is  t o  o b t a i n  0.27 

Ah/g of t o t a l  i r o n  e l e c t r o d e ,  e n t i r e l y  on t h e  upper v o l t a g e  d i s cha rge  

p l a t eau .  A l l  f u l l  s i z e  c e l l s  t o  d a t e  c o n t a i n  composite type i r o n  

e l e c t r o d e s .  

2.1.2.1 I r o n  E lec t rode  P r e p a r a t i o n  

The c u r r e n t  c o l l e c t o r  f o r  t h e  i r o n  a c t i v e  m a t e r i a l  i s  a  porous 

s t r u c t u r e ,  p r e s e n t l y  formed from a combination of s t e e l  f i b e r s  and an 

expanded steel  shee t .  The expanded meta l  i s  t h e  c e n t e r  l a y e r  f o r  t h e  

f i b e r  s t r u c t u r e ,  which is  formed on e i t h e r  s i d e  using a s i m i l a r  f i b e r  

lay-up technique a s  was developed f o r  t h e  n i c k e l  plaque. The s i n g l e  

plaque i s  s i n t e r e d  !n hydrogen, trimmed, and a  t ab  i s  seam welded on one 

end. Since t h e  expanded meta l  a t  p re sen t  i s  a v a i l a b l e  only i n  22.9 cm 

width,  plaques f o r  s i n g l e  p l a t e s  a r e  being f ab r i ca t ed .  The expanded 

me ta l  appears  t o  provide  some s t i f f n e s s  i n  handl ing during t h e  bus-tab 

seam welding o p e r a t i o n  g i v i n g  an apparen t  p rocess  advantage. The g r i d  

s t r u c t u r e  f o r  t h e  i r o n  p l a t e  is  n o t  processed through a  second s i n t e r i n g  

o p e r a t i o n ,  a s  is  t h e  g r i d  f o r  t h e  n i c k e l  p l a t e .  

The subsequent  p rocess  s t e p s  i n  t h e  product ion  of f u l l  size 

e l e c t r o d e s  a r e :  (1) t h e  load ing  of t h e  g r i d  wi th  oxide and phenol ic ,  

( 2 )  t h e  r educ t ion  of t h i s  mix ture  and (3) t h e  p re s s ing  of t h e  composite 

t o  a  f i n a l  t h i c k n e s s  of 1 mm. The i n i t i a l  t h i cknes s  of t h e  s i n t e r e d  

g r i d  of about 5 mm is  r e a d i l y  coined t o  3.7 mm so  a s  t o  l i m i t  t h e  p a s t e  

loading.  A t  t h i s  t h i cknes s  t h e  p a s t e  i s  r e a d i l y  and r a p i d l y  loaded by 

means of rubber  r o l l s .  By means of hard r o l l s  t h e  loaded g r i d  is  then 

s i z e d  t o  2.2 m t o  remove t h e  excess  p a s t e ,  s o  t h a t  t h e  c o n t r o l l e d  

volume of t h e  r e t a i n e d  p a s t e  is uniformly loaded wi th in  t h e  vo ids  of t h e  

g r i d .  Control  over  t h e  amount and uni formi ty  of t h e  load ing  i s  based on 

t h e  expansive s t r u c t u r e  of t h e  s t e e l  wool g r i d  and upon t h e  use  of a  

s u i t a b l e  p a s t e  of t h e  oxide. 



Following t h e  pas t i ng  s t e p  and p r i o r  t o  t h e  r educ t ion  s t e p ,  a 

d ry ing  ope ra t i on  i s  r equ i r ed  t o  remove t h e  p a s t e  water.  With t h e  water 

removed a r a t h e r  open s t r u c t u r e  r e s u l t s  which o f f e r i n g  e a s i e r  access  f o r  

t h e  hydrogen gas  dur ing  t h e  i n - s i t u  reducing s t ep .  A cont inuous-bel t ,  

hydrogen atmosphere furnace  is  used f o r  t h e  reducing s t e p .  

The o v e r a l l  dimensions of t h e  e l e c t r o d e  a r e  no t  a f f e c t e d  by t h e  

r educ t ion  s t ep .  I n  p re s s ing  t o  t h e  f i n a l  t h i cknes s ,  t h e  reduced 

e l e c t r o d e  with t h e  r e q u i s i t e  load ing  i s  r e a d i l y  pressed t o  1 mm with  no 

d i s t o r t i o n  t o  the o the r  two dimensions. 

2.1.2.2 Act ive Ma te r i a l  

For t h e  composite-type i r o n  e l e c t r o d e ,  t h e  s t a r t i n g  a c t i v e  

m a t e r i a l  c o n s i s t s  of i r o n  oxide and phenol ic  r e s i n .  Overa l l  e l e c t r o d e  

performance is s t r o n g l y  dependent on t h e  n a t u r e  of t h e  red i r o n  oxide  

s t a r t i n g  ma te r i a l .  I n i t i a l  success  was ob ta ined  us ing  Red I r o n  Oxide 

which is  prepared by t h e  c a l c i n a t i o n  of f e r r i c  s u l f a t e .  Some r e s i d u a l  

s u l f a t e  remains a f t e r  c a l c i n a t i o n  and t h i s  impart ing a degree of 

c a t a l y t i c  a c t i v i t y  t o  t he  i r o n  oxide.  

Severa l  s u p p l i e r s  were contac ted  t o  provide . i ron  oxides  produced 

t o  our s p e c i f i c a t i o n s .  Experiments wi th  o t h e r  ca l c ined  red ox ides  

y i e lded  23-25 Ah i n  f u l l  s i z e  p l a t e  tests, which i s  comparable t o  t h e  

o r i g i n a l  m a t e r i a l  and a t  approximately 113 t h e  p ro j ec t ed  m a t e r i a l  cos t .  

Evaluat ion of s e v e r a l  types  of phenol ic  a d d i t i v e s  has  been com- 

p l e t ed  i n  f u l l  s i z e  e l e c t r o d e  tests. A wide v a r i e t y  i n  e l e c t r o d e  per- 

formance was appa ren t ,  depending on t h e  phenol ic  used. One of t h e  

candida te  m a t e r i a l s  was incorpora ted  i n t o  p i l o t  l i n e  manufacturing of 

composite i r o n  e l e c t r o d e s  f o r  t h e  f i r s t  f u l l  s i z e  b a t t e r y .  F u l l  s i z e  

e l e c t r o d e s ,  t e s t e d  using t h i s  r e s i n ,  gave 24-27 Ah -- meeting near  term 

o b j e c t i v e s  f o r  c e l l  performance. More r e c e n t l y ,  some s t o r a g e  problems 

wi th  t h i s  m a t e r i a l ,  p a r t i c u l a r l y  caking,  have incur red .  Severa l  

o p t i o n s ,  d i scussed  with t h e  manufacturer ,  w i l l  b e  explored t o  overcome 

these  handl ing problems. The h igher  level of capac i ty  has  been 

maintained t o  cyc l e  250, a t  80% depth of d i s cha rge  f o r  t h e  C/3 r a t e s .  



2.1.2.3 I r o n  E lec t rode  L i f e  T e s t s  

F u l l  s i z e  i r o n  e l e c t r o d e s  a r e  c u r r e n t l y  on t e s t  t o  determine the  

e f f e c t s  of c e r t a i n  components on i r o n  e l e c t r o d e  l i f e .  The v a r i a b l e s  

i nc lude  n i c k e l  p l a t i n g  of t h e  s t e e l  wool ma t r ix ,  phenol ic  con ten t  of t he  

a c t i v e  m a t e r i a l  and s i z e  of t h e  steel wool f i b e r .  These tests a r e  

designed t o  g i v e  i n s i g h t  i n t o  t h e  r e l i a b i l i t y  of t h e s e  components over  

1000 cont inuous test  cyc les .  A summary of test r e s u l t s  i s  given i n  

Table  2.5. E l ec t rode  FX 907 was removed Ero~n continuous t e s t i n g  a t  160 

c y c l e s  a t  a  c a p a c i t y  of 18.0 Ah. No expansion from t h e  1  mm i n i t i a l  

t h i cknes s  was measurable.  This  e l e c t r o d e  r e t a i n e d  i t s  hard and smooth 

s u r f a c e  and showed only  a  very  s l i g h t  weakness i n  t h e  t a b  junc t ion .  No 

c o r r o s i o n  i n  t h e  main body of t h e  e l e c t r o d e  was observed. It i s  possi-  

b l e  t h a t  t h e  s l i g h t e s t  degrada t ion  a t  t h e  t a b  j unc t ion  con t r ibu t ed  t o  

t h e  20% d e c l i n e  i n  c a p a c i t y  observed f o r  t h i s  e l e c t r o d e .  

E l ec t rode  FX 905 was removed from test a f t e r  130 cyc l e s  s i n c e  

i t s  capac i ty  had dec l ined  to  17.2 Ah. Examination revea led  no apparent  

reasons  f o r . t h e  c a p a c i t y  d e c l i n e -  The n i c k e l  counter  e l e c t r o d e s  were 

o l d  and were found to  be  d e t e r i o r a t i n g  s eve re ly .  New n i c k e l  counter  

e l e c t r o d e s  were i n s e r t e d  and c y c l i c  t e s t i n g  was resumed. An immediate 

i n c r e a s e  from 17.2 t o  20.7 Ah was ob ta ined  Th i s  h ighe r  l e v e l  of 

c a p a c i t y  has  been maintained a t  c y c l e  400. 

Simultaneously,  new counter  e l e c t r o d e s  were i n s e r t e d  i n  test 

c e l l s  FX 901, 902, 903, 904 and 906, s i n c e  t h e s e  a l s o  had -shown .some 

s t eady  d e c l i n e .  A s  i s  shown i n  Table  2 . 3 ,  s i g n i f i c a n t  i n c r e a s e s  were 

noted f o r  most c e l l s .  Voltage monitor ing i n d i c a t e s  t h a t  t h e  i r o n  

e l e c t r o d e s  cont inue  t o  perform w e l l  a t  400 contirtuous cyc i e s .  These 

l i f e  t e s t s  a r e  cont inu ing .  



Table 2.5-Cyclic Stability for Composite Iron Electrodes in 25% KOH 
+ 15 g/l LiOH Electrolyte at the ~ / 3  Discharge Rate 

Ah Capacity vs. Cycle 
5 10 50 125 200 400 

FX902 17.5 19.1 23.6 20.6 (19.7) 15.7 
(off @ 418) 

FX9 0 3 24.6 24.7 24.5 20.0 (21.4) 17.5 
(off @ 412) 

FX9 0 7 19.3 22.9 23.0 20.9 (off at 160) - 

NOTES : 

2 
Active area = 53.2 in = 345 cm 

2 

Thickness = 40 mils = 1 nun 

Electrodes are discharged versus nickel counter electrodes to a 
final cell potential of 0.97 V for each test cycle. 
*parenthesis ( ) indicate insertion of new nickel counter electrodes 
into 3 plate test cell. 



2.1.3 C e l l  Components 

Development work on c e l l  components inc ludes :  c e l l  and i n t e r -  

c e l l  connectors ,  s e p a r a t o r ( s ) ,  c e l l  case  and cover ,  and c e l l  a u x i l i a r i e s  

t h a t  d e a l  wi th  semi-automatic water feeding and/or e l e c t r o l y t e  

r e c i r c u l a t i n g  systems. 

2.1.3.1 Sepa ra to r s  

E f f o r t s  i n  s e p a r a t o r  development were concentrated on lowering 

c e l l  r e s i s t a n c e  t o  (0.6-0.7 mR), needed t o  ob ta in  s u i t a b l e  power from 

t h e  f u l l - s i z e  c e l l s .  A t  t he  s t a r t  of the year che cell resistance range 

was too high (1.2-1.4 ms2). 

Separa tor  r e s i s t a n c e ,  p e r  s e ,  i s  only 2% of t h i s  high c e l l  

r e s i s t a n c e ,  a s  is  shown I n  the fol lowing c a l c u l a t i o n  f o r  a combination 

absorber-barr ier-absorber  s e p a r a t o r ,  having a t o t a l  r e s i s t a n c e  of 190 
2 m /cm . 
P o s i t i v e  p l a t e  a r e a  (one s i d e )  = 148 cmL 

Tota l  s epa ra to r  a r e a  i n  21 p l a t e  c e l l  = 2950 cm 2 

Separa tor  component of c e l l  i n t e r n a l  r e s i s t a n c e  = 0.026 mR, 

i . e . ,  2% of 1.3 mR. 

'En c e l l  p e ~ f u ~ ~ u a n c e ,  however, s epa ra to r0  havo a mush greater 

i n f luence  on i n t e r n a l  r e s i s t a n c e  than  can be  a t t r i b u t e d  t o  t h e i r  r e s i s -  

t ance  measured on a s e p a r a t o r  r e s i s t a n c e  t e s t e r .  A s  an example, c e l l  

007CE was cons t ruc t ed  wi th  a law r e s i s c a n c r  rlylull absurbe i ,  Pc l lon  

2506K, and no b a r r i e r .  The r e s i s t a n c e  of t h i s  c e l l  was i n  t h e  accept- 

a b l e  range, 0.66 mR. Another c e l l  (008CE) was then  cons t ruc ted  with t h e  

same type of absorber  b u t  wi th  t h e  a d d i t i o n  of a b a r r i e r  (ba lance  

3501). The r e s i s t a n c e  of t h i s  c e l l  was high,  1.07 mrL. Thus the 

a d d i t i o n  of a b a r r i e r ,  w i th  a t o t a l  r e s i s t a n c e  of 0.003 mR a s  ca l cu la t ed  

from sepa ra to r  r e s i s t a n c e  measurements, r a i s e d  t h e  r e s i s t a n c e  of t h e  

c e l l  0.41 mu (1.09-0.66). 



The inc rease  i n  r e s i s t a n c e  of c e l l  008CE beyond the  r e s i s t a n c e  

of t h e  b a r r i e r  added i s  d i f f i c u l t  t o  expla in .  However, t h e  i n c r e a s e  i n  . 

r e s i s t a n c e  may be expla ined  by an i nc rease  i n  s e p a r a t o r  ga s  entrapment.  

More gas  may be t rapped by a s e p a r a t o r  with a b a r r i e r  because t h e  

m o b i l i t y  of t h e  gas  escaping from the  p l a t e s  may be  reduced i . e . ,  t h e  

a d d i t i o n a l  volume of t h e  b a r r i e r  p h y s i c a l l y  reduces t h e  space  between 

t h e  p l a t e s  used by a bubble t o  escape. 

To t e s t  t h e  premise t h a t  ga s  entrapment i n  s e p a r a t o r s  may be a 

f a c t o r  i n  high c e l l  r e s i s t a n c e ,  a c e l l  was a t t ached  t o  a vacuum pump 

whi le  on d ischarge .  The c e l l  was d i scharged  a t  83A f o r  70 minutes. The 

c e l l  was evacuated f o r  5 minutes a f t e r  46 minutes of d i scharge .  Resis- 

tance  read ings  were made be fo re  t h e  vacuum was a p p l i e d ,  while  t h e  vacuum 

was on and a f t e r  t h e  g a s  i n  t h e  c e l l  was r e tu rned  t o  a tmospheric  pres- 

su re .  Each t i m e  r e s i s t a n c e  read ings  were obtained by read ing  c e l l  v o l t -  

ages  a t  83A, 43A and 23A. The r e s u l t s  a r e  shown i n  t h e  fol lowing t ab l e .  

TABLE 2.6 

CHANGES I N  CELL INTERNAL RESISTANCE CAUSED 

BY APPLYING A VACUUM WHILE ON DISCHARGE 

C p l l  disrhnreed a t  83 amps. Vacuum on f o r  5 min., otarttng a f t e r  4 6  

min. of d i scharge .  

Time Of I n t e r n a l  Res i s t ance  ma 

Discharpe - Min. Vacuum 8 3A-4 3A 4 3A-2 3A 

4 5 o f f  1.02 1.2 

50 on .90 1.3 

5 5 o f f  70 1.0 

70 o f f  -83  1.0 



Two observa t ions  can be noted from t h i s  da ta :  

(1) I n t e r n a l  r e s i s t a n c e  was lower a t  h igher  r a t e s  of d i scharge  

(cor robora t ing  e a r l i e r  f i nd ings  a t  Westinghouse.) 

(2)  Applying a vacuum during d ischarge ,  tended t o  lower c e l l  

i n t e r n a l  r e s i s t a n c e ,  p a r t i c u l a r i l y ,  a f t e r  the  vacuum was 

d iscont inued .  

The r e s u l t s  of t h i s  t e s t  supported the  des ign  d e c i s i o n  t o  

impr in t  v e r t i c a l  grooves i n  t h e  p l a t e s  f a c e s  t o  improve e l e c t r o l y t e  

c i r c u l a t i o n  and a s s i s t  t he  escape of gas  formed during charging. 

C e l l  013CE was cons t ruc ted  with 3 v e r t i c a l  grooves i n  t h e  posi- 

t i v e  p l a t e s ,  which r e s u l t e d  i n  a c e l l  r e s i s t a n c e  of 0.71 mR. However, i n  

subsequent c e l l s ,  with 2 v e r t i c a l  grooves, we were not a b l e  t o  consis-  

t e n t l y  o b t a i n  r e s i s t a n c e s  t h i s  low. 

New absorbers  from Kimberly-Clark (KC) were t e s t e d  which have a 

lower r e s i s t a n c e  on t h e  sepa ra to r  test than  Pe l lon  2506K nylon. C e l l s  

made with t h e s e  new KC polypropylene f iber-based m a t e r i a l s  had i n t e r n a l  

r e s i s t a n c e s  ranging from 0.71 t o  0.85 mR. 

A d e c i s i o n  then had t o  be made as t o  which s e p a r a t o r s  should be 

used on a run  0.f 200 c e l l s  i n  t h e  p i l o t  l i n e .  Because t h e r e  was no 

c l e a r c u t  evidence a s  t o  which was b e s t ,  we decided t h a t  t h r e e  groups of 

c e l l s  would be  made, each wi th  a d i f f e r e n t  s epa ra to r  system. These 

systems, and the reasons  f o r  using them were: 

(1) Kendall absorber  and Celanese b a r r i e r .  This  absorber  was 

chosen because i t  was s i m i l a r  t o  t h e  m a t e r i a l  t h a t  had 

performed s a t i s f a c t o r i l y  i n  c e l l s  f a b r i c a t e d  i n  previous 

i ron-n icke l  b a t t e r y  p r o j e c t s .  

(2) Kimberly-Clark absorbers  and Celanese b a r r i e r .  These 

absorbers  were chosen because they  have t h e  lowest 

r e s i s t a n c e  of any we have t r i e d ,  a t  comparable th ickness .  



(3)  Celanese laminate .  This  i s  a laminated m a t e r i a l  made by 

Celanese wi th  a b a r r i e r  and an absorber  made by Crown 

Zel lerbach.  The polypropylene f i b e r  absorber  is  laminated 

t o  t h e  b a r r i e r  by a "point  bonding" technique. The l a m i -  

n a t e  has  a somewhat h igher  r e s i s t a n c e  than unlaminated 

m a t e r i a l s ,  bu t  we have had v e r y  good exper ience  on l i f e  

tests of f u l l - s i z e  c e l l s  made wi th  such ma te r i a l .  

Pe l lon  2506K absorber  was no t  deemed s a t i s f a c t o r y  because i t  i s  

made of nylon f i b e r s  which have a demonstrated low chemical r e s i s t a n c e  

t o  e l e c t r o l y t e  a t  t h e  6 0 ' ~  c e l l  ope ra t i ng  temperature  l i m i t .  

The c e l l s  i n  which these  s e p a r a t o r  systems were used were 

designed f o r  c i r c u l a t i n g  e l e c t r o l y t e ,  and were t e s t e d  f o r  i n t e r n a l  

r e s i s t a n c e  a t  h igher  d r a i n  r a t e s  than  previous c e l l s .  They were t e s t e d  

between 200A and 100A, whereas p rev ious ly ,  t e s t e d  were between 83.38 and 

41.6A. The i n t e r n a l  r e s i s t a n c e s  of a l l  t he se  c e l l s  were i n  t he  range 

0.5-0.7 I&, which i s  b e t t e r  than  t h e  o b j e c t i v e  of 0.6-0.8 mQ. From 

prev ious  work, w e  know t h a t  i n t e r n a l  r e s i s t a n c e  is lower when measured 

a t  h igher  r a t e s  and t h i s  i s ,  most l i k e l y ,  t h e  explana t ion  f o r  t h e  lower 

i n t e r n a l  r e s i s t a n c e  measurements. 

I n  our work wi th  n icke l - i ron  c e l l s  we have most ly  used Kendal l  

absorbers .  E 1583 was t h e  s tandard  s e p a r a t o r  i n  a previous p r o j e c t ,  b u t  

w e  have s i n c e  found t h a t  c e l l s  b u i l t  w i th  o t h e r  m a t e r i a l s ,  such a s  1645, 

have lower i n t e r n a l  r e s i s t a n c e .  Unfortunately,  Kendall  was no t  success-  

f u l  i n  t h e i r  l a s t  a t tempt  t o  reproduce t h e  1645 m a t e r i a l  f o r  us ,  and 

t h e i r  s u b s t i t u t e ,  1003, has  a r e s i s t a n c e  s i m i l a r  t o  E 1583. 

2.1.3.2 Connector Development 

The cont inuing o b j e c t i v e  of t h i s  sub t a sk  i s  the development of 

inexpens ive ,  r e l i a b l e ,  and h igh ly  conduct ive e l e c t r i c a l  connectors .  Two 

types  a r e  d i s t i n g u i s h a b l e  by environment, t h e  i n t e r n a l  connect ions,  

r e q u i r i n g  c a u s t i c - r e s i s t a n t  components, and t h e  e x t e r n a l  connect ions.  

To d a t e ,  more emphasis has  been placed on t h e  i n t e r n a l  assembly. The 



p r e s e n t  i n t e r n a l  de s ign  f o r  t h e  c e l l  t e rmina l  assembly i s  a four  p i e c e  

component system, involv ing  t h r e e  j o i n t s :  (1) e lec t rode- to- tab ,  

( 2 )  tab-to-comb, and ( 3 )  comb-to-terminal pos t  jo in ing .  Experimenta- 

t i o n  i s  being conducted on j o i n i n g  m a t e r i a l s  and techniques.  The 

e x t e r n a l  i n t e r c e l l  and intermodule connec t ions  a r e  n icke l -p la ted  copper 

bus-bar with so lde red  j o i n t s .  

Only one change has  occurred wi th  t h e  electrode-to- tab j o i n t .  

We found t h a t  p laques  wi th  t h e  h o r i z o n t a l  t a b s  were no t  a s  r e s i s t a n t  t o  

bending during handl ing a s  plaques w i th  v e r t i c a l  t abs .  The v e r t i c a l  

t a b s  now comprise p a r t  of one v e r t i c a l  flow channel f o r  t h e  e l e c t r o l y t e  

i n  t h e  f i n i s h e d  c e l l .  U n t i l  t h e  t abs  can be  e l imina ted  completely,  no 

f u r t h e r  e f f o r t  w i l l  be  expended on improving t h e  e lec t rode- to- tab  j o i n t .  

The tab-to-comb j o i n t  h a s  rece ived  much a t t e n t i o n .  A t  p r e sen t  

we s t i l l  use  TIG welding wi th  methods of keeping ad j acen t  components, 

e s p e c i a l l y  t h e  s e p a r a t o r s ,  cool .  Attempts have been made t o  i d e n t i f y  

a l l o y s  f o r  b raz ing  t h e  connect ion i n  o r d e r  t o  lower t h e  tab-to-comb 

j o i n i n g  temperature .  These b raze  a l l o y s  must be  t e s t ed  e l e c t r o -  

chemical ly .  However, even t h e  lowest  mel t ing  temperature  a l l o y s  t r i e d  

have y e t  t o  provide  s u f f i c i e n t l y  low l o c a l  temperatures  when the  

aooembly i o  i nduc t ion  hea ted  dur ing  t h e  j o i n i n g  opera t ion .  

E f f o r t  has  been placed on t h e  development of a comb-to-terminal 

p o s t  j o i n t  which can be  made p r i o r  t o  c e l l  assembly and s t ack ing .  The 

connec t ion  made between the  comb and t e rmina l  p o s t ,  formerly made by TIG 

welding, went through s e v e r a l  des ign  changes,  b e f o r e  a braz ing  technique 

could be implemented. Since t h e  p re sen t  pos t  des ign  i s  a s t ee l - c l ad  

copper con f igu ra t i on  t h e  depth of t h e  b raze  and t h e  r a t i o  of exposed 

steel t o  exposed copper had t o  be  maximized. This  was one of t h e  few 

problems encountered wi th  t h e  change from t h e  s o l i d  steel t o  t h e  s t e e l  

j acke ted  copper pos t s .  Although braz ing  was i n i t i a l l y  used between 

steel combs and s t e e l  p o s t s ,  i t  became necessary ,  wi th  copper p re sen t  i n  

t h e  b imeta l  p o s t ,  t o  weld t he  j o i n t .  No d i f f e r e n c e  i n  conduc t iv i t y  a t  

t h e  j o i n t  is perceived wi th  e i t h e r  welding o r  b r az ing ,  b u t  a r educ t ion  
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Figure 2 . 3  

INITIAL LL-STEEL POST (LEFT) AND PRESENT STEEL-CLAD 
COPPER POST (RIGHT ) FOR FULL-SIZE IRON-NICKEL CELL 



Figure 2 .4  

TERMINAL ASSEMBLIES, SHOWING WELDED POST-COMB ASSEMBLY, RUBBER 
SEALING GROMMET, NYLON WASHER AM) NICKEL :,UTEITSTEEL NUT. 

ALL STEEL (TOP) AM) STEEL CLAD COPPER POST (BOTTOM). 



i n  l abo r  was needed. Figs.  2.3 and 2.4 a r e  included t o  i l l u s t r a t e  t he  

s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  component s i z e s ,  r e s u l t i n g  from t h e  

sma l l e r  bi-metal pos t  design. 

Development work is  now being focussed i n  two major a reas :  

(1) c o s t  reduct ions  i n  comb f a b r i c a t i o n ,  and (2) e l imina t ion  of t h e  t a b  

and comb. Some promising r e s u l t s  have been seen  i n  (1) where combs have 

been assembly welded ( r a t h e r  than  machined) from s e p a r a t e  blanks and b a r  

s t o c k  p i eces  t o  r ep l ace  the  expensive machined s l o t  conf igura t ion .  

Prel iminary work i n  (2) has  involved a technique t h a t  u t i l i z e s  cab le s  

and a through-the-cover c a b l e  c o l l e c t i o n  te rmina l .  

2.1.3.3 C e l l  Case and Cover 

Work i n  t h i s  a r e a  is two f o l d : ,  ( 1 )  des ign  and procurement of 

molded pro to type  c e l l  con ta ine r s  and covers ,  (2) development of new 

cover t o  case  jo in ing  and s e a l i n g  techniques,  having compatabi l i ty  f o r  

use i n  a m u l t i c e l l  module case  and cover. 

The design of t h e  ca se  and cover f o r  t he  c e l l s  used i n  t h e  f i r s t  

b a t t e r y  was completed i n  September 1978. The j o i n t  des ign  chosen 

allowed f o r  e i t h e r  an epoxy seal o r  an  induct ion  f u s i o n  weld. Several  

molding m a t e r i a l s  were t r i e d ,  with Noryl 300 per fer red .  D i f f i c u l t y  was 

experienced i n  i n j e c t i o n  molding the  case  with a l l  m a t e r i a l s  except  

nylon. The high a s p e c t  r a t i o  of t h e  con ta ine r  and t h e  h igh  v i s c o s i t i e s  

of t h e  p re fe r r ed  case  and cover m a t e r i a l s ,  combined t o  cause e i t h e r  

incomplete o r  unbalanced f i l l i n g  of t h e  ca se  mold. An a l t e r n a t i v e  

modified polyphenylene oxide m a t e r i a l ,  Noryl 225, wi th  s l i g h t l y  lower 

h e a t  d e f l e c t i o n  p r o p e r t i e s  was chosen f o r  i ts  lower p re s su re  and 

temperature molding requirements.  Approximately 250 cases  made of Noryl 

225 were f i n a l l y  rece ived  f o r  use wit11 the I l r v t  "2 x 4" b a t t e r y ,  

a l though t h e  unbalance i n  f a c e  t o  f a c e  w a l l  th icknesses  was no t  

e l imina ted  (See Fig. 2.5). Several  unsuccessful  a t tempts  have s i n c e  

been made by the  vendor t o  lock  t h e  co re  i n  pos i t i on .  A ve ry  r e c e n t  

realignment of t h e  mold has enabled a few uniform wa l l  t h i ckness  c a s e s  
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t o  be molded from Noryl 225 and the vendor f e e l s  there  is  a high 

probabi l i ty  the  case molding problem has been solved. 

Experimentation with an induction weld sealing process (cwer-  

to-case) continues. The weld appears t o  be of a high qual i ty ,  although 

a s ea l  with high pressure i n t eg r i t y  must be a t ta ined to  accomodate the 

5-10 psig required fo r  e lec t ro ly te  c i rcu la t ion  This sealing technique 

is still i n  an elementary s tage of refinement. As i t  is now performed, 

the  process u t i l i z e s  a Noryl 225 gasket, made with metal-impregnated 

s t r i p s ,  and a good jo in t  s ea l  is  obtained everywhere, except the loca- 

t ion  a t  which the  gasket ends abut. Since the  continuous molded gaskets 

a r e  not yet  available,  the  technique not being perfected a s  yet ,  a l l  the  

cases produced to  date have been sealed with epoxy. 

Design of a multicavity module case is  i n  the conceptual stage. 

By t h i s  design t he  manifolding of the  c e l l s  f o r  gas and e lec t ro ly te  

maintenance, a s  we11  a s  the  i n t e r c e l l  e l e c t r i c a l  connecting, w i l l  be 

performed inside the  module reducing seal ing and manifolding 

d i f f i c u l t i e s .  A t  present the individual c e l l s  a r e  assembled together 

and joined v i a  aa external  e lec t ro ly te  i n l e t  tube, an e lec t ro ly te  and 

gas external  exhaust tube, and external  i n t e r c e l l  e l e c t r i c a l  connec- 

tors.  Fig. 2.6 shows a recent photograph of a 6-cell module assembly, 

having the present external  hardware. 

2.1.3.4 Cell Auxil iaries 

Development work on c e l l  aux i l i a r i e s  r e l a t e  t o  e l ec t ro ly t e  water 

makeup and e lec t ro ly te  reci rculat ion.  Emphasis is on an automated 

system. 

2.1.3.4.1 E l e e t r o l ~ t e  Management 

A t  the beginning of the program non-circulating e l ec t ro ly t e  was 

tr ied.  However, i t  became apparent t h a t  the  benef i t s  resu l t ing  from a 

c i rculat ing system, namely thermal balance and e lec t ro ly te  composition 

control ,  j u s t i f i ed  a change i n  our design. 
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With e l e c t r o l y t e  c i r c u l a t i o n  t h e  plenum volume i n  t h e  c e l l  above t h e  

e l e c t r o d e  s t a c k  was no longer  r equ i r ed ,  bo th  e l e c t r o d e s  were increased  

i n  he igh t  by 1.25 cm. and v e r t i c a l l y  coined e l e c t r o l y t e  channels  were 

incorpora ted  i n t o  t h e  e l ec t rode fo re s .  The forced e l e c t r o l y t e  convect ion 

n o t  on ly  removes h e a t  during charge but  i n c r e a s e s  e l e c t r o l y t e  ava i l -  

a b i l i t y  t o  t h e  e l ec t rodes .  The c i r c u l a t i o n  system a l s o  r e p l a c e s  an  

automated water ing system. 

The d e c i s i o n  t o  c i r c u l a t e  t h e  e l e c t r o l y t e  impacted on a l l  

r e l a t e d  des ign  a r e a s ,  e.g., changes were made i n  product ion procedures ,  

a s  we l l  a s  i n  t h e  case/cover  mold. Fig. 2.7 s chema t i ca l l y  i l l u s t r a t e s  

t h e  c i r c u l a t i n g  e l e c t r o l y t e  system. The a u x i l i a r y  e l e c t r o l y t e  manage- 

ment system c o n s i s t s  of a  pump, r e s e r v i o r ,  h e a t  exchanger,  water  bubbler  

and a s s o c i a t e d  f low c o n t ~ r o l s / i n t e r l o c k s .  E l e c t r o l y t e  is pumped i n  

p a r a l l e l  through each c e l l  during t h e  charge cycle .  The warm e l e c t r o -  

l y t e  and gas  genera ted  during charge i s  r e tu rned  t o  t h e  r e s e r v i o r  and 

sepa ra t ed ,  w i th  t h e  gas  discharged t o  t h e  atmosphere through a  water  

bubbler  and e l e c t r o l y t e  cooled by a  hea t  exchanger i n  t h e  r e s e r v i o r .  

2.1.4 C e l l  Tes t i ng  and Equipment 

The k l t i m a t e  purpose of the  testing program l o  two-jfoldr 

(1) provide performance information i n  o rde r  t o  determine ope ra t i ng  

c h a r a c t e r i s t i c s ,  sugges t  mod i f i ca t i ons ,  and r e i n f o r c e  des ign  dec i s ions ;  

(2) provide information of i n t e r e s t  t o  a  p o t e n t i a l  u se r  who needs t o  

know performance, environmental and s a f e t y  a s p e c t s  of t h e  system. 

For Task 2, t h e  System Development p o r t i o n  of t h e  c o n t r a c t ,  

t e s t i n g  concen t r a t e s  i n  s e v e r a l  a r ea s .  F u l l  s i z e  25Ah i r o n  and n i c k e l  

p l a t e  tests a r e  being performed t o  a s s i s t  i n  eva lua t ing  des ign ,  

materials, and process  changes by determining t h e i r  e f f e c t  on per for -  

mance. Also, f u l l - s i z e  n i cke l - i ron  c e l l s  a r e  being t e s t e d ,  i n  f i n i s h e d ,  

molded con ta ine r s ,  a g a i n s t  t h e  t a r g e t  performance goa ls .  6 - ce l l  

modules, a s  used f o r  t h e  "2 x 4" b a t t e r y ,  were a l s o  t e s t e d  f o r  per for -  

mance and des ign  eva lua t ion .  F i n a l l y ,  t h e  "2 x 4" b a t t e r y  was t e s t e d  

f o r  performance p r i o r  t o  shipment t o  JPL. 
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Thi s  t e s t i n g  i s  t o  provide in format ion  on t h e  o p e r a t i o n a l  and 

performance c h a r a c t e r i s t i c s  of t h e  fol lowing a r ea s :  (1) p r e - t e s t ,  (2) 

charging,  (3) capac i ty ,  ( 4 )  power, ( 5 )  charge r e t e n t i o n ,  (6)  l i f e  and 

(7) environmental a spec t s .  A test p lan  w a s  p resen ted  i n  t h e  f i r s t  

annual  r e p o r t ( 8 )  which would provide t h e  d e s i r e d  da ta .  

Developmental c e l l s  a r e  now being t e s t e d  wi th  c i r c u l a t i o n  of 

e l e c t r o l y t e .  Up t o  f i v e  charge /d ischarge  80% DOD c y c l e s  a t  C/3 r a t e s  

(83.38) can be run  each day,  with 10 tester p o s i t i o n s  a v a i l a b l e .  

A s p e c i a l  t e s t  s t a t i o n  was designed t o  s imultaneously t e s t  t h r e e  

6-ce l l  modules a t  v a r i o u s  depths  of discharge.  Fab r i ca t i on  of t h e  

f a c i l i t y  i s  expected t o  be  complete by mid-October 1979. The system was 

chosen i n  an e f f o r t  t o  cease  t h e  p r a c t i c e  of t e s t i n g  c e l l s  a t  100% DOD 

and t o  provide in format ion  on c e l l s  t e s t e d  i n  a cond i t i on  more c l o s e l y  

approximating b a t t e r y  usage. These s t a t i o n s  w i l l  a s s i s t  i n  determining 

depth-of-discharge l i f e  d a t a  and temperature  e f f e c t s  on performance. 

F ina l  s p e c i f i c a t i o n  of t h e  minicomputer system f o r  t e s t i n g  f u l l  

c e l l s  i s  now on f i l e .  Purchases a r e  delayed,  pending procurement 

approval .  The system was designed t o  provide automatic  c o n t r o l ,  d a t a  

a c q u i s i t i o n ,  d a t a  reduc t ion ,  and hard copy output  f o r  t h e  e n t i r e  b a t t e r y  

l ab .  The minicomputer would be  coupled with ano the r ,  on-s i te  f i l e  

gene ra t i ng  mi-nicomputer system. The secondary system would c r e a t e  f i l e s  

f o r  use by, bu t  would not pcqui rc  t h e  oc rv i ce  o f ,  t h e  large on-s i te  

Univac computer. 

2.1.5 P i l o t  P l a n t  Operat ions 

The n icke l - i ron  b a t t e r y  p i l o t  p l a n t  was designed and i s  u t i l i z e d  as a 

p ro to type  module of a product ion f a c i l i t y .  Task e f f o r t s  f o r  

FY'79 were concent ra ted  on t h e  s c a l e  up of development processes  i n  

p i l o t  p l a n t  equipment and t h e  manufacturing of cel ls ,  modules, and a 

b a t t e r y  i nco rpo ra t i ng  technology improvements made s i n c e  t h e  i n i t i a t i o n  

of t h i s  program i n  December 1977. Process  s c a l e  up e n t a i l e d  t h e  

de te rmina t ion  of m a t e r i a l s  usage, p rocess  y i e l d s ,  and product  q u a l i t y  t o  



prov ide  a  sound b a s i s  f o r  manufacturing c o s t  p r o j e c t i o n s  and estimates 

of  product ion  f a c i l i t y  requirements .  Cells were manufactured per  

documented process  des ign  s p e c i f i c a t i o n s .  

2.1.5.1 I r o n  Elec t rode  F a b r i c a t i o n  

Product ion  of e l e c t r o d e s  f o r  t h e  f i r s t  b a t t e r y  began i n  January 

1979. To d a t e ,  3245 composite-type i r o n  e l e c t r o d e s  w e r e  f a b r i c a t e d  and 

c o l l a t e d  i n t o  295 c e l l  s t a c k s ,  of which 201 were assigned t o  t h e  "2 x  4" 

b a t t e r y  program. The loading  of t h e  e l e c t r o d e  plaque wi th  t h e  aqueous 

i r o n  oxide  p a s t e  was s u c c e s s f u l l y  c o n t r o l l e d  by t h e  processes  def ined  i n  

Sec t ion  2.1.1.1. I n  t h e  load ing  s t e p ,  t h e  plaque was purpose ly  loaded 

w i t h  excess  pas t e .  In  t h e  s i z i n g  s t e p ,  a  c o n t r o l l e d  amount of t h e  p a s t e  

was r e t a i n e d  i n  t h e  plaque,  by s i z i n g  i t  down t o  a  predetermined 

th i cknes s .  

The two o p e r a t i o n s  requi.red t h e  use of two s e p a r a t e  f a c i l i t i e s  

and two o p e r a t o r s  f o r  each. A des ign  s tudy  was undertaken t o  combine 

t h e  load ing  and s i z i n g  ope ra t i ons  t o  one o p e r a t i o n  us ing  a  s i n g l e  

ope ra to r .  The new o p e r a t i o n a l  des ign  was a l s o  i n  t h e  d i r e c t i o n  of lower 

m a t e r i a l  waste  i n  a d d i t i o n  t o  lover l a b o r  c o s t s .  h o  apprnar.hes W P ~ P  

considered i n  the des ign  s tudy.  The r o l l e r  type  approach combined t h e  

l oad ing  and s i z i n g  ope ra t i ons  i n t o  one f a c i l i t y  and one ope ra to r .  I n  

t h i s  des ign  t h e  plaque i s  loaded with excess  p a s t e  and then  s i z e d  a s  i t  

e x i t s  t h e  system. m e  advantages of t h i s  design a r e  that the p a s t e  

supply  i s  conta ined ,  unexposed t o  t h e  a i r  and t h a t  l i t t l e  p a s t e  i s  

wasted. The d isadvantages  of t h i s  approach a r e  t h e  mechanical 

complexi ty ,  l a c k  of f l e x i b i l i t y ,  and c o s t .  

The p r e s s  type  approach was proposed a s  an i n t e r i m  design. The 

key t o  t h i s  approach is i n  t h e  use  of porous d i e s ,  through which a i r  i s  

blown t o  r e l e a s e  t h e  loaded plaque. I n  t h i s  des ign  t h e  bottom d i e  is 

f i r s t  coated wi th  excess  p a s t e ,  t h e  plaque is  placed on top  of t h e  

p a s t e ,  t h e  top  d i e  is  then  lowered t o  f o r c e  t h e  p a s t e  i n t o  t h e  plaque 

and t o  s i z e  t h e  loaded plaque t o  a  given th ickness .  To prevent  t h e  



paste  water from being absorbed by the  porous d i e s  during loading, the  

d ies  were t reated with highly hydrophobic materials. Sample d ies ,  

vacuum impregnated with an acetone solut ion of methacrylate, indicated 

no apparent water absorption during pasting while the  a i r  flow was 

su f f i c i en t  to  release the pasted plaque from the dies. Both approaches 

a re  still under consideration fo r  producing i ron p la tes  i n  large 

quant i t i es ,  while conserving manpower and material.  

2.1.5.2 Maxi-Line 

The e lectroprecipi ta t ion process (EPP) u t i l i z ed  f o r  the p i l o t  

production f a c i l i t y ,  Maxi-line, is  e s sen t i a l l y  the  same a s  t ha t  f o r  the  

development f a c i l i t y ,  mini-line, with some process modification t o  

shorten the t o t a l  electrode processing time. 

Detai ls  of the EPP Maxi-line a r e  shown i n  Fig. 2.8, 2.9, 2.10 

and 2-11. Fig. 2.8 shows the  e n t i r e  l ine .  The EPP tank is i n  the  fore- 

ground with the r inse  tank then the  formation tank and the pla t ing tank 

following i n  tha t  order. Fig. 2.9 is a photo of the  cascading r i n se  

tanks. Fig. 2.10 shows the unf i l led pla t ing tank ( l e f t ) ,  the  formation 

tank (center) ,  and par t  of the  r i n se  tank ( r ight) .  Fig. 2.11 shows the  

unf i l l ed  pla t ing tank. 

Production of nickel  electrodes f o r  the f i r s t  ba t te ry  ("2 x 4") 

began i n  January 1979. 3270 plates were produced. A major setback i n  

the start-up of EPP nickel  electrode production was caused by a need f o r  

tank relining.  An outside contractor re l ined the  tanks, which were 

spark tes ted f o r  leak t ightness p r io r  t o  t he i r  being loaded with the  EPP 

solution. 

The racks, used throughout the  e n t i r e  EPP process f o r  suspending 

the electrodes, were disassembled, cleaned, and modified. Similar racks 

were a l so  fabricated t o  increase the productivity of the  l ine .  With the  

addit ion of an extra  s e t  of anodes production capacity was increased 

50%. 





Figure 2 . 9  

MAXI -LINE RINSE TANK 



Figure 2.10 

MAXI-LINE FORMATION TANK (CENTER) 



Figure 2.11 

MAXI-LINE PLATING TANK (ANODES INSTALLED) 



Data is gathered bi-weekly a s  par t  of Maxi-line solut ion QAIQC. 

Other data, taken f o r  QAIQC, includes recording s t e e l  weight (grid plus 

tab) ,  nickel pla t ing weight, and thickness of the gr ids  p r io r  t o  EPP, a s  

w e l l  a s  thickness and immersed electrode weights afterwards. Eight 

specif ied locations a r e  measured f o r  the thickness determination. The 

weights taken pr ior  t o  EPP and the immersed weight of the finished 

~ l e ~ . t r o d e  parr(ait a calculat ion of the ac t ive  weights. Both quant i t i es  

are s ign i f ican t  f o r  QAIQC methods, and w e r e  determined fo r  10% of the 

electrodes l a  every ruml 

Fig* 2.12 i l l u s t r a t e s  the  EPP nickel electrode production sche- 

dule and s ta tus .  

2.1.5.3 Cell  Assembly 

Experimental test ce l l s ,  modules, and the ''2 x 4" bat tery were 

fabricated in the p i l o t  l ine .  Several c e l l s  have been made, incorporat- 

ing a few changes i n  assembly technique, which r e f l e c t  experience gained 

i n  f ab r i c s t i rq  the  2 x 4 ce l l s .  These include: 

(1) channels are now cold pressed with a f i x tu re  

(2) the  epoxy potting technique has been modified to  prevent 

any blockage of the c i rculat ing e lec t ro ly te  tubing. (An 

increase i n  the i n l e t  tube s i z e  is a l so  contemplated.) 

2.1.5.4 Nickel-Iron Battery f o r  "2 x 4" Program 

An pa r t  of the DOE "2 x 4" program, ba t te ry  modules, using the 

present c e l l  technology were fabricated* A t o t a l  of twenty-four modules 

a r e  to  be delivered to  JPL,  along with an off-board charger, the 

required maintenance equipment, and 3 s e t s  of Operating and Maintenance 

Manua1.n. An addi t ional  four modules a r e  to  be delivered to  ANLINBTL f o r  

performance tes t ing.  



F igu re  2.12 

Nickel Electrode Product ion  Schedule 

. P  

Target - 

3200 Actual 
I 
I 

r' 

.. 
r - J 
I 

r -' 
r-' 
I 

,---A 

I 
I 4  

2x4 Target A 
I 2345 

T rJ 
J 2x4 

r--- 
I 

r---l 

I 
I 
I 

r- -"A 
I 
I 

I 
I 
I 
I 

,.---- I 

4 

7 ; 
3/26 412 4/9 4/16 4/23 4/30 517 5/14 5/21 5/28 6/4 6/11 6/18 

WEEK DATE (.1979) 



2.1.5.4.1 "2 x 4" Assembly 

A l l  of t h e  c e l l s  scheduled f o r  t he  "2 x 4" b a t t e r y  were assem- 

b led  i n  t h e  P i l o t  Line. The f i r s t  module was shipped t o  ANLINBTL i n  t h e  

middle of J u l y  f o r  t e s t i n g .  Of t h e  28 modules scheduled f o r  fabr ica-  

t i o n ,  25 have been completed. The "2 x 4" b a t t e r y  was completed and 

shipped,  a long wi th  t h e  maintenance system, t h e  charger  and 4 e x t r a  

modules, t o  JPL on August 10. 

Fig. 2.13, 2.14, 2.15 and 2.16 have been included he re  t o  show 

t h e  d i s t r i b u t i o n  of v a r i o u s  performance c h a r a c t e r i s t i c s  of t h e  90 c e l l s  

used i n  the  "2 x 4" b a t t e r y .  Fig. 2.13 shows t h e  spread of c e l l  

capac i ty ;  Fig. 2.14 shows c e l l  weights ;  Fig. 2.15 shows p re s su re  drop a t  

t h e  des ign  flow r a t e ;  and Fig. 2.16 lists t h e  c e l l  i n t e r n a l  r e s i s t a n c e s .  

The blocked i n  des igna ted  c e l l s  were those  i n i t i a l l y  assembl.ed i n  the "2 

x 4" b a t t e r y .  

2.1.5.4.2 "2 x 4" Charger and Maintenance System 

TLI Marcl~, all lritrrfaee meeclng was held ae JYL, t o  aS8ure com- 

p a t i b l e  i n s t a l l a t i o n  and ope ra t ion  of t h e  near-term b a t t e r i e s  i n  t h e  

f o u r  "2 x 4" veh ic l e s .  I n t e r f a c e  d a t a  f o r  t he  charger  and maintenance 

system were a l s o  obtained a t  t h a t  t i m e .  

Maximum dimensions were rece ived  f o r ,  an o u t e r  b a t t e r y  box, com- 

p a t i b l e y i t h  t h e  JET and SCT v e h i c l e s ,  i n  which t h e  nickel.-iron h~ttery 

was most l i k e l y  t o  be  f i r s t  t e s t e d .  A s u i t a b l e  b a t t e r y  t r a y  and on- 

board e l e c t r o l y l e  c i r c u l a t i o n  system was designed t o  f i t  wi th in  t h e  

dimensional c o n s t r a i n t s  e s t a b l i s h e d  by JPL-86.4 cm w by 113.0 cmL x 32.0 

cmH . 
The c i r c u l a t i o n  equipment was designed a s  p a r t  of t h e  on-board 

b a t t e r y  system. I n  combination wi th  t h e  e l e c t r o l y t e  r e s e r v o i r  i s  a 

g a s l l i q u i d  s e p a r a t i o n  chamber, a n  e f f l u e n t  gas  scrubber ,  a h e a t  exchan- 

g e r  and l e v e l  and temperature monitors.  A pump, a flow gage wi th  a low 

p r e s s u r e  switch,  and a bypass va lve  a r e  a l s o  included.  The b a t t e r y  wi th  



FIG.  2 .I 3 - D I S T R I B U T I O N  OF PRODUCTION 
CELLS BY CAPACITY 

Notes: C h a r g e  83.3A/4h 
Discharge 83.3A to 1.OV 

Capacity (Ah) 
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FIG.  2.14 DISTSIB l !T InN OF PPO9l;CTION CELLS BY FINISHED WEIGHT 

Cell Weight (g ) 



301 FIG.  2.15 DISTRIBUTION OF P!?ODUCTION CELLS BY PRESSURE DROP 
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FIG. 2 . 1  6 D I ' S T R I B U T I O N  OF PRODllCTION CELLS 
BY INTERNAL RESISTANCE 
(measured at 5 0 A  to 1 5 0 A  current increment) 

Internal Resistance (10'~n) 



t he  maintenance system i n s t a l l e d  is shown i n  Fig. 2.17. The cell  and 

module assignments f o r  t h i s  b a t t e r y  a r e  given i n  Fig. 2.18. 

The charger was designed with a con t ro l  system t o  monitor and 

provide in te r locks  f o r  t h e  on-board c i r c u l a t i o n  system. The t imers,  

temperature c o n t r o l l e r  and pump a r e  a l l  operated from the  charger panel. 

The power supply, which was i n i t i a l l y  provided, requi red  208V, 3 phase, 

55A t o  operate. It is capable of a 50A maximum, continuous operat ion.  

Two problems i n  the  system were encountered during t h e  b a t t e r y  

t e s t i n g  a t  JPL. F i r s t ,  t he  e l e c t r o l y t e  maintenance system, proved 

inadequate f o r  handling t h e  e l e c t r o l y t e  volume changes throughout charge 

and discharge. E lec t ro ly te  i s  displaced by gas generated i n  the  

e l ec t rodes  during the  charge cycle. This add i t iona l  volume of e lec t ro-  

l y t e  must be s tored  i n  the  r e se rvo i r  and pumped back i n t o  the  c e l l s  

a f t e r  discharge. The second problem was r e l a t e d  t o  the  e l e c t r i c a l  

s e r v i c e  a v a i l a b l e  a t  the  JPL Laboratory. It was d i s c w e r e d  t h a t  480 V, 

3 phase, 35A se rv ice  was ava i l ab le ,  which would permit charging t h e  

b a t t e r y  a t  g r e a t e r  than a 40A r a t e .  Therefore, a 70A charger,  shown i n  

Fig. 2.19, w a s  assembled and del ivered  t o  JPL. However t h e  increased 

charge r a t e  using t h i s  charger f u r t h e r  increased the  e l e c t r o l y t e  volume 

and cooling capacity requirements. Even a temporary maintenance system 

f i x  was s l i g h t l y  undersized and the  b a t t e r y  t e s t s  needed t o  be performed 

with an operator  i n  attendance. Therefore, a much l a r g e r  off-board 

e l e c t r o l y t e  c i r c u l a t i o n  system was s e n t  t o  JPL. A redesign of t h e  on- 

board c i r c u l a t i n g  e l e c t r o l y t e  system is underway. 

Design changes t h a t  must be  made include the  replacement of the  

flow meter with a much smaller flow switch and pressure  gage assembly, 

and the  e l iminat ion  of two c e l l s  t o  ga in  volume f o r  the  r e se rvo i r .  

These a l t e r a t i o n s  and two inch increase  i n  r e se rvo i r  height  should 

provide the  e x t r a  volume needed t o  handle the  e l e c t r o l y t e  volume changes 

observed i n  t e s t ing .  Other changes w i l l  include increas ing t h e  s i z e  of 

the  hea t  exchanger and the  r e loca t ion  of some components. A new method 

of a t taching and sea l ing  t h e  manifolding i s  a l s o  being inves t iga ted ,  t o  

avoid leaks  i n  the  tube connections. 



Figure 2.17 

NICKEL-IRON BATTERY SYSTEM DELIVERED FOR 
DOE/JPL "2 x 4" BATTERY PROGRAM 



Fig. 2.18 -Ce l l  and module plan for the DOE/ J PL 2 x4 nickel-iron battery 



Figure 2.19 

70 AMPERE RATE CHARGER FOR NICKEL-IRON "2 x 4" BATTERY 



3.0 TECHNICAL PERFORMANCE 

I n i t i a l  program goals  and projected demonstration values  a r e  

presented i n  Table 3.1. Unt i l  recent ly ,  a l l  f u l l  s i z e  c e l l s  and th ree  

p l a t e  c e l l s  have been on l i f e  cycle  t e s t i n g  t o  100% depth of discharge. 

These cycling test condit ions were more s t r i n g e n t  than those required 

f o r  long l i f e  cycle t e s t i n g  cur ren t ly  envisioned as typ ica l  e l e c t r i c  

v e h i c l e  mission p rof i l e s .  Cycle l i f e  test c e l l s  w i l l  r equ i re  e lec t ro-  

l y t e  c i rcu la t ion ,  e l e c t r o l y t e  composition and temperature control ,  and 

minimization of COY formation i n  t h e  e lec t ro ly te .  A l l  t hese  con t ro l s  

have been incorporated i n t o  a s i n g l e  c e l l  test system and i n t o  a 

"closed" module test system which has been designed. This s i n g l e  c e l l  

test system has been i n s t a l l e d  i n t o  the  auto make cycle  l i f e  tester (see  

Figs. 3.1, 3.2). 

A l l  f u l l  s i z e  c e l l s  have been on test i n  containers of t h e  

proper volumetric cons t ra in t s ,  according t o  our design spec i f i ca t ions .  

I n i t i a l l y  c e l l s  had containers made of p lexiglas ,  with e i t h e r  oversized 

terminals  and/or clamping f i x t u r e s  and were, consequently, overweight. 

For these c e l l s  a l l  c e l l  gravimetric data  was based on estimated c e l l  

weights, by t a r ing  out  excess components and adding weights of f i n a l  

design components and adjusted e l e c t r o l y t e  welghh.  

Cel ls  made s ince  May 1979 have molded cases and covers and a r e  

being ra ted  f o r  performance based on t h e i r  ac tua l  weights, including 

e lec t ro ly te .  Some Molded cases and covers made of s tyrene  had been used 

t o  f a b r i c a t e  c e l l s  030CE, 031Cl3, 032CE and 038CE. Present ly ,  c e l l s  a r e  

being fabr ica ted  using GE Noryl 225 cases and Noryl 225 covers. 

3.1 Three P l a t e  C e l l  Tes ts  

Three-plate test c e l l s  a r e  used to  evaluate both fu l l - s i ze  25 Ah 

i ron  and nickel  e lec t rode  performances, to  e s t a b l i s h  t h e i r  state  of 

development and to  a s s i s t  i n  the  q u a l i f i c a t i o n  of e lec t rodes  used i n  

fabr ica t ing  stack-ups f o r  fu l l - s i ze  prototype c e l l  tests. 



Table 3.1 - Iron-Nickel Bat tery Technical Gosls 
and Best Present Performance 

Contractor Forecast d 

Cc~ntract Goal s Best Present ( f o r  March 1979) 
Character is t ics  (Set Dec. '977)  emo on strati on^ Performance 

1. Bat tery Capacity (kwh) 25 26.5",24.3' 22.7' 
(100% rated)  

2. Bat tery  Dimension m H 
( m H x m W x m i ) m W  

m L 
Volume (a) 

3. Weight (kg) 

4. Vol umetric ~ n e r l j ~ ~  ( Wh/L) 

5. Speci f i c ~ n e r ~ ~ ~  (Wh/ kg) 

6. Spec i f i c  Power (\/kg) 
Peak Bat tery  - w i t h  17% Voltage 

drop f o r  30 sec. 
Sustained Q C/3 

7. Duty Cycle 
Charge (h)  
Discharge (h)  

C/3 f o r  4h 
3 

8. L i fe t ime 
Deep Cischarges b 8 

( t o  be establ  ?shed)' - 200 ( s t i l l  on t e s t )  

10. Energj E f f i c iency  (%) >60 54q 53v >50 

Note: Le t te rs  r e f e r  t o  notes on the fo l lowing page 



TABLE 3-10 NOTES 

a ~ / 3  rate discharge; 4-8 h charge 

b 8 ~ %  depth of discharge based on rated capacity 

CPrice delivered to auto manufacturer for production '10,000/~ 

d~irst prototype 

e~xtrapolated from best available data. With finished molded cases 
and covers and final design cell terminals, grommets, etc. now available, 
data will be extrapolated from the same cell in this column when 
circulating electrolyte is employed in cyclic testing 

f~aeed on Cell 013CE at 5.0 Kg 

=Based on Cell 019CE performance, Cycle 31, 265 Ah, projected to design 
module volume 

h~ased on Cell 013CE, Cycle 22, 5.0 Kglcell, cell weight only 

i~ased on test results on Cell 007CE (0.5-0.7 mn cell, nylon separator) 
j~ecent technology cell, with grooved Ni electrodes and most absorbent 
separator, at 62 test cycles and stable at 100% depth of discharge per 
cycle. Old state-of-the-art cells (at 40 to 44 Whl~g) have shown 1400 to 
1800 stable test cycles, at 80 and 60% of discharge, respectively. 

'Based on 5.3 ~g/cell 

'Based on 270 Whlcell projected to design module volume 

"Based on a separator providing a cell of -0.7 UIQ 

O~ased on Cell 013CE, Cycle 21, 315 Whlcell 

PBased on prior experience with Fe-Ni cells of 180 Ah, size 

QBased on Cell 017CE, Cycle 39 (8 h charge), average charge V = 1.66 V, 
average discharge V = 1.20 V. 
'Based on cell 031CE in molded, finished design case and cover; cycle 6, 
246 Ah, at 5.1 Kg actual cell weight, including electrolyte, and average 
discharge voltage of 1.2 V. 

'Based on Module 6-1, 1735 Wh on discharge cycle 2, 14 modules per battery 

t~ased on Module 6-1, 32.9 kg, including electrolyte, terminals and 
manifolds. 

%ased on Module 6-1, 2nd cycle, 239 Ah, 1.21 V, 1735 Wh, 32.9 kg 
total module wieght 

"~ased on Module 6-1, 2nd cycle, 1735 Wh out, 3259 Wh in, charge 
not optimized 

*Based on "2 x 4" Battery, cyclc 3. 

YBased on "2 x 4" Battery, 32.7 Kg module wt . (including electrode, 
electrolyte manifolding, intercell connectors). 
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Figure 3 . 1  

PULL-SIZE NICKEL-IRON CELL TEST SYSTEM HAVING 
CIRCULATING ELECTROLYTE CAPABILITY 





3.1.1 EPP Nickel Electrode T e s t s  

Tables 3.2 and 3.3 summarize 3-plate c e l l  test r e s u l t s  on EPP 

and thermal n icke l  e lec t rodes .  Target n i c k e l  e l ec t rode  capaci ty  f o r  t h e  

f i r s t  ("2 x 4") b a t t e r y  was 23 Ah a t  the  C/3 d r a i n  r a t e ,  t o  1.0 V cutoff  

i n  the  3-plate test c e l l .  These experimental e l ec t rodes  d e l i v e r  21 t o  

26 Ah, depending on EPP processing condit ions.  Between 6 and 33% 

d e c l i n e  of Ah capaci ty  has been noted a f t e r  200-300 t e s t  cycles.  

Experimental e l ec t rodes ,  930E, 1134E, 1174E, 1180E and 11E a r e  typ ica l  

of the  present  s t a t e  of EPP technology. The b e s t  test gave 6% dec l ine  

i n  capaci ty  (11E - with  a crossed f i b e r  plaque) up t o  200 cycles  ( see  

Table 3.2.). 

Maxi-line EPP p l a t e s  a r e  demonstrating c a p a c i t i e s  of 20 t o  27 Ah 

i n  formation discharge,  with t h e  average (and majori ty)  meeting the  23.5 

Ah t a r g e t  s p e c i f i c a t i o n  a t  2.54 mm p l a t e  thickness. 

3.1.2 Thermal Nickel Electrode Tests  

Full-size thermal n ickel  e l ec t rodes  (2.0 t o  2 . 3  mm i n  thickness)  

d i s p l a y  21 t o  22 Ah capaci ty  a t  the  C/3 d r a i n  r a t e  i n  t h e  b e s t  3 p l a t e  

test c e l l s  t o  1.0 V cutoff  (see Table 3.3). Tes ts  on these  p l a t e s ,  

which r e f l e c t  continuing process and mate r i a l  improvements, a r e  between 

100 t o  285 test cycles ,  with capaci ty  changes ranging from a 4% l o s s  i n  

p l a t e  12T t o  30-33% dec l ine  l a  p la te4  1QT and 11T. P l a t e s  13T and 14T 

e x h i b i t  10-16% dec l ine  i n  capaci ty  a t  the  200 test cyc le  level. 

3.1.3 Briquet I ron  Electrode Tests  

A l l  e f f o r t  on the brlquet-type e lec t rode  has been defer red  and 

a l l  i ron  e lec t rode  e f f o r t  has been concentrated on t h e  composite-type. 

3.1.4 Composite I ron  Electrode Tes ts  

Resul ts  on f u l l - s i z e  test p l a t e s  have been summarized i n  Table 

2.5, Sect ion 2.1.2.3. The composite-type i r o n  e lec t rodes  have demon- 

s t r a t e d  s t a b l e  c a p a c i t i e s  of 21 t o  22 Ah a t  up t o  250 test cycles. 



TABLE 3.2 

EPP-Type Nickel  Electrode 3 P l a t e  Ce l l  Test Results 

L i f e  Charac te r i s t i cs  
I n i t i a l  % Decl i n e  

P la te  Capaci t y  b c AHR d 
Designation Ah Ah E f f .  % Cyc 1 es Capac i ty  

a. C/3 discharge , C/3 charge f o r  4h. 
b. Based on a t  l e a s t  5 consecutive cycles.  
c. "Greater than" symbols denote cont inu ing operat ion.  
d. Percent dec l i ne  from i n i t i a l .  



TABLE 3.3 

Thermal -Type N icke l  E lec t rode 3 P l a t e  C e l l  Test  Resul t s  

P l a t e  
Designat ion 

I n i t i a l  a 
Capaci t y  
Ah 

I n i  t i a l  
Ah E f f .  % 

L i f e  Charac te r i s t i cs  
% Decl i ne 

cycl  esC Capacity d 

a .  C/3 discharge, C/3 charge f o r  4h. 

b. Based on a t  l e a s t  5 consecut ive cyc les.  

c. "Greater than" symbols denote con t i nu ing  operat ion.  

d, Percent d e c l i n e  f rom i n i t i a l ,  minus s i g n  denotes increase.  



Thi s  s t a b i l i t y  h a s  been maintained i n  p l a t e s  having v a r i a t i o n s  i n  n i c k e l  

p l a t i n g ,  s t e e l  wool f i b e r  type  and phenol ic  con ten t  of t h e  a c t i v e  

m a t e r i a l  pa s t e ,  sugges t ing  none of  t h e s e  f a c t o r s  a r e  c r i t i c a l  t o  s t a b l e  

performance. 

3.1.5 Summary of Three-Plate Tes t  R e s u l t s  

With r e s p e c t  t o  i n d i v i d u a l  e l e c t r o d e  g rav ime t r i c  performance 

g o a l s ,  t h e  composite i r o n  e l e c t r o d e s  a r e  approaching t a r g e t  performance, 

(.40 Ah/g a c t i v e  and .27 Ah/g e l e c t r o d e ) ,  a t  .36 ~ h / g  a c t i v e  and .20 

Ah/g e l e c t r o d e ,  based on 26.0 Ah c a p a c i t y  ob ta ined  i n  some p l a t e s .  EPP 

p l a t e s  a r e  wet and cannot be  p r e c i s e l y  measured i n  t h i s  regard .  Based 

on p l a t e s  of 24.6 Ah capac i ty ,  performance i s  e s t ima ted  a t  .21 Ah/g 

a c t i v e  and . l l  Ah/g e l e c t r o d e  ( t a r g e t  performance i s  .25 ~ h / g  a c t i v e  and 

.14 Ah/g e l e c t r o d e ) .  However, a s  p ro j ec t ed  r e s u l t s  i n  f u l l - s i z e  c e l l s  

show i n  Sec t ion  3.3, o v e r a l l  c e l l  performance, us ing  EPP n i c k e l  and 

composite-type i r o n  e l e c t r o d e s  i n  t h e  s p e c i f i e d  c e l l  vo lumet r ic  con- 

s t r a i n t ,  a r e  meeting and exceeding the  i n i t i a l  g o a l  of 53 Whlkg a t  C/3 

d r a i n  r a t e .  The b e s t  composite i r o n s  e x h i b i t  no c a p a c i t y  l o s s  i n  up t o  

400 cyc l e s .  The b e s t  n i c k e l  EPP e l e c t r o d e s  i n d i c a t e  6  pe rcen t  l o s s  

uv e~ l u l  L l a l  cayaclLy 111 190 t e s t  c y c l t s ~  Thermal-type n i c k e l  

e l e c t r o d e s  have shown 15% degrada t ion  i n  c a p a c i t y  i n  220 test  c y c l e s  i n  

one t e s t  e l ec t rode .  

Work i s  cont inu ing ,  t o  improve t h e  performance of t h e  i r o n  and 

n i c k e l  e l e c t r o d e s  by mod i f i ca t i ons  i n  p l a t e  c o n s t r u c t i o n  and/or a c t i v e  

m a t e r i a l  formulat ion.  

3.2 Ful l - s ize  Cell Tes t  Resu l t s  

Fig.  3 . 1  shows t h e  p re sen t  f u l l - s i z e  t e s t  s t a t i o n  used t o  

eva lua t e  Westi.nghouse n i cke l - i ron  c e l l s .  Each c e l l  con ta in s ,  per  t h e  

des ign  s p e c i f i c a t i o n ,  10  n i c k e l  p l a t e s  and 11 i r o n  p l a t e s  i n  t h e  

des ign  volume s p e c i f i e d  f o r  t h e  c e l l .  The c e l l  has p rov i s ion  f o r  

e l e c t r o l y t e  c i r c u l a t i o n  and gas ven t ing .  



Table 3.4 p r e s e n t s  d a t a  ob ta ined  i n  t e s t i n g  f u l l - s i z e  c e l l s .  

Table  3.5 summarizes some of t h e  b e s t  f u l l - s i z e  c e l l  da t a .  

Couloumbic e f f i c i e n c i e s  have n o t  been optimized i n  t he  test 

r e s u l t s  r epo r t ed  i n  t h e s e  t a b l e s ,  s i n c e  t h e  c e l l s  were cyc l e s  by in-  

house s tandard  procedures ,  p r i m a r i l y  t o  o b t a i n  performance a s  a  func t ion  

of  cyc l ing .  Some of t h e  c e l l s  were f a b r i c a t e d  t o  ga in  experience toward 

eva lua t ing  c e l l  c o n s t r u c t i o n  v a r i a b l e s  and do not  n e c e s s a r i l y  r e p r e s e n t  

a t t empt s  a t  maximizing g rav ime t r i c  performance. 

These c e l l  r e s u l t s  have i nd i ca t ed  the  f e a s i b i l i t y  of a t t a i n i n g  

50 t o  60 Wh/Kg a t  t h e  C/3 d r a i n  r a t e  i n  f u l l - s i z e  i ron-n icke l  c e l l s ,  

having the  des ign  volumet r ic  c o n s t r a i n t  and using EPP n i c k e l  and 

composite-type i r o n  e l e c t r o d e s .  

Cycl ic  l i f e  t e s t i n g  (our  i n i t i a l  t e s t i n g  had been a t  100% depth  

of  d i s cha rge  per  c y c l e )  has  been modified t o  80% depth of d i scharge  per  

c y c l e  a t  t he  C/3 d r a i n  r a t e  and has  been f u r t h e r  modified t o  permit 

e l e c t r o l y t e  composition, c i r c u l a t i o n  and temperature  c o n t r o l .  

These mod i f i ca t i ons  should enhance c e l l  c y c l i c  l i f e ,  s i n c e  t h i s  

p rope r ty  is  h igh ly  dependent on s t a c k  thermal  ba lance  ( tempera ture  con- 

t r o l )  t o  enhance n i c k e l  p l a t e  charge acceptance,  e l e c t r o l y t e  composition 

c o n t r o l  and e l e c t r o l y t e  a v a i l a b i l i t y  w i th in  t h e  p l a t e  s t ack .  E lec t ro-  

l y t e  c i r c u l a t i o n  was used i n  p r i o r  long-time c y c l i c  tests ( t o  1400 

c y c l e s )  conducted a t  Westinghouse on i ron-n icke l  c e l l s  of 180 Ah 

capac i ty .  Furthermore, t h e s e  e a r l i e r  t e s t s  were performed i n  a  C02- 

c o n t r o l l e d  environment, t o  minimize C03 = pickup i n  t h e  e l e c t r o l y t e ,  and 

t h i s  c o n t r o l  w i l l  a l s o  be  employed i n  the future c y c l i c  tests. 

Tes t  evidence be ing  compiled sugges t s  t h a t  t h e  fo l lowing  

f a c t o r s ,  s i n g l y  o r  i n  combination -- thermal  ba lance ,  e l e c t r o l y t e  

composition c o n t r o l  and a v a i l a b i l i t y  w i th in  t h e  p l a t e  s tack ,and  C02 

c o n t r o l  -- a r e  conducive t o  long cyc l e  l i f e .  Two c e l l s  i n  f i n i s h e d  

molded ca se s ,  showing c y c l i c  capac i ty  degrada t ion ,  have been undamped 

from t h e i r  test f i x t u r e s  t o  permit  e l e c t r o l y t e  p e n e t r a t i o n  i n t o  t h e  

stack-up ( a t  l e a s t  f o r  an overnight  p e r i o d ) ,  and then  reclamped and 



TABLE 3.4 

P l a t e  
Des igna t ion  

01 OCE 

01 lCT 

01 2CE 

Tes t  Resu1t.s Obta i red  on F u l l - S i z e  I r on -N i cke l  C e l l s  

I n i t i a l  a L i f e  C h a r a c t e r i s t i c s  
Capaci ty I n i t i a l  % Decl i n 8  
Ah Wh Ah E f f .  % ~ y c l  esC Capaci ty  



TABLE 3.4 (Continued) 

P l a t e  
Designat ion 

030CE 

03'1 CE 

032CE 

038CE 

1  C5CE 

140CE 

1  E9CE 

1  E6CE 

1  S4CE 

270CE 

2E4CE 

267CE 

Tes t  R E S J ~  t s  Obtained o r  F u l l  -S ize I ron-N icke l  Cel-  s  

I r i t i a l  a L i f e  Charac te r i s t i cs  
Capacity I n i t i a l  % Decl i ned 
At- Wh Ak E f f .  % cyc1 esC Capacity 

a. c /3  disch3rge c/3 ch3rge f o r  4h. 

b. Based on 3 t  l e a s t  5  cz~nsecut ive cyc les .  

c. "Greater than" symbols denote con t i nu ing  opera t ion  

d. Percent d x l i n e  from i n i t i a l ,  m'nus s i g n  denotes increase 



Table 3.5 

SUMMARY OF BEST GRAVIMETRIC ENERGY DENSITY RESULTS 
OBTAINED TO DATE ON FULL-SIZE PROTOTYPE NICKEL-IRON CELLS 

(CAPACITIES AT C/3 DISCHARGE RATE TO 1.OV CUTOFF, 
CHARGE AT C/3 FOR 4 h e )  

% Ah C e l l  
Dedgradation 

C e l l  Best Ah Cycle J& Wh/g T o t a l  Cycles* I n i t i a l - t o - F i n a l  

( > ) = s t i l l  on test 

*Cycling d iscont inued  due t o  c a p a c i t y  deg rada t ion  

a  " s t a t i c "  e l e c t r o l y t e  c e l l  - non c i r c u l a t i n g  e l e c t r o l y t e  

b  mostly f u l l  d i scharge  cyc l e s ,  t o  1.0 V /ce l l  cu to f f  

c  c i r c u l a t i n g  e l e c t r o l y t e  c e l l  from s t a r t  of t e s t i n g  



f u r t h e r  t e s t e d .  R e s u l t s  of t h e s e  t e s t s  a r e  shown i n  Table  3.6. These 

d a t a  i n d i c a t e  t h a t  t h e  s t a c k  is a b l e  t o  d e l i v e r  c a p a c i t y ,  bu t  i s  be ing  

s t a r v e d  f o r  e l e c t r o l y t e ,  which, i f  made a v a i l a b l e ,  w i l l  r e s t o r e  c a p a c i t y  

t o  a  h igh  l e v e l  ( f o r  example, from 114 t o  210 Ah i n  t h e  c a s e  of c e l l  

025CE a t  test c y c l e  120).  

Cause(s) f o r  t h e  s t a r v a t i o n  a r e  being determined,  bu t  n i c k e l  

e l e c t r o d e  swe l i i ng  is l i k e l y .  Fab r i ca t i on  techniques  a r e  be ing  

modif ied t o  deepen and widen t h e  v e r t i c a l  e l e c t r o l y t e  flow channels  i n  

t h e  n i c k e l  p l a t e s .  Ca l cu l a t i ons  and tests t o  i n c r e a s e  pore volume a r e  . 

being  made on EPP and thermal n i c k e l  e l e c t r o d e s  and compared wi th  d a t a  

on o l d e r  des ign  n i c k e l  e l e c t r o d e s  (which cyc led  1400 t i m e s  t o  80% DOD i n  

180 Ah c e l l s ) .  It appears  t h a t  less pore volume may be  a v a i l a b l e ,  f o r  

e l e c t r o l y t e  i n  t h e  p r e s e n t  EPP n i c k e l  e l ec t rodes .  I f  t h i s  is  proven t o  

b e  t h e  case ,  i n  p l a t e s  t h a t  have undergone numerous t e s t  cyc l e s ,  t h e  

p l a t e  des ign  and t h e  EPP process  w i l l  be  modified t o  more c l o s e l y  match 

t h e  E-180 n i c k e l  p l a t e  p o r o s i t y ,  wh i l e  s t i l l  main ta in ing  s u i t a b l e  p l a t e  

capacity, 

3ume I u l l - s l z e  c e l l  daLa a r e  now showing increased  performance 

w i t h  c y c l e  l i f e .  C e l l  194CE i s  p r e s e n t l y  demonstrat ing 231 Ah c a p a c i t y  

a t  117 test cyc l e s  (100% DOD c y c l e s  i n  t h i s  ca se )  w i th  t e s t i n g  con- 

t i nu ing .  

Performance d a t a  were ob ta ined  on f u l l - s i z e  n i cke l - i ron  c e l l s  

when discharged a t  t h e  C/6 r a t e ,  a s  compared wi th  t h e  C/3 r a t e .  These 

d a t a ,  i l l u s t r a t e d  i n  Figs .  3.3 and 3.4, i n d i c a t e  from l i t t l e  change up 

t o  1 2  t o  13% improvement i n  performance ( capac i ty ,  energy a v a i l a b l e  and 

g rav ime t r i c  energy d e n s i t y ) .  

A deep d i scha rge  test c y c l e  (d i s cha rge  t o  1.0 V / c e l l  c u t o f f )  i s  

i l l u s t r a t e d  i n  Fig. 3.5. Fig. 3.6 p r e s e n t s  t h e  performance c h a r a c t e r i s -  

t ics  of f u l l - s i z e  c e l l s  when sub jec t ed  t o  an 80% depth  of d i s cha rge  

c y c l i c  t e s t  regime. About 10 t o  20 mV improvement i n  average c e l l  

d i s cha rge  v o l t a g e  occur red ,  du r ing  the  80% DOD d ischarge .  



T a b l e  3.6 

C e l l  

T E S T S  SHOWING CAPACITY RESPONSE I N  F U L L - S I Z E  
NICKEL-IRON C E L L S ,  AFTER UNCLAMPING AND 

RECLAMPING THE STACK 
(220  Ah N o m i n a l  C a p a c i t y )  

B e f o r e  A£ t e r  

Ah - C y c l e  U n c l a m p e d  - Ah C y c l e  

82.0 114 O v e r n i g h t  210 120 

100 75 Overnight 206 8 1 
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Curve 71 5352-8  

Charge: 83.3Al4h 
1.4 Discharge: 41.7A ( C l 6  Rate) 
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DISCHARGE CHARACTERISTICS OF FULL-SIZE 
NICKEL-IRON CELLS AT THE C/6 RATE 



Power c h a r a c t e r i s t i c s  ob ta ined  on c e l l  007CE (0.70 m) a r e  given 

i n  Fig.  3.7. The peak power p r o f i l e  shown i s  determined by s t epp ing  t h e  

d i s cha rge  c u r r e n t  up i n  200 Amp increments ,  holding f o r  5-10 seconds a t  

each  l e v e l ,  s t epp ing  down i n  t h e  same manner and r epea t ing  t h i s  cyc l e  a t  

v a r i o u s  depths  of d i s cha rge  dur ing  an o therwise  cons t an t  c u r r e n t  C/3 . 

discharge .  These d a t a  i n d i c a t e  t h a t ,  i n  t h e  n e a r l y  f u l l y  charged s t a t e ,  

up t o  175 W/Kg peak power is  a t t a i n a b l e  i n  t h e  c e l l .  A t  72% depth  of 

d i s cha rge ,  about 100 W/Kg was ob ta ined  i n  t e s t i n g  t h i s  c e l l .  

3.2.1 Summary of Ful l -Size C e l l  T e s t s  

C e l l  r e s u l t s  have i nd i ca t ed  t h e  f e a s i b i l i t y  of a t t a i n i n g  50  t o  

60 Wh/Kg a t  t h e  C/3 d r a i n  ra te  i n  f u l l - s i z e  c e l l s ,  having t h e  des ign  

volumet r ic  c o n s t r a i n t  and using EPP n i c k e l  and composite i r o n  

e l e c t r o d e s .  

Cycl ic  l i f e  t e s t i n g  (our i n i t i a l  t e s t i n g  had been a t  100% depth  

of  d i s cha rge  pe r  c y c l e )  has  been modified t o  80% depth of d i scharge  per 

c y c l e  a t  t h e  ~ / 3  d r a i n  r a t e  and has  been f u r t h e r  modified t o  permit  

e l e c t r o l y t e  composition, c i r c u l a t i o n  and temperature  c o n t r o l .  

These mod i f i ca t i ons  should enhance c e l l  cyc l e  l i f e ,  s i n c e  t h i s  

p rope r ty  is  h igh ly  dependent on s t a c k  thermal  ba lance  ( tempera ture  

c o n t r o l )  t o  enhance n i c k e l  p l a t e  charge acceptance,  and e l e c t r o l y t e  

composition c o n t r o l  and a v a i l a b i l i t y  w i th in  t h e  p l a t e  s tack .  Elec- 

t r o l y t e  c i r c u l a t i o n  was used i n  p r i o r  long-time c y c l i c  tests ( t o  1400 

c y c l e s )  conducted a t  Westinghouse on i ron-n icke l  c e l l s  of 180 Ah, 

capac i ty .  Furthermore, t he se  e a r l i e r  tests were performed i n  a  

c o n t r o l l e d  C02 environment, t o  minimize C05 pickup i n  t h e  e l e c t r o l y t e -  

Th i s  same c o n t r o l  w i l l  a l s o  be  employed i n  t h e  f u t u r e  c y c l i c  tests. 

Cycl ic  t e s t i n g  has been resumed on c e l l s  having e l e c t r o l y t e  

c i r c u l a t i o n  c a p a b i l i t y .  Best d a t a  t o  d a t e  have shown c e l l  194CE wi th  

s t a b l e  capac i ty  (230 Ah) a f t e r  120 deep d i scha rge  cyc l e s ,  with t e s t i n g  

cont inu ing .  
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Fig. 3 . 6  - Performance characteristics of pilot l ine  production nickel- i ron cel ls 
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POWER CHARACTERISTICS OF AN IRON-NICKEL CELL Curve 718815-A 
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Noryl 225 c e l l  c a se s  and Noryl 225 covers  a r e  being used i n  

c o n s t r u c t i n g  f u l l  s i z e  c e l l s .  Bench tests on such c e l l s  have de l ive red  

up t o  58 Wh/Kg a t  t h e  C/3 d r a i n  r a t e  a t  t a r g e t  c e l l  weight (5.0 Kg). 

New s e p a r a t o r s  a r e  be ing  i n v e s t i g a t e d ,  aimed toward reducing 

t o t a l  c e l l  r e s i s t a n c e  and e l imina t ing  t h e  need f o r  a s e p a r a t e  b a r r i e r  

l a y e r ,  a s  used i n  our  p re sen t  s e p a r a t o r  system. P i l o t  Line c e l l s ,  

t e s t e d  wi th  e l e c t r o l y t e  c i r c u l a t i o n  f o r  c a p a c i t y ,  can c o n s i s t e n t l y  

d i s p l a y  t a r g e t  c e l l  r e s i s t a n c e s  of 0.50 t o  0.70 mQ, a t  1/2h i n t o  

d i s cha rge  a t  83.3A. 

Cells a t  0.70 mQ, o r  l e s s ,  a r e  expected t o  provide  up t o  175 

W/Kg, near  f u l l  charge,  a s  demonstrated i n  c e l l  007CE (wi th  nylon 

s e p a r a t o r )  of 0.70 mQ r e s i s t a n c e .  

3.3 C e l l  F a i l u r e  Examinations 

Of s i x  c e l l s  g iven  f a i l u r e  examinat ions,  t h r e e  (116CE, 118CE and 

139CE) had s h o r t s  near  t h e  p l a t e  tabs .  The t h r e e  s h o r t s  occurred a t  t h e  

t o p  of t h e  p l a t e s  under t h e  comb t o  which t h e  p l a t e  t a b s  were welded. 

I n  c e l l  139CE t h e  s h o r t  extended t o  t h e  n e a r e s t  top  co rne r s  of t h e  

p l a t e s  and melted t h e  ca se ,  caus ing  a h o l e  through which e l e c t r o l y t e  

leaked.  I n  each c e l l  t h e  s e p a r a t o r s  above t h e  p l a t e s ,  under bo th  

p o s i t i v e  and nega t ive  combs, were melted down t o  below t h e  tops of t h e  

p l a t e s  when t h e  p l a t e s  were welded t o  t h e  combs. The s e p a r a t o r  used i n  

a l l  t h r e e  c e l l s  was Kimberly-Clark 49696 absorber  wi th  a Celgard 

b a r r i e r .  The method of welding p l a t e  t a b s  t o  combs i s  being s t u d i e d  s o  

t h a t  exces s ive  meltdown of s e p a r a t o r s  can be prevented.  

Two c e l l s  had s h o r t s  a t  t h e  bottoms of t h e  p l a t e s .  The s h o r t  i n  

c e l l  105CE was found on c y c l e  101 when a h o l e  burned through t h e  case.  

On t h e  cyc l e  before  t h e  s h o r t  was found, t h i s  c e l l  had a c a p a c i t y  of 148 

Ah ( i n i t i a l  c a p a c i t y  220 Ah). A s h o r t  had been found i n  t h i s  c e l l  j u s t  

a f t e r  i t  was assembled, caused by t h e  a r c ,  dur ing  welding, which 

grounded through t h e  c e l l  t o  t h e  welding f i x t u r e .  This  o r i g i n a l  s h o r t  

was covered by a l a y e r  of s e p a r a t o r  p r i o r  t o  s t a c k  i n s e r t i o n  i n t o  t h e  



c e l l  case ,  b u t  i t  probably i n i t i a t e d  the  s h o r t  on cyc le  101. Af t e r  t h e  

o r i g i n a l  s h o r t  t h e  weld too l ing  f i x t u r e  w a s  coated with an i n s u l a t i n g  

m a t e r i a l  t o  prevent  f u r t h e r  s h o r t s  i n  c e l l s  during assembly. 

The second c e l l  wi th  a s h o r t  (18'7 CE) a l s o  developed a ho le  i n  

t h e  bottom. A ho le ,  one inch  i n  d iameter ,  had been burned i n  f i v e  

ad j acen t  p l a t e s .  The s h o r t  i n  t h i s  c e l l  had burned t o  t h e  e x t e n t  t h a t  

no s p e c i f i c  cause f o r  i t  could be found. One p o s s i b l e  cause, poor 

s e a l i n g  of t h e  sepa ra to r  envelope, w i l l  be precluded by an  a l t e r n a t i v e  

wrap now being considered f o r  s epa ra to r s .  

Cycling of c e l l  260CE was d iscont inued  a f t e r  38 cyc le s  because 

i ts  capac i ty  had f a l l e n  t o  25 Ah. The c e l l  s tood f o r  s e v e r a l  days wi th  

t h e  r e s t r a i n t s  removed; then t h e  r e s t r a i n t s  were rep laced  and cyc l ing  

was continued. On t h e  next  cyc le  i t  had a capac i ty  of 208 Ah. The low 

capac i ty  on cyc le  38 is  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 ,  which was 

a l l e v i a t e d  when the  r e s t r a i n t s  were removed. Cycling on t h i s  c e l l  is 

being continued. 

3.4 Nickel-Iron Ba t t e ry  Module T e s t s  

Fig. 2.6 i l l u s t r a t e s  t h e  s tandard  6 c e l l  module t h a t  is  

f a b r i c a t e d  i n  t h e  p i l o t  l i n e .  Module 6-1 was cons t ruc ted  i n  t h e  P i l o t  

Line and p r e t e s t e d  a t  @), p r i o r  t o  shipment t o  DOE/ANL i n  mid J u l y ,  

' 1979 f o r  t h e i r  t e s t  eva lua t ion  a t  NBTL. Module 6-1 cons t ruc t ion ,  

s i m i l a r  t o  t he  modules being b u i l t  f o r  t h e  "2 x 4" b a t t e r y ,  i s  comprised 

of 6 s e r i e s  connected c e l l s  (wi th  EPP n i c k e l  and composite-type i r o n  

e l ec t rodes ) , ' comple t e  wi th  e l e c t r o l y t e  c i r c u l a t i o n  c a p a b i l i t y  and 

exhaust gas  ven t ing  (Fig.  2.6). C e l l  r e s i s t a n c e s  i n  Module 6-1 ranged 



from 0.53 t o  0.61 m a t  1/2 hour i n t o  discharge.  a t  83.3A.* OCV's  of t he  

c e l l s  ranged from 1.245 t o  1.296 V (7.478 V/module), except f o r  c e l l  

120CE (1.175 V), which experienced some overhea t ing  during 

c o n s t r u c t  ion. ** 
The module was f i t t e d  t o  an e l e c t r o l y t e  c i r c u l a t i n g  and cool ing  

system, instrumented and t e s t e d  f o r  performance through 2 f u l l  charge 

and d ischarge  cyc l e s .  Fig. 3.8 i l l u s t r a t e s  t h e  performance and behavior  

of module 6-1, dur ing  i t s  second t e a t  cyc le .  The module, c l a s s i f i e d  as 

CB ( s e e  Table 3.7),  performed very  w e l l ,  d e s p i t e  t h e  i n i t i a l  OCV problem 

wi th  Cell 12OCE. The module d e l i v e r e d  239 Ah a t  t h e  C/3 d r a i n  r a t e ,  

which corresponded t o  1735 Wh (7.26 V, c a l c u l a t e d  f o r  t h e  module, 

1 .21  7, c a l c u l a t e d  f o r  t h e  c e l l s ) .  The module, c l a s s i f i e d  as CB ( s e e  

Table 3.7) ,  performed ve ry  w e l l ,  d e s p i t e  t h e  i n i t i a l  OCV problem wi th  

C e l l  120CE. The module de l ive red  239 Ah a t  t h e  C/3 d r a i n  r a t e ,  which 

corresponded t o  1735 Wh (7.26 7, c a l c u l a t e d  f o r  t h e  module, 1 .21  y, 
c a l c u l a t e d  f o r  t h e  c e l l s ) .  A t  32.9 kg, t o t a l  module assembled and 

e l e c t r o l y t e  f i l l e d  weight ,  6-1 de l ive red  52.7 Wh/kg. With no a t tempt  

made t o  opt imize t h e  charge,  6-1 disp layed  92% Ah and 53% MI e f f i c i e n c i e s .  

Maximum charge temperature was c o n t r o l l e d  a t  42'C f o r  t h i s  t e a t  cyc le .  

Assembly, p r e t e s t  and test procedures ,  a c t u a l  and p ro j ec t ed  performance 

d a t a  have been supp l i ed  t o  DOE/ANL, regard ing  module 6-1, where i t  is  

undergoing test e v a l u a t i o n  i n  t h e  NBTL f a c i l i t y .  

*Pr io r  t o  module assembly, c e l l s  a r e  t e s t e d  on t h e  formation bench i n  
groups of 2 c e l l s ,  each, u t i l i z i n g  e l e c t r o l y t e  c i r c u l a t i o n  and teu- 
p e r a t u r e  con t ro l .  A l l  c e l l s  a r e  ranked wi th  r e s p e c t  t o  t h e i r  forrna- 
t i o n  bench capac i ty ,  i n t e r n a l  r e s i s t a n c e  and flow c h a r a c t e r i s t i c s  on 
t h e  formation bench ( s e e  Table 3.7). Cell r e s i s t a n c e s  a r e  determined 
by a 100-200-100A sweep t e s t  a t  1/2 h i n t o  discharge.  

**Most l i k e l y ,  dur ing  comb-to-tab welding, some s e p a r a t o r  melt  down 
occurred a t  t h e  plate- to- tab i n t e r f a c e ,  which could l ead  t o  a s l i g h t  
s h o r t  i n  t h i s  reg ion  and cause a lower c e l l  vo l tage .  However, t h e  
c e l l  w a s  s t a b l e  a t  t h i s  lower vo l t age .  



Fig. 3.9 i l l u s t r a t e s  t h e  performance and behavior  of another  

module, 6-6, dur ing  i ts  second test cycle .  This  module, comprised of 

lower capac i ty  c e l l s  ( C l a s s i f i c a t i o n  BB), w a s  t e s t e d  t o  eva lua t e  i ts  

a c c e p t a b i l i t y  f o r  i n c l u s i v e  i n t o  t h e  "2 x 4" b a t t e r y .  Module 6-6 

de l ive red  226 Ah, 1602 Wh, 49.6 Wh/kg a t  t h e  C/3 d r a i n  r a t e  -- 
acceptable  performance. Bulk e l e c t r o l y t e  temperature w a s  c o n t r o l l e d  a t  

31°C, throughout t h i s  t e s t .  C e l l  r e s i s t a n c e s  ranged from 0.58 t o  0.63 

mn. E l e c t r o l y t e  flow impedance was h igh  (18.5 p s i ,  gage) f o r  t h e  module 

and, perhaps,  t h i s  behavior  may be  r e l a t e d  t o  t h e  lower c e l l  and module 

average v o l t a g e s  (1.18 7 and 7.08 , r e s p e c t i v e l y )  obtained on 6-6. 

Module flow impedance and c e l l  r e s i s t a n c e s  w i l l  cont inue t o  be compared 

wi th  average v o l t a g e  behavior ,  t o  determine i f  a c o r r e l a t i o n  does e x i s t .  

3.5 "2 x 4" Bat te ry  f o r  JPL Evalua t ion  

The "2 x 4" b a t t e r y  (F igure  2.17), a long wi th  i t s  on-board elec- 

t r o l y t e  r e s e r v o i r  and pumping system and charger ,  was assembled and 

de l ive red  t o  J e t  Propulsion Laboratory,  Pasadena, Ca l i fo rn i a ,  f o r  t h e i r  

t e s t  eva lua t ion  i n  August 1979. The b a t t e r y  con ta ins  16 modules (10 

wi th  6 c e l l s  and 6 w i t h  5 c e l l s )  and 90 t o t a l  c e l l s ,  of t h e  module 

con f igu ra t ion  i l l u s t r a t e d  i n  Fig. 2.18. P r i o r  t o  d e l i v e r y ,  t h e  b a t t e r y  

was t e s t e d  a t  Westinghouse R&D Center  f o r  3 test cyc le s ,  t o  check t h e  

charger  c a p a b i l i t i e s ,  eva lua t e  t h e  performance of t h e  c e l l s ,  modules and 

b a t t e r y ,  t e s t  t h e  c i r c u l a t i n g  e l e c t r o l y t e  system, and t o  determine some 

of flow and ' the thermal c h a r a c t e r i s t i c s  of t h e  b a t t e r y  on charge and 

discharge.  Fig. 3.10 and 3.11 i l l u s t r a t e  t he  charge-discharge, 
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Table 3.7 

CELL CLASSIFICATION FOR 6-CELL MODULE ASSIGNMENT FOR THE "2 X 4" BATTERY 

CELL CAPACITY RANGE 

(C/3 Rate) 

B. CELL ELECTROLYTE FLOW IMPEDANCE 

< - 5 psi 

6 -+ 10 

11 -t 15 

16 + 20 

> 20 

C. CELL INTERNAL RESISTANCE RANGE 
< - 0.85 mQ 

DESIGNATION 

A - (reject for battery) 
B 

C 

D 

E 

F 

G 

DESIGNATION (end of charge) 

A 

B 

C 

D 

E - (reject for battery) 

DESIGNATION ---. 

Accept @ 100-200-100A sweep 

and @ 112 h into 

discharge at 83. A 

(~/3 rate) 



c i r c u l a t i o n ,  tempera ture  d a t a  obtained on t h e  b a t t e r y  f o r  t e s t  cyc l e s  1 

and 3, r e spec t ive ly .  The b a t t e r y  d e l i v e r e d  199 Ah on cyc le  3, 113.0 7, 
22.5 KWh, a t  about t h e  C/3 d r a i n  r a t e .  Maximum bulk e l e c t r o l y t e  

temperature,  wi thout  cool ing  during d ischarge ,  was 6 2 ' ~ .  F igure  2.29 

a l s o  l ists module and c i r c u l a t i o n  system weights.  T o t a l  module weight 

was 492 Kg,the on-board e l e c t r o l y t e  system weight was 17 Kg f o r  a t o t a l  

b a t t e r y  system weight of 509 Kg. F i n a l  weight goa l  f o r  t h e  Pro to type  I 

b a t t e r y  i s  445 Kg. 

During August 1979, a t  JPL, t h e  b a t t e r y  was sub jec t ed  t o  dndeher 

11 t e s t  cyc les .  Table 3.8 provides  a summary of she 2 x 4 b a t t e r y  LeuL 

and performance h i s t o r y .  These tests were conducted under cognizance of 

Westinghouse personnel  on f i e l d  assignment a t  JPL. There, t h e  b a t t e r y  

de l ive red  between 181 t o  192 Ah a t ,  approximately, t h e  C/3 d r a i n  r a t e  

when charged a t  t h e  35 and 70A r a t e s .  Dynamometer test r e s u l t s  ( b a t t e r y  

coupled wi th  South Coast Technology's converted VW Rabbit)  i n d i c a t e d  

about  a 75 m i l e s  range a t  a cons t an t  55 mph and 115 m i l e s  range a t  35 

mph. When d r iven  according t o  t h e  SAE J227a B and D d r i v i n g  cyc le s ,  68 

and 48 m i l e s ,  r e s p e c t i v e l y ,  were obtained.  

After t he se  t e s t s ,  s e v e r a l  problcm c c l l o  wcrc i a o l a t e d  i n  tho 

b a t t e r y .  These c e l l s  (146, 138, 219, 221 and 172) were loca t ed  i n  3 

modules of t h e  b a t t e r y  -- 6-3, 5-1 and 5-2. C e l l s  146 and 138 ind ica t ed  

extremely low open c i r c u i t  v o l t a g e s  (.006 and .001 V ) ,  c e l l s  219, 221, 

(module 5-1) and 172 (module 5-2) i nd ica t ed  abnormally high charge 

v o l t a g e s  ( 3.8 v o l t s )  even a t  low charge c u r r e n t  (1-10A). These modules 

were removed from t h e  b a t t e r y  and replaced by s p a r e  modules. The 

modules were re turned  t o  Westinghouse f o r  examination. Post  o p e r a t i o n a l  

examination revea led  c e l i s  219, 221 and 172 had t h e i r  i n l e t  e l e c t r o l y t e  

c i r c u l a t i o n  t abs  blocked by epoxy and t h e  c e l l  s t a c k s  had d r i e d  out .  

The technique and tube des ign  a r e  being modified on p re sen t  f u t u r e  c e l l s  

t o  e l imina te  t h i s  blockage. C e l l s  146 and 138 were found t o  have f a u l t y  

s e p a r a t o r s  coverage over  the p l a t e s  i n  the  t a b  region,  l ead ing  t o  s h o r t s  

i n  t h e s e  c e l l s .  



Table 3.8 PERFORMANCE DATA OBTAINED ON NICKEL-IRON "2 X 4"  BATTERY AT JPL 

TEST 
ORGANIZATION CYCLE 

( W )  -R&D Center  1 

2 

3 

JPL 4 
Pasadena, CA 5 

RATE (A) 

40 

70 

70/4O 

DISCHARGE 
RATE (A) OUTPUT(A~)  

73 193 

81 -75 

124 

80-71 

80 

79-73 

53 

119 

N.A. 

N.A. 

N.A. 

N.A. 

TEST DYNAMOMETER 
MODE - TEST RESULTS 

Res i s to r  Bank - - 
Res i s t o r  Bank - - 
R e s i s t o r  Bank - - 

L i g h t  Bank 

SCT @ 55 mph. 73 m i l e s  

L i g h t  Bank 

L i g h t  Bank 

L i g h t  Bank 

SCT @ 35 mph 

SCT @ 55 mph 

SCT @ SAE D Cyc le  

SCT @ SAE B Cycle 

SCT @ SAE D Cyc le  

SCT @ 35 mph 

121 m i l e s  

76 m i l e s  

48 mi'les 

62 m i l e s  

48 mi'les 

105 m i l e s  
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5.0 APPENDIX A 

ELECTROPRECIPITATION EPP SIDE REACTIONS 

The s i d e  r e a c t i o n s  which a r e  of importance i n  t h e  n i c k e l  p l a t e  

e l e c t r o p r e c i p i t a t i o n  process  a r e :  

The above, when summed, y i e l d  the  o v e r a l l  r eac t ion :  

React ions a. and b. i n i t i a t e  t h e  sequence necessary f o r  t he  

product ion  of m4+ ions.  These N H ~ +  i o n s ,  per  s e ,  are no t  d e s i r a b l e ,  

s i n c e  the  l i t e r a t u r e  d a t a  s p e c i f y  maximum l i m i t i n g  c n n r ~ n t r e t ~ o n s  of 

NH4+ ions  of approximately 2 g / l ,  above which t h e  formation of n i cke l -  

amine complexes i n h i b i t  t h e  depos i t i on  of Ni(OH)2. Analysis  of our 

p r e s e n t l y  u t i l i z e d  EPP s o l u t i o n s  shows t h a t  N H ~ +  i on  content  is  approxi- 

mately A g / l .  

If  r e a c t i o n s  a .  and b. a r e  permit ted t o  proceed a t  high rates, 

a s  evidenced by ex tens ive  gass ing  dur ing  EPP, then  not  only i s  N H ~ +  i o n  

product ion  a c c e l e r a t e d ,  b u t  o b s t r u c t i v e  gases  are included i n  t h e  plaque 

po res ,  blocking N i ( 0 ~ ) ~  depos i t ion .  Therefore,  v i s u a l  c o n t r o l  and v o l t -  

age  c o n t r o l  a r e  appl ied  t o  keep t h e s e  r e a c t i o n s  minimized, o r  e l imina ted .  



6.0 APPENDIX B 

THERMAL NICKEL ACTIVE POWDER 

The i n i t i a l  r e a c t i o n  i n  t h e  thermal  n i c k e l  p r epa ra t i on  process  is  

t h e  fu s ion  of a  n i c k e l  oxide-cobalt  oxide powder mixture  with sodium 

peroxide. The f u s i o n  t akes  p l a c e  i n  a  s u i t a b l e  high-temperature resis- 

t a n t  con ta ine r  i n  an ox id iz ing  o r  i n e r t  atmosphere. A hea t ing  tempera- 

t u r e  range between 850 and 1000 C t o  form Na20 which ox id i ze s  t h e  NiO-COO 

mixture ,  r e s u l t i n g  i n  a  b lack  c r y s t a l l i n e  s ingle-phase m a t e r i a l  which may 

be  def ined  a s  sodium n i c k e l a t e  and sodium c o b a l t a t e .  Th i s  r e a c t i o n  

product is  then hydrolyzed t o  cause a  decomposition r e a c t i o n  and 

formation of hydrated n i c k e l  and c o b a l t  h igher  oxides .  The a c t i v e  

m a t e r i a l  settles quick ly ,  i s  washed t o  n e u t r a l ,  and i s  d r i e d  a t  a  tem- 

p e r a t u r e  t h a t  w i l l  no t  degrade a c t i v i t y ;  e.g., between 50 t o  110 C. (The 

NaOH formed can be  drawn o f f  and concent ra ted  by evapora t ion  i n t o  a  s a l e -  

a b l e  product . )  A set  of equa t ions  which schema t i ca l l y  d e s c r i b e  t h e  

chemistry of t h i s  p rocess  can be given a s :  

N i O  + COO + Na202 --$ NaNi02 + NaCoC02 (950 C ,  1 h r )  

2 NaN102 + NaCoC02 4 3H20 + NI(OH)2 + CuOOH 

+ N ~ o ~ ( ' / ~ H , o )  + 3 NaOH 

The temperature  and t i m e  of f u s i o n  r e a c t i o n  of t h e  NiO-COO and 

Na202 have a decided in f luence  on t h e  performance of t h e  f i n a l  a c t i v e  

product .  Act ive m a t e r i a l  was incorpora ted  i n t o  e l e c t r o d e s  of 6.5 cmL 

area.  They were then s i z e d  t o  a  des i r ed  t h i cknes s  of approximately 2 mm 

and were subjec ted  t o  cyc l ing  t e s t i n g ,  t o  determine t h e  petormance 

c h a r a c t e r i s t i c s  of t h e  m a t e r i a l ,  p r i o r  t o  using i t  i n  f u l l - s i z e  t e s t  

p l a t e s .  
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