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ABSTRACT 

The program has  advanced t o  t h e  l e v e l  of f u l l - s i z e ,  p ro to type  

c e l l  f a b r i c a t i o n  and eva lua t ion .  EPP n i c k e l  e l e c t r o d e s  a r e  now being 

prepared of up t o  24 AhIpla te  ( 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 nm). I r o n  e l e c t r o d e s  of t h e  composite-type a r e  d e l i v e r y i n g  24  ~ h / p l a t e  

( a t  C/3) a t  t a r g e t  t h i cknes s  (1.0 mm). Both p l a t e s  a r e  d i s p l a y i n g  good 

capac i ty  s t a b i l i t y  a t  130 t o  175 t e s t  c y c l e s ,  r e s p e c t i v e l y ,  i n  some of t h e  

3  p l a t e  c e l l  tests. ~ i n i s h e d  c e l l s  a r e  d e l t v e r i n g  up t o  58 ~ h / ~ g  ' a t  C/3, 

based on weight of t h e  f i n i s h e d  c e l l  and i n  t h e  a c t u a l  designed 

c e l l  volume. Reduction i n  c e l l  r e s i s t a n c e ,  r educ t ion  i n  n i c k e l  p l a t e  

process ing  time and swe l l i ng  on cyc l ing  a r e  a r e a s  of major e f g o r t  t o  reach .  

t h e  f ina l .  b a t t e r y  objectives ' .  . Thermal n i c k e l .  e l e c t r o d e s  a r e  showing' 

promise i n  f u l l  s i z e  p l a t e  t e s t s  (up t o  22 Ah . in  a  p l a t e : o f  only 2.3 mm 

t h i cknes s )  and w i l l .  be eva lua ted  i n  f i n i s h e d  c e l l s  a s  s o o n . a s  t h e  

technology shows repea tab le ,  r e s u l t s  i n  f u l l - s i z e  t e s t  p l a t e s .  



1. F ibe r  g r i d  s t r u c t u r e s  have been s e l e c t e d  f o r  t h e  i r o n  and 

n i c k e l  e l e c t r o d e s .  A n icke l -p l a t ed  s t e e l  wool having a  s t e e l  c u r r e n t  

c o l l e c t o r  t a b ,  i s  used f o r  t h e  n i c k e l  e l ec t rode .  Unplated s t e e l  Exmet, 

sandwiched on e i t h e r  f a c e  wi th  unpla ted  s t e e l  wool and having an unplated 

s teel  c u r r e n t  c o l l e c t o r  t a b ,  s e r v e s  a s  t h e  i r o n  plaque. 

2. The e l e c t r o p r e c i p i t a t i o n  process  h a s  been used t o  produce, t o  

d a t e ,  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). EPP 

e l e c t r o d e s  demonstrate  c y c l i c  s t a b i l i t y  11p t o  -130 t ~ ~ t  r y r l ~ s  on t h e  best  

p l a t e s  and up t o  200 c y c l e s  oq a lower capac i ty  p l a t e  t o  da t e .  

3. Thermal ilickel electrodes have d ~ m n n s t r a t s r l - ? ? .  Ah i n  full 

s i z e  e l e c t r o d e  tests a t  -50 test c y c l e s  t o  da te .  

4. Br iquc t  f u l l  s i z e  i r o n  e l c c t r o ~ l e s  have been prepared and 

demonstrated,  i n  i n i t i a l  a t t empt s ,  23 Ah i n  f u l l  s i z e  p l a t e s ,  a l though some . 

degrada t ion  (-25X) has  been experienced i n  up t o  -200 t e s t  cyc l e s  t o  da te .  

5. 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 a t  t a r g e t  t h i c k n e s s  (1.0 mm) about 21-26 Ah. From 0 t o  
12X degrada t ion  has been experienced i n  t h e s e  p l a t e s  i n  cycli 'r. t e a t s  up t o  
-175 c y c l e s  t o  da te .  

6 .  Full, s i z e  i ron-n icke l  c e l l s  have been cons t ruc t ed  and t e s t e d  

t h a t  demonstrate  48-58 Wh/Kg a t  t h e  C/3  d r a i n  r a t e .  Degradation no t i ced  i n  

some of t h e s e  c e l l s  s eems . to  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  swel l ing  during 

cyc l ing .  

7. Acc identa l  v o l t a g e  r e v e r s a l  ( f o r  35 hours)  i n  3 p l a t e  c e l l  

LesLs,  due co a t e s t e r  mal func t ion ,  has  caused degrada t ion  i n  i r o n  and 

n i c k e l  p l a t e s  but, s u p r i s i n g l y ,  no c a t a s t r o p h i c  f a i l u r e s .  This  cond i t i on  

i s  worse t han  can eve r  be experienced by a  p l a t e  i n  a  b a t t e r y - t h e o r e t i c a l l y  

no more t han  - 3  hours  of d i scharge .  
. . 

8. The s e p a r a t o r  system has been i d e n t i f i e d  a s  t h e  major source  

of c e l l  r e s i s t a n c e  and e f f o r t s  w i l l  be concent ra ted  on mod i f i ca t i on  of t h e  

system t o  reduce o v e r a l l  c e l l  r e s i s t a n c e  t o  t h e  l e v e l  d e s i r e d  t o  i n s u r e  

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



In 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  

program a c t i v i t i e s ,  t h e  program management t a s k s  i nc lude  preparat ' ion of 

s p e c i a l  r e p o r t s  requi red  by t h e  s ta tement  of Work. Since.  t h e  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 he  in format ion  presented i n  t h i s ' s e c t i o n  w i l l  d e a l  with t h e  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  d e s i g n a t e d ' a c t i v i t i e s .  

1.1  PROGRAM MANAGEtENT REPORT 

A program p l a n  was submit ted on schedule ,  reviewed by ANL 

personnel  and found accep tab l e  wi th  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 h e  suggegted r e v i s i o n s ,  was 

submit ted i n  May 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 imar i l y  with r e v i s i o n s  t o  t he  Cost Plan (DOE Form 533P) and t h e  Manpower . , > m  

Plan (DOE F o m  534P) i s  c u r r e n t l y  being prepared wi th  a  planned submission 

t o  ANL by September 1, 1978. 

1.2 QUALITY ASSURANCE (QA) PLAN . ' . ,  . :,j 

A d r a f t  QA P lan  was submit ted . t o  ANL/OEPM i n  Apr i l  and reviewed 

by ANL personnel.  Severa l  elements of  t h e  p lan  r equ i r ed  a d d i t i o n a l  c l a r i - '  - . .< 

' .  . 
f i c a t i o n .  A meeting was 'he ld  w i th  M r .  Erv Pe te rson ,  ANL QA/QC eng inee r ,  on 

August 2,  t o  review t h e  p lan  Bnd d i s c u s s  t h e  s p e c i f i c  e lements  r e q u i r i n g  

a d d i t i o n a l  c l a r i f i c a t i o n .  A l l  q u e s t i o s a b l e  e lements  were reso lved  a n d . a  

subsequent submission of t h e  d r a f t  QA Plan i s  planned f o r  September. ' . 

1.3  MATERIAL REPOKT 

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

Barghusen t h e  ANL/OEPM o f f i c i a l .  admin i s t e r ing  t h e  study. T h e . r e p o r t  

i n c l u d e s  manufacturing p roces s ' f l ow  s h e e t s ,  a  complete breakdowri of 

m a t e r i a l s  used in '  t h e  manufacture of i r an -n i cke l  b a t t e . r i e s  (Kg/Kwh), an  

e s t i m a t e  o f ' q u a n t i t i e s  of m a t e r i a l s , t h a t  could be r ecyc l ed ,  projected '  

market volumes and a  ' f o r ecas t  of b a t t e r y  c h a r a c t e r i s t i c s  throught  ' t h e  ' y e a r  ' 

2000.. The f i n a l  r e p o r t  w i l . 1  be submit ted on schedule  (Augusr 31) .  



1.4 RECYCLING STUDY 

Seve ra l  commercial vendors have been con tac t ed ,  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 i r o n n i c k e l  b a t t e r i e s . a n d  

chemical  compounds der ived  during t h e  manufacturing process.  A l t e r n a t i v e  

ma t , e r i a l s . r ec l ama t ion  procedures  a r e  being eva lua ted  which 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  m e l t  fu rnace  wi th  only a  f e r ro -  . '  

, n i c k e l  a l l o y  a s  t h e  reclaimed ma te 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  be 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  sui tab1.e  rec lamat ion  process.  

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

vendors  have. been contac ted  t o  e v a l u a t e  f e a s i b l e  rec ' lanat ion processes :  

( a )  Nat ional  Nickel Alloy Corporat ion,  GreenvJ.ll.e, PA, is c t i r sen t ly  

' i n t e r e s t e d  i n  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 rk -n i cke l  

a l l o y  f o r  n i cke l ' r ec l ama t ion .  A sample n i c k e l  el .ectrode was s e n t  t o  

' them fo'r m a t e r i a l s  e v a l u a t i o n  and r e c y c l i n g ' f e a s i b i l i t y .  

( b )  INMETCO,, Ellwood Ci 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 re s iden t ,  m e t  wi th  Westinghouse personnel  i n  August t o  

d i s c u s s  me ta l s  reclamation.  INMETCO h a s  t h e  c a p a b i 1 i t y . t ~  rec la im 

n, ickel  from fe r ro -n i cke l  compounds a s  e i t h e r  n i c k e l  o r  t~ ref ine  t h e  

s c r a p  t o  o t h e r  fe r ro-n icke 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 meta l s ,  such a s  

c o b a l t ,  from s c r a p  compounds. The p l a n t  i s  ' c u r r e n t l y  under 

cons t ruc t ' ion  and  i s  expec ted  t o  b e  o p e r a t i o n a l  by l a t e  197 8. 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  

(c )  The Pesses  Company, Solon, .Ohio,  i s  c u r r e n t l y  t h e  major r e c y c l e r  of 

nickel-cadmium and n icke l - i ron  b a t t e r i e s  i n  t h e  United S t a t e s .  A 

meeting was he ld  wi th  D r .  Marvin ~ e s s e s ,  P r e s i d e n t ,  t o  d i s c u s s  

r ecyc l ing  t h e  Westinghouse n i cke l - i ron  ba t t e ry .  Edison-type i ron-  , 

n i c k e l  b a t t e r i e s  are p r e s e n t l y  smelted a6  a unit. w i t h ,  no .attempt t o  

rec la im m a t e r i a l s  o t h e r  than  f e r ro -n i cke l  a l l o y  obtained. The c e l l s  

a r e  bought on t h e  b a s i s  of conta ined  n i c k e l  a t  approximately 502 of 

t h e  c u r r e n t  n i c k e l  market p r ice .  



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 tops  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  separa ted .  The n i cke 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  s o l d  a s  such. An e f f o r t  i s  c u r r e n t l y  underway t o  wash t h e  thermo- 

p l a s t i c  c a se  m a t e r i a l  and s e l l  i t  a s  regr ind .  No a t tempt  i s  made t o  

r ec l a im  t h e  e l e c t r o l y t e .  

I n  t he  ca se  of t h e  Westinghouse i r o n  n i c k e l  c e l l  de s ign ,  e i t h e r  

of t h e  above processes  i s  v i a b l e ,  dependent on t h e  f i n a l  design. The 

. fol lowing c r i t e r i a  would determine t h e  process  : 

(1) I f  copper t e rmina l s  a r e  used,  t h e  c e l l . w o u l d  be 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  i s  cons idered  a n  unwanted contaminant i n  

f e r ro -n i cke l  a l l o y s .  

( 2 )  I f  c o b a l t  i s  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  they  

may a l s o  be r equ i r ed  t o  s t r i p  t h e  c e l l  and p roces s  t o  remove t h e  

coba l t .  S ince  a bu lk  of t h e  f e r ro -n i cke l  a l l o y s  s o l d  by them t o  

s t a i n l e s s  s t e e l  manufac ture rs  end u p  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  a n  unwanted "contaminant". D r .  Pesses  .... , 

s t a t e d  t h a t  most of t h e  r 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 from t r a c e  ,' . 2; 

amounts of c o b a l t  t o  1-22. 
.; 

If t h e  c e l l  e l e c t r o d e s  were s o l d  s e p a r a t e l y ,  t h e  n i c k e l  would be 
4 2 

worth approximately $1.30/// conta ined  n i c k e l  (w i th  t h e  c u r r e n t  market p r i c e  
. d 

of n i c k e l  a t  -$I. 9 0 / 1 l ) ,  t h e  i r o n  would be worth a  few c e n t s  a pound. 

D r .  Pesses  i n d i c a t e d  a  s t r o n g  w i l l i n g n e s s  t o  work wi th  Westing- 

house i n  t h e  f u t u r e  and stated they would buy s c r a p  c e l l s  i n  smal l  l o t s  f o r  

i n i t i a l  f e a s i b i l i t y  s t u d i e s .  

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

me ta l s  r e c l a m a h o n  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  ca se / cove r  

and s e p a r a t o r  m a t e r i a l s  r ec l ama t ion  w i l l  be i n v e s t i g a t e d  w i th  a p p r o p r i a t e  

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

c e l l  e l d c t r o l y t e  and spen t  e l e c t r o l y t e  used i n  t h e  EPP p roces s  w i l l  a l s o  be 
. . 

determined. 



1.5 ENVIRONMENTAL IMPACT STUDY 
. . 

A computer assisted literature search was done on the Lockheed, 

data,base, centering on the following segments: APTIC, Chemical Abstracts, 

Energyline, Enviroline, Compendex, NTIS, and Pollution Abstracts. Words 

searched were selected with a view towards environmental impact statements 

and included components of the battery, compounds usdd in its manufacture 

and use, toxicity thereof, safety precautions and disposal methods. The 

abstracts were evaluated and pertinent abstracts noted. Relevant 

information is planned to be retrieved from the Key abstracts. 

The regional Federal EPA offices and Pennsylvania Department of 

Environmental Resources office have been contacted for appropriate effluent 

information and other relevant environmental standards. Currently no 

standards or guidelines exist on the state or federal level for nickel 

battery facilities. It appears to be the consensus of those involved that 

if a standard were imposed it would closely adhere to the electroplating 

industry guidelines which are currently published in EPA document 

44011-751040. 

The major concern is currently concentrated on nickel electrode 

processing and subsequent effluent treatment requirements. 

An August meeting has been established with ANL.personne1 from . . 

the Biological and Medical Research Division and Environmental Impact 

Studies Division to discuss the Westinghouse iron-nickel battery , 

manufacturing processes relative to their health assessment program on 

near-term batteries. 

1.6 SAFETY ANALYSIS 

The battery system safety analysis information is being collected 

for the preliminary report due at the first design review. Experiences 

obtained as a result of previously operated electric vehicle battery 

systems and applicable safety standards followed by other industries 

utilizing battery systems will form the basis for the analysis. 



1.7 SYSTEM SPECIFICATION . 

The preliminary specification was submitted,on schedule in 

June. The final specification will be delayed until after an ANLIOEPM 
near-term contractors- meeting to be held in September to discuss battery . 

specification guidelines, testing procedures and reporting requirements. 

The ~nitial Iron-Nickel ~attery Specification consists of four 

sections. The first section relates Cell and Battery Specifications to the 

initial near-term target of 50 Wh/Kg (23 Wh/lb), as well as the final goal 

on the contract of 60 wh/~g (27 ~h/lb). The. second section details 

pertinent performance information, particularly cell charge, discharge, 

power and temperature characteristics. The third section addresses 

potential performance limiting characteristics in the cell and battery. 

Important factors here appear to be charge energy efficiency and total 

electrolyte weight. The fourth section lists 11 battery tests that are 

planned to be performed -on the iron-nickel battery. These tests will 

cstablish efficiency as a function of drain rate, charge acceptance, 

voltage characteristics, internal resistance behavior, open circuit 

capacity losses, temperature effects on capacity and life, gassing., 

electrolyte displacement and short circuit currents. 

The data presented have been compiled from several sources: 

(1) extensive, in-house background experience and data obtained at 

Wetsi.nghouse, (2) recent development test results on small and full-size 

test electrodes, and (3) engineering projection based on the present state 

of technology. 
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' 2.0 TECHNICAL STATUS 
. .. 

I .  

The t e c h n i c a l  e f f o r t  on t h e  program dur ing  t h i s  year  i s  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 . o f  t h e  System Development t a s k  of t h i s  Fe-Ni 

b a t t e r y  program i s  t o  demonstrate improved performance c a p a b i l i t y  i n  t h e  

i n i t i a l  p ro to type  c e l l s .  These improvements i nc lude  a t t a i n i n g  50 ~ h l ~ g  and 

100 Whil 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 s cha rge  

cond i t i ons ,  while  e x h i b i t i n g  short- term,  s t a b l e  c y c l i n g  c a p a b i l i t y .  

The System Development t a sk  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 h e  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 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  of p rogress  a r e  now descr ibed. '  

2.1.1 Nickel  E l ec 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 :  

o  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  during cha rge ld i scha rge  

c y c l i n g  

0 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  

o improving t h e  load ing  f a c t o r  and po ros i t y .  

concu r r en t ly  a l l  t h e s e  developments a r e  aimed a t  reduced 

m a t e r i a l s ,  processing and capi t.al cos t s .  

The development approach t o  so lv ing  t h e s e  problems c o n s i s t s  of 

t h r e e  i n t e r r e l a t e d  a c t i v i t i e s :  (1) g r i d  s t r u c t u r e ,  (2)  electro- 

p r e c i p i t a t i o n  process  (EPP) and ( 3 )  thermal  n i c k e l  development. 



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

The g o a 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 h e  

s t r u c t u r a l  b a s i s  on which t h e  op t imal  mix 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 i s  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  d e n s i t y  and 

t h i c k n e s s  and t h e i r  e f f e c t s  o n . e l e c t r o d e  loading ,  loaded e l e c t r o d e  

t h i c k n e s s  and performance. The f e a s i b i l i t y  of e l i m i n a t i n g  o r  reducing h igh  . 

c o s t  i t ems  ( a s  i n  n i c k e l  p l a t i n g  t h e  g r i d  p r i o r  t o  load ing)  w i l l  be t e s t e d .  

I n  a d d i t i o n ,  t he  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 h e  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 i  be i n v e s t i g a t e d .  

The e f f o r t  t o  d a t e  h a s  been t o  produce f i b e r  meta l  g r i d s ,  us ing  

s t a t e  of t h e  a r t  technology,  and t ~ ~ e s t a h l i s h  t h ~  p r o p e r t i c s  of t h e  g r i d o  

and t h e  p l a t e s ,  when loaded ,  w i th  r e s p e c t  t o  t h e  de s ign  parameters.  Here 

double-plaques,  w i t h  t h e  c u r r e n t  c o l l e c t o r  t a b s ,  have been f a b r i c a t e d ,  

n i c k e l  p l a t e d ,  and used i n  t h e  n i c k e l  p l a t e  development work. 

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

p laque  uni formi ty ,  a r e  a l s o  being inves t i ga t ed .  Comparison of plaques made 

by t h e s e  techniques  wi th  t h e  s ta te -of - the-ar t  w i l l  d i c t a t e  t h e  candida te  

process  t o  be pursued l a t e r  i n  t he  progran. 

2.1.1.2 Nickel Plaque P repa ra t i on  

Tlac: cursenL c:ollr.r-rnr and con ta ine r  f o r  t h c  a c t i v c  nieke l  oxide 

i s  a porous s t r u c t u r e  formed from s i n t e r e d  s t e e l  f i b e r s .  Fab r i ca t i on  of a  

plaque begins  by assembly of a  number of s t e e l  wool b a t t e s  i n t o  a  g iven  

f i b e r  dens i ty .  The plaques are heated i n  a  hydrogen atmosphere caus ing  t h e  

f i b e r s  t o  be s i n t e r e d  t o g e t h e r  i n  c o n t a c t  a r ea s .  The s i n t e r e d  plaque i s  

then  s i z e d  t o  t h e  r equ i r ed  t h i c k n e s s  by a  r o l l i n g  ope ra t i on ,  The plaque i s  

trimmed and a  s tee l  tab-bus i s  seam welded t o  t he  plaque. 

Corrosion p r o t e c t i o n  is  provided tn t he se  s t e e l  f i b e r s  by 

d e p o s i t i n g  n i c k e l ,  un i formal ly ,  around each f i b e r  by e l e c t r o p l a t i n g  i n  

n i c k e l  sulfamate.  Figure 2.1 i s  a  c ross -sec t ion  of a  n icke l -p la ted  plaque,  

showing t h e  e x c e l l e n t  throwing power of t h e  su l famate  bath.  The n i c k e l  

p l a t i n g  covers  t h e  steel f i b e r s  a t t ached  t o  t h e  t a b  i n  t h e  c e n t e r  of t h e  
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Fig. 2.1 - Ni-Plated steel fiber plaque structure of 
approximately 10% density - (110 fibers) . (500 x 



plaque. The s i n t e r  bonds formed between f i b e r s  i n  contac t  during the  

s i n t e r i n g  opera t ion  is  a l s o  evident  i n  these  photomicrographs. 

The present  c e l l  design d i c t a t e s  a  f i n a l  p l a t e  thickness of 

2.5 am. Plaques used with t h e  EPP procedure a r e  s i zed  a f t e r  the  f i r s t  

s i n t e r i n g  opera t ion  and a r e  found t o  expand t o  approximately 2.5 mm, a s  a 

r e s u l t  of.EPP processing and cycling i n  a  f in i shed  c e l l .  On t he  o t h e r  

hand, g r i d  s t r u c t u r e s  used wi th  the  thermal n icke l  process have a s t a r t i n g  

th ickness  of a t  l e a s t  4.4 mm and a r e  s ized  t o  l e s s  than 2.5 mm i n  t h e  

p a s t i n g  opera t ion  assoc ia ted  with t h i s  process. 

Fibers  used i n  these  plaques a r e  f ab r i ca ted  from wool having a 

des igna t ion  of l / O .  As noted i n  Figure 2.1, t h e i r  cross-sect ion i s  

i r r e g u l a r  i n  shape, but are typ ica l  iy a h n ~ ~ t  n.n?5 mm on an edge. Plaques 

have been prepared with f i b e r s  designated a s  310, which have a smaller  

cross-sect ion and, the re fo re ,  higher f i b e r  su r face  area  f o r  attachment of 

the  n i c k e l  oxide i n  the  pores of the  plaque, a t  a  given weight of f ibe r .  

In the  needle punching process,  a p l a t e  containing a l a rge  number 
2 of needles,  -1000 per  750 c m  , i s  pressed v e r t i c a l l y  i n t o  the  unsintered 

f i b e r  plaque. Barbs on the  s i d e  of t h e  t r i a n g u l a r  shaped needle end, o r  a  

f o r k  o r  groove c u t  i n t o  the  end of another  needle type,  push some f i b e r s  

down through the  f i b e r  s t ruc tu re .  Thebe f i b e r s  tend t o  lock the  s t r u c t u r e ,  

c a u s i n i  the  plaque t o  be reduced i n  thickness. The f i n a l  thickness of the  

plaque can be con t ro l l ed  by va'rying t h e  depth of penet ra t ion ,  from one o r  

two sid'es of the  plaque. Experiments t o  da te ,  have shown t h a t  when the  

needle j u s t  penet ra tes  t o  the base of t h e  plaque, r e s u l t i n g  i n  a  compaction 

th ickness  o f  7.5.mm, the  uniformity of t h e  f i b e r  s t r u c t u r e  is  naintained. 

Pe r fo ra t ions  where t h e  needles had passed through t h e  s t r u c t u r e  a r e  evident  

but  t h e r e  i s  no gross  t e a r i n g  of f i b e r s  evident ,  a s  when the  needle 

pene t ra te s  excessively and the  plaque i s  caused t o  inove slowly through t h e  

pe r fo ra t ing  area. A labora tory  model of a  needle-punching machine (Fiber  

Lucker) is s'hown i n  Figure 2;2.  The uncompacted f i b e r  lay-up and needle- 

punched sec t ions  of plaques c u t  from two d i f f e r e n t  t r i a l s  through t h i s  

machine are shdwn i n  Figure 2.3. 

Experimental t r i a l s ,  t o  da te ,  have been concerned with 

e s t a b l i s h i n g  compacting behavior of these  plaque lay-ups under d i f f e r e n t  

machine condi t ions  of needle-penetration and draw speeds, using t h e  barbed 



Fig. 2.2- Laboratoty model of a needle-punching machine 



Fig. 2.3- Fiber lay-ups and section of fiber plaque after processing through a needle-punching machine 



needles .  Some of t he se  experimental  cond i t i ons  w i l l  a l s o  be performed wi th  

t h e  fo rk  needle.  

Expansion growth of t h e  plaque dur ing  EPP process ing  o r  cyc l ing  

s e r v i c e  of t h e  p l a t e  i s  not r e a d i l y  prevented by t h e  t y p i c a l  f i b e r  

s t r u c t u r e  because of t h e  smal l  con tac t  r eg ions  between f i b e r s  i n  t h e  

t h i cknes s  d i r e c t i o n  of the '  g r i d  s t r u c t u r e .  With t h e  needleipunching 

o p e r a t i o n ,  f i b e r s  a r e  mechanical ly  bent  90" from t h e i r  a x i s ,  caus ing  a  

g r e a t e r  t e n s i l e  s t r e n g t h  i n  t h i s  t h i cknes s  dimension. In pre l iminary  

experiments  t o  develop t h i s  f e a t u r e ,  i t  was found t h a t  whi le  t he  f i b e r s  had 

in t e r locked  and caused a  permanent compaction of t h e  uns in t e r ed  f i b e r s ,  

t h e r e  were very few f i b e r s  i n  t h e  needle-punched a r e a  which had maintained 

t h e i r  o r i g i n a l  l e n g t h  a f t e r  being pu l l ed  down through t h e  plaque. S ince  

t h e s e  machined f i b e r s  . a r e  h igh ly  s t r e s s e d  and notch s e n s i t i v e ,  i t  i s  

probable t h a t  t h i s  a t tempt  t o  perfo'rm a  dua l  f u n c t i o n  i n  one needle- 

punching ope ra t i on  i s  undes i rab le .  Experiments a r e  t o  be performed t o  

e s t a b l i s h  a  procedure which w i l l  develop t h e  des i r ed  f i b e r  s t r u c t u r e .  

2.1.1.3 The 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  sub t a sk  i s . t o  improve upon the,  wel l -  

e s t a b l i s h e d  Westinghouse EPP process  f o r  p repar ing  n icke l .  e l ec t rodes .  

S p e c i f i c a l l y ,  t h e  work i s  aimed a t  developing n i c k e l  e l e c t r o d e s  w i t h  

0.25 Ah/p 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 l  a l l  

a t  t he  3h d i scha rge  r a t e .  These g o a 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  . 
about  2.5 mm maximum th ickness .  The EPP process  technology, a t  t h e  onse t  

2  of t h i s  program made 343 cm p l a t e s  o f . t h e  fo l 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 ,  0.12 Ah/g t o t a l  e l e c t r o d e  and 0.07 ~ h / c m ~  a t  

t h e  3h di.scharge . r a t e ,  -3.3 mm i n  th ickness .  

I n  a d d i t i o n ,  process  techniques  a r e  being 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 i m i n a t e  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 e p ,  p r e s e n t l y  used on s t e e l  wool. 

Ult imately on t h e  program, t h e  EPP process  i s  t o  be f u r t h e r  

r e f i n e d  t o  meet t h e  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  i n  t h e  Fe- 

N i  c e l l ,  whi le  minimizing process  t ime and m a t e r i a l  l o s se s .  



I n i t i a l  i n v e s t i g a t i o n s  i n  t h e  smal l  tank experimental  l i n e *  

involved tanks  wi th  N i  200 anodes i n  a  h igh  g r a v i t y  ba th  (maintained above . 

5 0 " ~ ) .  , ' ca thode  i n e f f i c i e n c y  o f .  t h i s  temperature  r e s u l t e d  i n  hydroxide i o n  

bui ldup  i n  t he  baths .  Coupled wi th  t h i s ,  t h e  h igh  e f f i c i e n c y  of t h e  anode 

(due t o  t h e  50°C temperature)  produced Ni++,  and no a c i d ,  and soon turned  

t h e  b a t h  i n t o  an imposs ib le  s ludge ,  even though, i n  i n i t i a l  runs ,  u s i n g ' a  

f r e s h  ba th ,  high c a p a c i t y  p l a t e s  were produced. 

Thus i t  was decided t o  r e v e r t  t o  a  room temperature  bath.  

Depolar ized anodes were a l s o  i n s t a l l e d  when i t  became apparent  t h a t  N i  200 

anodes were unp red i c t ab l e ,  s i n c e  they could  be e a s i l y  pass iva ted .  

Theref o r e ,  t h e  mini-line** was set-up wi th  depolariz 'ed anodes, 

Ni/Co N i t r a t e . b a t h  above 2;5 pH and above 1.50 g rav i ty .  
. . 

An a n a l y s i s  of t h e  n i c k e l  p l a t e  loaded i n  t h e  min i - l ine  showed a  

l i n e a r  d i s t r i b u t i o n  of load ing  wi th  t h e  bottom p l a q u e  ahout 30% higher  i n  

weight g a i n  than t h e  top. This  was a t t r i b u t e d  t o  t h e  OH d i f f u s i n g  out  

from t h e  plaques,  producing c o l l o i d a l  Mi(OH)2 i n  t h e , b a t h  which s1,owly 

f l o a t e d  upward. The c o l l o i d a l  Ni(OH)2 c louds  were n o t  e l e c t r i c a l l y  

conduct ive  and t h u s  t h e  upper p l a t e s  were i n  a  zone of c o n t i n u a l l y  

dec reas ing  conduct iv i ty .  The Ni(OH)2 ended up a s  foam on t o p  of t h e  

bath. S t i r r i n g  completely e l imina t ed  t h i s  problem, a s  i t  in te rmingled  

enough of t h e  a c i d  ba th  t o  prevent  formation of t h i s  c o l l o i d a l  Ni(OH)2. 

However, s t i r r i n g  was found t o  be a  v a r i a b l e  i n  t h e  process  and 

exper iments  were conducted i n  which s t i r r i n g  was done only  during t h e  r e s t  

pe r iods  between p u l s e s ,  a s  w e l l  a s  on ly  du r ing  t h e  pu l se  ( l oad ing )  

per iods .  Procedures have been developed whereby f u l l  s i z e  n i c k e l  p l a t e s  

have been produced wi th  24 Ah capac i ty  a t  about  2.5 mm i n  th ickness .  

C o r r e l a t i o n  between c a p a c i t y ,  a s  determined dur ing  the fo.rmation d i scha rge  

*Here, a  s i n g l e ,  double-plaque can be processed. 

**The min i -1 ine .processes  a  rack  of 5  double-plaques, s u f f i c i e n t  t o  
produce 10 f i n i s h e d  n i c k e l  p l a t e s  f o r  a  f u l l - s i z e  i ron-n icke l  t e s t  c e l l .  



and a c t u a l  capac i ty  of t h e  e l e c t r o d e  i n  3 p la t e*  bench t e s t  c e l l s ,  under '  

cond i t i ons  of l i m i t e d  e l e c t r o l y t e  and t i g h t  packing, i s  e x c e l l e n t .  

The e f f i c i e n c y  of d e p o s i t i o n  of Ni(OH)2 has  been improved by a  

method involv ing  c o n t r o l  of two parameters:  1) a p p l i e d  vo l t age  and 

. 2 )  v i s u a l  monitor ing of evolved gases .  The method i s  designed t o  , cont ro l  

and l i m i t  undes i rab le  s i d e  r e a c t i o n s ,  which not  only d i v e r t  t h e  appLied 

c u r r e n t  i n t o  unproduct ive r e a c t i o n s ,  but a l s o  can block and c r e a t e  

i nacces s ib l e ,  pore r eg ions ,  due t o  gas  buildup. 

.Experimentat ion has  demonstrated t h a t  2.5 mm p l a t e s  having 24 Ah 

c a p a c i t y  can be produced more e f f i c i e n t l y  us ing  v o l t a g e  c o n t r o l ,  coupled 

w i t h  v i s u a l  gas  monitoring. P l a t e s  h e r e t o f o r e  produced wi th  cons t an t  

c u r r e n t  techniques have r equ i r ed  90 Ah of EPP processing.  We now produce, 

w i th  v o l t a g e  c o n t r o l  and minimum outgass.ing, 24 Ah p l a t e s  w i t h  l e s s  input  

EPP processing.  

It i s  expected t h a t ,  w i th  f u t u r e  adjustment  of ' N H ~  con ten t  i n  

t h e  EPP s o l u t i o n s ,  amine-complex i n h i b i t i o n  w i l l  be e l imina t ed ,  r e s u l t i n g  

i n  t h e  product ion of p l a t e s  having c a p a b i l i t i e s  i n  t h e  26-27 Ah range a t  

2.5 mm th ickness .  

2.1.1.4 Thermal Nickel P l a t e  Development -. 

The t e c h n i c a l  g o a l s  f o r  t h e  thermal  n i c k e l  e l e c t r o d e ,  i n  f u l l -  

s i z e  p l a t e s ,  a r e  t h e  same a s  those  s p e c i f i e d  f o r  t h e  EPP nickel. e l e c t r o d e  

( s e e  Sec t ion  2.1.1.3). The p o t e n t i a l  advantages o f f e r e d  by t h e  thermal  

process  a r e  a  r educ t ion  i n  a c t i v e  m a t e r i a l  p r epa ra t i on  t i m e  and 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 .  The EPP process ,  

however, i s  i n  an  advanced s t a t e  of development, whereas t h e  thermal  

n i c k e l  process  is s t i l l  i n  t h e  e a r l y  s t a g e s  of scale-up. Although t h e  

va r ious  parameters  f o r  op t imiz ing  t h e  thermal  n i c k e l  p rocess  have been 

i n v e s t i g a t e d  on a  small  s c a l e ,  methods f o r  cont inuous l a r g e  ba tch  

p repa ra t i on  have no t  been developed experimental ly .  Therefore ,  our  e f f o r t  

dur ing  t h e  pas t  months has been t o  exp lo re  t h e s e  p o s s i b l e  p repa ra t i on  

*A n i c k e l  e l e c t r o d e  w i th  two Iron counter electrodes. 



methods. An equa l ly  impor tan t  t a s k  i s  t o  formula te  an  optimum a c t i v e  

m a t e r i a l  p a s t e  composition f o r  i nco rpo ra t i on  i n t o  t h e  f i b e r  metal  plaque. 

A l l  of t h e  experiments  p rev ious ly  conducted were done i n  a  

r e s i s t a n c e  hea t ing  oven, u s ing  small  c r u c i b l e s  of e i t h e r  n i c k e l  o r  

alumina. The t h r e e  i n g r e d i e n t s  r equ i r ed ,  e.g., n i c k e l  ox ide ,  c o b a l t  
. . 

oxide ,  and sodium peroxide,  were blended thoroughly and hea ted  slowly t o  

t h e  d e s i r e d  temperature.  Time and temperature  were measured us ing  a  

s t anda rd  themocouple-recorder assembly. This  p r e p a r a t i o n  scheme could 

e a s i l y  be adapted t o  scalk-up, us ing  l a r g e r  ovens and c r u c i b l e s  but i t  was 

f e l t  t h a t  i t  could not  be designed t o  produce m a t e r i a l  cont inuously.  

The re fo re ,  o t h e r  approaches w i t h  p o t e n t i a l  f o r  cont inuous product ion were 

The f i r s t  appa ra tu s  designed and cons t ruc t ed  was analogous i n  

make-up and ope ra t i on  t o  a  cupola. The r e a c t i o n  v e s s e l  cons i s t ed  of an 

alumina tube  wi th  a  hemispher ica l  bottom. A h o l e  was d r i l l e d  i n  t h e  

bottom of t h e  tube  t o  a l low molten r e a c t i o n  product t o  d r a i n  slowly i n t o  a  

c o l l e c t i n g  pan. Heat ing was accomplished us ing  a  c i r c u l a r  Nichrome 

c o i l .  The e n t i r e  appa ra tu s  was encased i n  a  t r a n s i t e  cab ine t .  A 

thermocouple,  touching t h e  o u t e r  w a l l  of t h e  alumina, allowed a c c u r a t e  

measurement of t h e . t e m p e r a t u r e  i n  t h e  r e a c t i o n  zone. A w e l l  blended 

mix ture  of  n i c k e l  oxide-cobal t  ox ide  and sodium peroxide was poured s lowly 

i n t o  t h e  alumina tube ,  so  t h a t  t h e  r e a c t i o n  zone was f i l l e d .  Some of t h e  

molten r e a c t i o n  product  d r ipped  from t h e  t ube  but most was r e t a i n e d  due t o  

s o l i d i f i c a t i o n  blockage. The appa ra tu s  was cooled t o  room temperature  and 

t h e  m a t e r i a l  remaining i n s i d e  was removed by hydro lys i s .  The m a t e r i a l  was 

- washed t o  n e u t r a l  wi th  t a p  water ,  b a l l  m i l l ed  and loaded i n t o  a  f i b e r  

me ta l  plaque f o r  t e s t i n g .  Maximum e l ec t rochemica l  u t i l i z a t i o n  obta ined  

f o r  t h i s .  m a t e r i a l  was 0.21 ~ h l g  a t  t h e  C/3 d r a i n  r a t e .  - 

Observat ion of t h e  experiment i n d i c a t e d  t h a t  s e v e r a l  shor t -  

comings were apparen t  i n  t h i s  method. Small c r acks  developed throughout  

t h e  alumina tube s u r f a c e ,  p a r t i c u l a r l y  a t  t h e  j unc t ion  of t h e  r e a c t i o n  and 

co ld  zones. Also, s i g n i f i c a n t  degrada t ion  of t h e  tube  was observed i n  t h e  

r e a c t i o n  zone. It was e s t ima ted  t h a t  a  5% weight l o s s  was experienced i n  

t h e  r e a c t i o n  zone of t h e  con ta ine r .  



Concurrent w i t h  t h e  above experiments ,  s e v e r a l  t h i ck -wa l l ed  
3 n i c k e l  c r u c i b l e s  of 400 cm volume were prepared a s  con ta ine r s  f o r  bo th  

i nduc t ion  and r e s i s t a n c e  hea t ing  experiments.  F ive  of t h e s e  a r e  c u r r e n t l y  

a v a i l a b l e  and can produce enough m a t e r i a l  i n  a  s i n g l e  run  f o r  c o n s t r u c t i o n  

of s u f f i c i e n t  n i c k e l  e l e c t r o d e s  (20) f o r  two f u l l - s i z e  c e l l s .  I n i t i a l  

experiments using t h e s e  c r u c i b l e s  were done us ing  an i nduc t ion  hea t ing  

appara tus .  Seve ra l  v a r i a b l e s  were explored inc lud ing  temperature  , r i s e  

r a t e ,  time a t  t h e  r e a c t i o n  temperature  and coo l ing  sequence. An a c t i v e  

m a t e r i a l  g iv ing  an  e l ec t rochemica l  ou tput  of 0.25 ~ h / g  ( sma l l  p l a t e  t e s t )  

has  been obtained. The temperature  rise r a t e  and coo l ing  sequence d i d  n o t  

seem t o  a f f e c t  a c t i v e  m a t e r i a l  performance. Encouragingly, experiments  

us ing  r e s i s t a n c e  hea t ing ,  produce a m a t e r i a l  which i s  comparable i n  

performance t o  t h a t  produced us ing  induc t ion  hea t ing .  

The t a r g e t  performance of n i c k e l  e l e c t r o d e s  i n  t h e  i ron-n icke l  

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 scharge  r a t e .  In 

o r d e r  t o  ach ieve  t h i s  g o a l ,  bo th  t h e  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 

plaque s t r u c t u r e  must be optimized. E lec t rochemica l  u t i l i z a t i o n  of 

thermal ly  prepared n i c k e l  a c t i v e  m a t e r i a l  i n  va r ious  s i n t e r e d  plaque 

s t r u c t u r e s  has  been determined i n  o rde r  t o  o b t a i n  t h e  optimum p o r o s i t y  

r equ i r ed  f o r  bes t  f i n i s h e d  e l e c t r o d e  performance. Surveys were done us ing  

foam meta l  and cross-hatched f i b e r  plaques w i th  s i n t e r  p o r o s i t i e s  vary ing  

between 70 and 93 percent .  Resu l t s  f o r  both plaque types  surveyed 

i n d i c a t e  t h a t  s u b s t i t u t i o n  of a c t i v e  m a t e r i a l  f o r  plaque f i b e r s  i s  s e l f  

defea t ing .  

Thermal n i c k e l  a c t i v e  m a t e r i a l  i s  loaded i n t o  t he  plaque 

s t r u c t u r e  us ing  a  r o l l  pa s t i ng  procedure. To i n s u r e  uniform d i s t r i b u t i o n  

and reproducib le  l oad ings  f o r  a  g iven  plaque th i cknes s ,  t h e  p a s t e  must 

remain a s  a  s i n g l e  f l u i d  phase dur ing  t h e  r o l l i n g  process.  Deflocculant  

must be added t o  t h e  aqueous p a s t e  t o  prevent  curd l ing .  Small p l a t e  tests  

i n d i c a t e  t h a t  t h e  a d d i t i v e  does no t  s i g n i f i c a n t l y  a f f e c t  t h e  performance 

of  t h e  a c t i v e  m a t e r i a l  a t  t he se  smal l  concen t r a t i ons .  

2  A l i m i t e d  number, of f u l l  s i z e  p l a t e s  (345 cm ) have been 

cons t ruc t ed  and t e s t e d  i n  o rde r  t o  meet t h e  vo lumet r ic  and g rav ime t r i c  

g o a l s  r equ i r ed  f o r  t h e  f i n i s h e d  c e l l .  Outputs between 20 and 23 Ah have 
I 

been achieved a t '  t h e  3 . h o u r  d i s cha rge  r a t e .  These p l a t e s  have shown 



s t a b l e  performance over  50 c y c l e s  t e s t e d ,  b e f o r e  exper ienc ing  a c c i d e n t a l  

c e l l  v o l t a g e  r e v e r s a l  due t o  a  t e s t e r  malfunct ion.  

Thickness measurements w i th  c y c l i n g  t i m e  have been obta ined  f o r  

n i c k e l  e l e c t r o d e s  made wi th  thermal ly  prepared a c t i v e  ma te r i a l .  These,  

r e s u l t s  show about  10 pe rcen t  swe l l i ng  occurred,  mostly dur ing  t h e  f i r s t  

50 t e s t  cyc les .  The r e s u l t s  f o r  f u l l  s i z e  p l a t e s  confirm those  found i n  

s m a l l  p l a t e  runs and i n d i c a t e  t h a t  t h e  swe l l i ng  problem u s u a l l y  found f o r  

d i f f e r e n t  types of n i c k e l  e l e c t r o d e s  can be c o n t r o l l e d  us ing  t h i s  process .  

2.1.2 I r o n  E lec t rode  

I r o n  e l e c t r o d e  development f o r  t h e  i ron-n icke l  b a t t e r y  has  

c e n t e r e d  on two s p e c i f i c  t e chno log ie s ,  a  b r ique t  p rocess  and a  composite 

process .  Both o f  t h e s e  e l e c t r o d e  types  were developed a t  Westinghouse 

over  t h e  p a s t  few yea r s  and have shown a h igh  degree  of performance and 

r e l i a b i l i t y  i n  a c t u a l  b a t t e r y  systems. S p e c i f i c a l l y ,  t h e  i ron-n icke l  
- 

b a t t e r y  des ign  r e q u i r e s  an i r o n  e l e c t r o d e  345 cm2 i n  a c t i v e  a r e a  and 1 mn 

t h i c k  having a  c e l l  performance of 26.5 Ah a t  t h e  t h r e e  hour d i scharge  

r a t e .  The u l t i m a t e  t a r g e t  i s  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 ,  

a l l  on t h e  upper v o l t a g e  d i s cha rge  p la teau .  

2.1.2.1 I ron  Plaque P repa ra t i on  

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 sen t ly  formed from a combination of steel f i b e r s  and a n  

expanded steel  shee t .  The s i n g l e  plaque i s  s i n t e r e d ,  trimmed and a  t a b  

seam welded. Since t h e  expanded meta l  a t  p r e sen t  i s  only 22.9 cm wide, 

p laques  f o r  s i n g l e  p l a t e s  a r e  being f a b r i c a t e d .  An advantage of t h i s  

composi.te g r i d  s t r u c t u r e  i s  t h a t  t h e  expanded meta l  appears  t o  provide 

some s t i f f n e s s  i n  handl ing dur ing  t h e  seam welding ope ra t i on ,  dur ing  which 

t h e  bus-tab i s  a t t a c h e d  t o  t h e  plaque. 

2.1.2.2 br ique t - type  I r o n  E lec t rode  

The b r i q u e t  approach i s  based on a process  i n  which t h e  a c t i v e  

i r o n  oxide  power i s  reduced, die-pressed between expanded meta l  s c r eens ,  

and then  s i n t e r e d  i n t o  a  f i n i s h e d  p l a t e .  



. , . ' .  . : 

F u l l  s i z e  b r i q u e t  e l e c t r o d e s  were t e s t e d  i n  t h r e e  p l a t e  c e l l s  . 

v e r s u s  n i c k e l  e l e c t r o d e s  of t h e  EPP type.  They were of two d i f f e r e n t  

f o r m u l a t i o n s ,  r e p r e s e n t i n g  t h e  s t a t e - o f - t h e - a r t  technology. The reduced 

rouge i r o n  oxide  powder used f o r  p r e s s i n g  was e i t h e r  t h e  f r a c t i o n  passed 

through a  60 mesh s c r e e n  o r  through a  400 mesh sc reen .  Both t h e  f i n e  and 

c o a r s e  f r a c t i o n s  were mixed wi th  pore  former ,  p r i o r  t o  p rocess ing .  

E l e c t r o d e s  p repared ,  u s i n g  t h e  400 mesh powder, a i s o  i n c l u d e d  a n  

a d d i t i o n a l  chemical  t r ea tment  s t e p .  A l l  of t h e  b r i q u e t  e l e c t r o d e s  'were.  

s i l i t e r e d  i n  hydrogen ' . a f t e r  p ress ing .  S i m i l a r  o u t p u t s  f o r  a l l . o f  t h e  

b r i q u e t  t y p e s . d u r i n g  t h e .  f i r s t  50 c y c l e s  (20-22 Ah a t  t h e  C/3 d i s c h a r g e '  

r a t e )  i n d i c a t e  t h a t  t h e  p a r t i c l e  s i z e  and chemis t ry  changes  used i n  

p r o c e s s i n g  d i d  not  s i g n i f i c a n t l y  a f f e c t  performance. 

, . 
2.1.2.'3 The Composite-type I r o n  ~ l e c t r o d e  

For t h e  composite t y p e  i r o n  e l e c t r o d e ,  t h e  a c t i v e  m a t e r i a l  . ? -  . . 

c o n s i s t s  of rouge i r o n  ox ide  ( F i s h e r  S c i e n t i f i c  Company) and a d d i t i v e s .  

Th i s  . m a t e r i a l  i s  i n c o r p o r a t e d  a s  a n  aqueous p a s t e  i n t o  a  s t e e l  wool g r i d ,  
. . 

c o n t a i n i n g  a  s t e e l  expanded m e t a l  c e n t e r .  A s  mentioned p r e v i o u s l y ,  t h e  

e l e c t r o d e  , i s  reduced p r i o r  t o  s i 'z ing.  F u l l - s i z e  e l e ' c t r o d e s  produced i n  

t h i s  manner c o n s i s t e n t l y  produce 23-25 kh o u t p u t s  a t  t h e  C/3 d i s c h a r g e  r a t e .  

Some d i f f e r e n c e s  a r e  a p p a r e n t  i n  t h e  peformance c h a r a c t e r i s t i c s  

o f  t h e s e  two t y p e s  of e l e c t r o d e s ,  p a r t i c u l a r l y  a t  h i g h e r  d r a i n  r a t e s .  
2  Small  p l a t e  (-6.5 cm ) q u a l i f i c a t i o n  r u n s  on b o t h  t y p e s  i n d i c a t e  t h a t  t h e  

b r i q u e t - t y p e  e x h i b i t s  poore r  performance a t  h i g h e r  d r a i n  r a t e s .  The 

overage  v o l t a g e , o n  d i s c h a r g e  f o r  a composi te  i r o n  e l e c t r o d e  i s  about  900 mv 

v e r s u s  a n  >Hg/HgO r e f e r e n c e  w h i l e  t h e . b r i q u e t  a v e r a g e  i s  about  70  mv 

lower. ,  Again, i n  t h e s e , s m a l l  p l a t e  tests a t  t h e  C r a t e ,  t h e  composi te  t y p e  

s u f f e r e d  a  20 mv l o s s  i n  average  d i s c h a r g e  v o l t a g e  w h i l e  t h e  b r i q u e t  

dropped n e a r l y  120 mv. The e x c e l l e n t  power c h a r a c t e r i s t i c  demonstra ted by 

t h e  s m a l l  c o m p o s i t e ' e l e c t r o d e  i s  a t t r i b u t e d  t o  t h e  f i b e r  metal-exmet % 

combinat ion e s n d u c t i n g  g r i d  system w h i c h , b o t h  carries t h e  c u r r e n t  and 
. .  

a l l o w s  f i r m  a t t achment  o f  a c o n n e c t i n g  tab .  . . 
, , 

Research i s  now underway t o , r e p l a c e  t h e  F i s h e r . R e d  I r o n  Oxide . i n  

t h e  composi te  p r o c e s s  w i t h  a  l e s s  e x p e n s i v e ,  mass produced i r o n  oxide . , .  

Candidate  m a t e r i a l s  were chosen on t h e  b a s i s  o f  p a r t i c l e  s i z e  and  method of 

, . 
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manufacture ,  r e l a t i v e  t o  t h e  F i she r  ma te r i a l .  Experiments w i th  c e r t a i n  

Columbian Carbon Company ca l c ined  red  ox ides  y i e l d  r e s u l t s  i n  smal l  p l a t e  
2 t e s t s  ( - 6 . 5  cm ) which a r e  comparable t o  t he  F i she r  m a t e r i a l ,  a t  

approximately 113 t h e  p ro j ec t ed  m a t e r i a l s  coat .  Some problems i n  

f a b r i c a t i o n  have been incu r r ed  i n  scale-up t o  f u ' l l  s i z e  but t he se  problems 

a r e  expected t o  be reso lved  i n  t h e  nea r  f u t u r e .  

A l l  f u l l  s i z e  c e l l s  manufactured t o  d a t e  con ta in  composite-type . 

i r o n  e l ec t rodes .  Performance.in f u l l  c e l l s  p a r a l l e l s  almost e x a c t l y  t h a t  
2 which was found i n  smal l  p l a t e  (6.5 crn ) q u a l i f i c a t i o n  runs and t h r e e  p l a t e  

test c e l l s .  The b a s i c  process  s t e p s  i n  t h e  product ion of t h e  f u l l  s i z e  

e l e c t r o d e  a r e  t h e  load ing  of t h e  ' g r i d  w i t h  i fo i l  6 f i d e ,  the reddccion of che 

oxide i n - s i t u ,  and t h e  p re s s ing  of t h e  composite t o  the '  r e q u i s i t e  

t h i cknes s .  .The c o n t r o l  over  t he  amount and uni formi ty  of t h e  load ing  is  

based on the  i nhe ren t  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. By means of hard r o l l s  t h e  

loaded g r i d  i s  then s i z e d  t o  2.2 mm 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  pas t e  i s  uniformly loaded wi th in  t h e  

vo ids  of t h e  g r i d .  

Following t h e  pas t i ng  s t e p  and p r i o r  t o  t he  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 most o r  a l l  of 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  whch o f f e r s  easy 

acces s  f o r  t h e  hydrogen g a s  dur ing  t h e  i n - s i t u  reducing s t e p .  

A cont inuous b e l t  hydrogen atmosphere fu rnace  wi th  a  20 f o o t  long 

ho t  zone (BTU Engineering WP-25) is  used f o r  t h e  reducing s t ep .  

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  not a f f e c t e d  by t h e  . 

r educ t ion  s tep .  In p re s s ing  t o  t h e  f i n a l  t h i c k n e s s ,  t h e  e l e c t r o d e  wi th  t h e  

r e q u i s i t e  68 g loading  i s  r e a d i l y  pressed  t o  1 mm w i t h  no d i s t o r t i o n  t o  t h e  

o t h e r  two dimensions. 

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

c e l l  connec tors ,  s e p a r a t o r ( s ) ,  c e l l  c a s e  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  au tomat ic  water feed ing  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 , S e p a r a t o r  Development 

The s e p a r a t o r  development work i n v o l v e s  two t a s k s :  

1 )  S e l e c t i o n  of a  s u i t a b l e  s e p a r a t o r  sys tem t h a t  can be used i n  
~. 

e v a l u a t i n g  t h e  i n i t i a l  p r o t o t y p e  i r o n - n i c k e l  t e s t  c e l l s .  

2 )  S e l e c t i o n  and e v a l u a t i o n  of new s e p a r a t o r  m a t e r i a l s .  

Most of t h e  e f f o r t  t o  d a t e , h a s  been co 'ncentra ted on t h e  f i r s t  

t a s k  w i t h  c o n t a c t s  w i t h  vendors ,  p r i m a r i l y  Kimberly-Clark, w i t h  r e g a r d  t o  

t a s k  2. A sample of ' p e r m a n e n t l y w e t t e d ,  non-woven polypropylene h a s  been 

received, '  from t h e  RAI C o r p o r a t i o n ,  but  h a s  n o t  y e t  been t e s t e d .  
. . 

The e f f o r t  i n  t a s k  1 h a s  been d i r e c t e d  toward i n i t i a t i n g  a  

q u a l i t y  c o n t r o l  program on " a s  rece ived"  s e p a r a t o r  m a t e i r a l ,  w i t h  emphasis 

on e l e c t r i c 1  r e s i s t i v i t y .  To develo'p a  d a t a  base ,  r e s i s t a n c e s  were 

measured on m a t e r i a l s  purchased i n  t h e  p a s t  f o r  o t h e r  b a t t e r y  programs, a s  

w e 1 l . a ~  f o r  t h o s e  purchased f o r  t h i s  development c o n t r a c t . *  . 
. . , . 

. . , . 

. . The t e s t s  were d i r e c t e d  toward de te rmin ing  l o t - t 0 ' ~ 1 o t  

v a r i a t i o n s , .  w i t h i n - l o t  v a r i a t i o n s  arid r e s i s t i v i t y  l e v e l s  of v a r i o u s  .:. 
m a t e r i a l s .  R e s u l t s  o b t a i n e d  t o  d a t e  a r e  summarized i n  Tab le  2.1. Tfiese' . . 

r e s u l t s  i n d i c a t e  t h a t  t h e  non-woven m a t e r i a l s  show r e a s o n a b l e  w i t h i n - l o t  

v a r i a t i o n s  but  can have l a r g e  l o t - t o - l o t  v a r i a t i o n s .  These v a r i a t i o n s  w i l l  
... 

be di .scussed w t i h  t h e  vendor t o  d e t e r n i n e  act-ions t o  c o r r e c t  t h e  problem. 

The microporous s e p a r a t o r  m a t e r i a l  (Ce lgard)  h a s  l o t - t o - l o t  and w i t h i n - l o t  

v a r i a t i o n s  which a r e  abou t  equa l .  A l l  t h e  r e s i s t a n c e  o b t a i n e d ,  however, 
2  a r e  w e l l  under t h e - m a n u f a c t u r e r s  maximum s p e c i f i c a t i o n  o f  15 mil l iohm-in  . 

2.1.3.2 Connector Development 

The o v e r a l l  o b j e c t i v e  o f  t h i s  s u b t a s k  i s  t o  deve lop  a  r e l i a b l e  

connec tor  t h a t  can be r e a d i l y  manufactured.  The v i a b i l i t y  o f  new c o n n e c t o r  

assenibly ' t e c h n i q u e ( s )  .ar .e  be ing  e v a l u a t e d .  i n ' t e r m s  of e l e c t r o d e  r e s i s t a n c e ,  

r e l i a b i l i t y ,  n a n ~ f a c t u r a b i l i t ~  , and res ' i s t anck  t o  a t t a c k  -, by c a u s t i c .  

I n t e r c e l l  c o n n e c t i o n s  and ' m o d ~ l e  t e r m i n a l  c o n n e c t i o n  c o n c e p t s  are a l s o  
. .. . . : _, 

being e v a l u a t e d ' .  i n  t h e  .. . 
' ..: ":: 

. . 
,#" . .. ..:. : . . 

*The r e s i s t a n c e  tester used was of t h e  type  d e s c r i b e d  i n  F a l k  6 S a l k i n d ,  
Alka l ine '  S to rage  B a t t e r i e s ,  John Wiley and Son, 1969, pp. 257-262. 



TABLE 2.1 

SEPARATORS AND THEIR RESISTANCES 

Average' 
Resistance 

Ma te r ia l  I .D. No. Lot  No. Sample No. Ma te r i a l  Type mi l l iohm- in2  

. ABSORBER MATERIALS: 
Kendall M I  583 4382 1 Non-Woven Pol ypmpyllenel 41 

' Kendal l  MI583 4382 2 Non-Woven Polypmgy%ene 4 5 

Kendal 1 M I  583 4382 .' C' Non- Woven Polypropyl ene . . . . . . . . . . . .  - , . . . .  -... .... . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

Kenda 1 1 MI 583 . 3840 ' 1  on-woven Polyprmpyllene 2 4 

~ e n d s l  1 M I  583 3840 L Non-Woven Pol ypropyl.ene 18 r. 

~ e n d a l  1 MI 583 3840 -. 
3 . . . . . . . . .  ... ............................................................... Non-Woven Polypppynene ..-----.-.,--.. 19 

. h, 
N Kendal 1 M I  583 27.54 I Non-Woven Polypropyl  e i e  18 

K e d a l l  ---.-,-.-- MI583 .. 2754 . . 2 ........... . . .. .- 
2 2 --.-... .---- ,- ..,--.._ NP!-: ! !ove_n_-Po~~~1!~_1__e_?e~~~.~ - : 

Kendal 1 XM12 53 0448 I Non-Woven P o ~ . Y P ~ ~ P Y ~ ! ~ . ? . ?  ................... l ?  ....... -.----.--.- ................ 

Kendall XM1253 . 9365 i . . .  -_.._.___.... ..___...._.... . . . . . .  . . Non-Woven Polypro.py.lene. 110 
Kendal 1 5M263.4 6745 I ... Non-Woven Polypropyle7e .......................... . . . . . . . . . . . . .  . . . . . . . . . . . . . .  13 . . . . . . . . . . . .  ------ -. - -. -. 

Pel 1 on 2506K 9847 Non-Woven Nylon 6 
1 Pel l o n  2506K 9847 L . . . . . . .  

Non-Woven Nylon 
. . . . . . .  -.-- . . . . . . . . .  . .: . . 

6 
. . . . . . . . . . . . . . .  . . 

. BARRIER MATERIALS: 

Celgard 1401 1081 4 i M i  croporous P o l y p r o ~ j l e n e  6 

Celgard .. - 1401 1081 1 C) 
L .... ............... . - ..................................... ' ,  * '. . 

M i  . croporous - P o l y p r o ~ $ l  me 10 

10815 . Celgard 1401 I -- ,- -- - - -. Microporous P o l y p r o ~ y l  m e  10 ........................ . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . - . . . . . .  

5768 Celgard 1401 : M i  croporous Pol y p r o ~ y ' l  me 6 



Several  design concepts have been considered f o r  connecting and 

terminating the  p la tes  i n  a s ingle ,  free-standing cell. I n  the  present  

c e l l  design, a comb-type s t r a p  with a terminal  e x i t s  from the  top of the  

c e l l  ( see  Figure 2.4). A grommet, located  on the  terminal  ins ide  t h e  c e l l ,  

provides a mechanical seal f o r  t h e  c e l l .  A mold t o  form these  grommets 

from rubber has been designed and fabr ica ted  f o r  terminals  of e i t h e r  s t e e l  

o r  c lad  copper. 

The s t e e l  terminal  f o r  the  present  test c e l l  has approximatley 

seven t i m e s  the  cross-sect ional  a rea  of a terminal made of copper f o r  

equivalent  e l e c t r i c a l  resistance.  Preliminary design ca lcu la t ions  f o r  the  

terminal  indicated that a 0.95 cm diameter would be s a t i s f a c t o r y  (i.e. ,- 
lower losses)  f o r  c u r r e n t  carrying a t  the  C r a t e  (250A). The equivalent  

s t e e l  terminal  d ia6eter  would be 2.2 cm. This component is ,  i n  f a c t ,  

l a r g e r  i n  diameter because of t h e  f lange required t o  support t h e  grommet 

used t o  s e a l  the  c e l l .  

Copper terminals  and c o l l e c t o r  combs have been n icke l  p la ted  and 

corrosion t e s t i n g  has been i n i t i a t e d  i n  the  standard l i t h i a t e d ,  potassium 

hydroxide e l e c t r o l y t e ,  used i n  t h e  cell. Some ,of these  p la ted  components 

had some p i t t i n g  i n  ,the surface  of the  n i c k e l  coating. However, macro 

examination did not show evidence of exposed copper a t  the  base of the  , * 

pi t .  These samples, a f t e r  expoTure f o r  40 hours a s  a p o s i t i v e  e lec t rode i n  * . .  
a c e l l  a t  the  gassing po ten t i a l ,  showed no evidence of corrosion i n  any 

a rea  of the  terminal. 
! .  

E l e c t t i c a l  measurements have begnplade on the  copper terminals  

and the  s t e e l  terminals t o  determine t h e i r  res is tance .  l'he steel terminals  

a t  t h e  grommet sec t ion  of 5.4 cm diameter has a res i s t ance  of 2.9 x loq6 

ohm/cm. This agrees with t h e  ca lcula ted  value f o r  a steel having a 

r e s i s t i v i t y  of 10 x ohm-em. The copper terminal  at  2.4 cm diameter is  

equivalent  i n  res is tance ,  3.2 x ohm/cm. 

2.1.3.3 C e l l  Case and Cover 

Development work i n  t h i s  area i s  twofold: 

1 )  The design and const ruct ion of prototype s i z e  3 p l a t e  c e l l  

cnntafners f a r  n icke l  and i r o n  plate evaluations.  



fig* 2.4-App~rance of a full s4ze iron- 
nickel cell post -comb assembly, attached 
to plate bu s-tabs to SMW fabrimfed appear -. 
ame 



2)  The design of prototype s i z e  i ron-nickel  cell conta iners  and 

covers, the  s e l e c t i o n  of vendors, and t h e  procurement of t h e  

c e l l  conta iners  and covers. 

The design concept f o r  the  3-plate cell container has been 

completed. Three-plate c e l l  t e s t  cases  were designed and fabr ica ted  from 

plexiglas  (as  a r e  present f u l l - c e l l  test c e l l  cases). These have been used 

f o r  a l l  tests thus fa r .  

Design of t h e  f i n a l  prototype, f u l l - s i z e  s i n g l e  cell cases and 

covers has a l s o  been completed, with two case-to-cover sea l ing options;  

u l t r a s o n i c  and induction versions. Based on present  plans the  induction 

adhesive bonding process w i l l  be used. The mold has been designed f o r  t h e  

cel l  case and cover and t h e  order has been placed. The case and cover w i l l  

be of Noryl (polyphenylene oxide). We a n t i c i p a t e  rece ip t  of the  f i r s t  

molded pieces i n  November. 

2.1.3.4 Cel l  Auxi l iar ies  

Development work on cel l  a u x i l i a r i e s  r e l a t e  t o  e l e c t r o l y t e  water 

makeup a n d , , i f  needed, e l e c t r o l y t e  rec i rcula t ion.  Jbphasis w i l l  be on an 

automated, system capabi l i ty .  

The need f o r  r e c i r c u l a t i o n  of e l e c t r o l y t e  is beihg determined by 

c e l l  thermal condit ions,  which are being es tab l i shed  i n  some of t h e  

prototype s i z e  iron-nickel cells t h a t  a r e  o n ' t e s t .  

2,l. 4 Cel l  ~ c o  t i n g  

The ul t imate  purpose of t h e  t e s t i n g  program is two-fold: 

1)  Provide performance information f o r  use by t h e  manufactuter 

. a s  feedback t o  determine operat ing c h a r a c t e r i s t i c s ,  suggest 

modifications, and rc in fo rce  design. 

2) Provide information of i n t e r e s t  t o  a p o t e n t i a l  user ,  who has 

a need t o  know many performance, environmental and s a f e t y  

aspects  of the  system. 

For Task 2, the  System Development port ion of t h e  con t rac t ,  

t e s t i n g  concentrates on two areas. Prototype s i z e  i r o n  and n icke l  p l a t e  



tests a r e  being performed t o  a s s i s t  i n  evaluating design, mater ia ls ,  and 

process changes and determining t h e i r  e f f e c t  on improving performance. 

Also, f u l l  s i z e  iron-nickel c e l l s  a r e  being t e s ted ,  toward es tab l i sh ing  the  

intermediate t a rge t  goals  (speci f ied  i n  Section 3.0) t h a t  must be m e t ,  

p r i o r  t o  proceeding with t h e  f i r s t  ba t t e ry  build. 

The t e s t i n g  i s  t o  provide, u l t imate ly ,  information on t h e  

opera t iona l  and performance c h a r a c t e r i s t i c s  i n  the  following areas:  

1) pre-test ,  2) charging, 3) capacity,  4) power, 5) charge re ten t ion ,  

6 )  l i f e  and 7) environmental aspects .  
7 :; 2 - 

-, 

2.1.4.1 Tescer F a c i l i t i e s  and Hardware e 

A preliminary test program plan was included i n  the  I n i t i a l  Iron- 

Nickel Battery Speci f ica t ion d r a f t ,  subui t ted  a t  t h e  end of May. Only one 

minor change i n  a t e s t i n g  procedure has been made i n  t h a t  plan. Eleven 

experiments were included, t h e  d e t a i l s  of which w i l l  be submitted with t h e  

f i n a l  ba t t e ry  speci f ica t ion.  The titles of those experiments and the  

curves which w i l l  r e s u l t  a r e  l i s t e d  i n  Table 2.2. 
- - .  

The physical  apparatus t o  perform these  tests a r e  e i t h e r  i n  

exis tence  (see Figures 2.5 and 2.6) o r  being set up.* Cells  a r e  being 

cycled on a cont inual  b a s i s  and a t  maximum frequency. Modifications 

include: 1) replacement nf power o u p p l i ~ a ,  2) con t ro l  repairs LU tilt? 

tester, 3) rewiring, 4) recorder set-ups, 5) c e l l  s t a t i o n  rebuilding,  

6) self-extinguishing mater ia l  subs t i tu t ion ,  7) i n s t a l l a t i o n  of a sa fe ty  

s p i l l  de tec t ion  system, 8) i n s t a l l a t i o n  of a n  in tegra t ing  system, 

9) i n s t a l l a t i o n  of an auto-watering system, 10) i n s t a l l a t i o n  of R c e l l  

r e v e r s a l  protec t ion system, and 11) meter replacements. 

The l a s t  two i t e m s  were recent ly  added when a terminal  voltage 

meter malfunctioned and caused a severe reversa l  of t h e  3 p l a t e  c e l l s  t o  

occur a t  the  beginning of August. 

*The auto-cycle system has been the  major COnCerb thus f a r ,  as it is t h e  
primary instrument i n  da ta  col lec t ion.  



Table 2.2 Preliminary Test Program Plan 

Experiment # T i t l e  Plots  
. . 

I * ".- . 
1 I ~apac ; t&~ 'ksC ,tnp&t . - i Ah e f f i c iency  @ C / 3  

vs. input 

& Wh input ii Wh e f f i c iency  @ C/3 
vs. input 

Capacity vs. charge r a t e  1 Charge acceptance 

Capacity vs. discharge 
r a t e  

i Ah e f f i c iency  vs. r a t e  
ii Wh ef f ic iehcy vs. r a t e  

iii % ra ted  Ah vs. r a t e  
i v  % .rated Wh vs. r a t e  

v discharge curves vs. r a t e  

In te rna l  Resistance vs. i R i  vs. charge 
s t a t e  

I n t e rna l  Resistance vs. ii R i  vs. discharge 
r a t e s  iii delivered kW vs. (dis-  

charge, r a t e )  
i v  po t en t i a l  vs. ( r a t e ,  

s t a t e  
v power vs. ( s t a t e )  

Open Circui t  Losses 

Capacity vs. Ambient 
Temperature 

Temperature Rise 

i Capacity vs. O.C. @ 0 %  
ii Capacity vs. O.C. @ 25OC 

iii . Capacity vs. 0. C. @ 50°C 

i OC/hr vs. IC & s t a t e  
ti OC/hr vs. ID & s t a t e  

Capacity us. (Cycle i l i f e  @ O°C vs. depth 
Temperature, and Depth ii l i f e  @ 2S°C vs. depth 
of Discharge iii l i f e  @ 50°C vs. depth 

iv. capacity @ 25OC 

Gassing vs. ( s t a t e ,  r a t e )  i C13 charge 
ii C/6 charge 

. i f i C13 discharge 

, I 

i v  composition 
A *. 

~ 1 e c t r o G t e  ~ i a ~ l a c e m e n t  i C/3 charge 
vs. s t a t e  ii C/6 charge 

iii C/3 discharge 

Short Circui t  Current - SCC i SCC vs. durat ion 



Fig, 2.5 -@I AU~Q-G)FE~B tear, showing 3 plate and full size ceS l tests 



Fig. 2.6 -@ Auto-cycle tester, showing present control and data logg~ng equipment 



The temperature protection system, has been designed and 

necessary hardware is on hand. It is hoped that this can be installed at 

about the same time as the temperature baths. Power testing apparatus are 

already in existence and will likely require only slight modifications. 

Short circuit current Analysis instruments are also in hand. Gassing and 

electrolyte displacement measurement equipment will require moderate 

fixturing. The gas analysis instrumentation is ready for use. 

To date cell data reduction has occurred manually, but in the 

last few months, computer data collection and reduction software has been 

under modification. Two of three pltograms are complete and have been 

tested with sample data. brdware for cycler-to-computer data transition 

has been identified by one source and a second is now making a study. A 

system may include computer interfacing, graphic display media, and a 

graphic terminal, or the possible use of a minicomputer. The primary 

objective here 1s to eliminate the paper tape stage of the data 

transitionsand add CRT capability for improved accuracy and interpretation. 

The former hardware has been identified by one source. A second source is 

presently studying the latter. Until either can be implemented, paper tape 

data transition will allow the use of updated programs, as they become 

available. 

. . Pilot PlauL Q p ~ r ~ t  ion 

Planning is underway to prepare the iron-nickel battery pilot 

plant for the manufacture of the first prototype battery, commencing later 

thie year. 



3.0 TECHNICAL PERFOIUUNCE 

The t echn ica l  performance g o a l s  a r e  shown i n  Table 2.3. The 

immediate g o a l s  spec i fy  a t ta inment  of 50 w h / ~ g  and 80 Wh/l c e l l  performance 

wi th in  C/2 t o  C/4 d i scharge  rate. F i n a l  g o a l s  a r e  60 wh/Kg and 100 ~ h / l .  

To e s t a b l i s h  our  s t a t u s  o f  developnexit, a l l  tests .(3 p l a t e  and f u l l - s i z e  

c e l l )  on t he  program are r o u t i n e l y  performed a t  C/3 charge r a t e  f o r  4 hours  

(33% excess  coulombic charge) and a t  C/3 d i scharge  r a t e ,  t o  0.970 'V cu to f f  

on 3 plate .  c e l l s  and t o  1.00 V cu to f f  on f u l l - s i z e  c e l l s .  

Tes t  r e s u l t s  w i l l  be descr ibed  t h a t  r e l a t e  t o  plaque eva lua t ion ,  

i r o n  and n i c k e l  p l a t e  r e s u l t s  and f u l l - s i z e  i ron-n icke l  c e l l  r e s u l t s .  

.Seven f u l l  s i z e c e l l s h a v e  been cons' tructed t o  d a t e ,  i n  c o n t a i n e r s  

of t h e  proper vo lumet r ic  c o n s t r a i n t s ,  a s  p e r . o u r  des ign  s p e c i f i c a t i o n s .  ' 

However, t h e  c e l l s  have c o n t a i n e r s  made of p l e x i g l a s ,  w i th  overs ized  

t e rmina l s  ,and a r e ,  consequent ly ,  overweight. This s i t u a t i o n  w i l l    rev ail 
u n t i l  t h e  mold has been ob ta ined  ( e s t ima te - l a t e  September), so  t h a t  ac.tual. 

c a se s  and covers  can be prepared and f i n a l  des ign  te rmina ls  f o r  t h a t  cover  

have been machined. In t he  meantime, a l l  c e l l  g r av ime t r i c  d a t a  is based on 

es t imated  c e l l  weight,  by t a r i n g  o u t  excess  weight components and adding i n  

f i n a l  des ign  components and a d j u s t e d  e l e c t r o l y t e  weight. 

3.1 .THREE-PLATE TEST CELLS 

Three-plate  test c e l l s  are used t o  e v a l u a t e  both t h e  i r o n  and 

n i c k e l  e l e c t r o d e  performances, t o  e s t a b l i s h  t h e i r  s t a t e  of development and 

t o  a s s i s t  i n  t h e  p repa ra t i on  of e l e c t r o d e s  used i n  f a b r i c a t i n g  s tackups  f o r  

f u l l - s i z e  pro to type  c e l l  t e s t s .  Some of t h e s e  r e s u l t s  a r e  summarized i n  

. . 
3.1.,1 EPP Nickel T e s t s  . , 

: '  Tables 2.5 and 2.6 summarize 3 - p l a t e  c e l l  test  r e s u l t s  on EPP gnd 

thermal  n i c k e l  e lec . t rodes.  The bes t .  of - t h e  EPP e l e c t r o d e s  have d e l i v e r e d  
. . 

- .  
l i  . . . . . . 



- 
i a b l d  2 .?. @ Iron-Nicke l  Ba.:tery iechrl ical  Performance Goals and. Present Status ' 

. - 
Contractor  ~ o r e c a s  td 

Contract  Goals Present Demor.stration: ( f o r  Feb. 1979) 
(Set  Dec. 1977) (Date August 1978 ) Performance Character is  t i c s  

Ba t te ry  Capacity : KW-.?r) 
(100% ra ted)  

B a t t e ~ y  Dimension m H 
( m H x m W x m L  m W  

m L 

Weight (kg) 

S p e c i f i c  Energya P W-hi kg) 

S p e c i f i c  Power ( W /  kg) 
Peak Ba t te ry  - wit.h 17% Voltage 

drclp f o r  3l sec. 
Sustained @ C/3 

Duty Cycle 
Charge (h )  
Discharge (h )  

C/3 fo r  4h 
3 

L i f e t i m e  
Deep E i  scharges b 

Energy E f f i c i e n c y  (%) 

a ~ / 3  r a t e  discharge; 4-8 h charge 
b 8 ~ %  depth o f  discharge based on ra ted  capaci ty '  , . 

C p r i c e  de l i ve red  t o  auto manufacturer f o r  product ion % i0000/y . . 

d ~ i r s t  prototype. 
eExtrapo1 a'ted from t>es't' avai 1 able c e l l  data. 



. . 
' . TABLE 2.5 

. .  6 

THTEE-PLATE CELL rEsT RESULTS ON IRWI NIO I~ICKEL E L E C T E O D ~ S  
. .. . . (CHARGE. GENIRALLY C/3 RATE FOR 4 HOURS; DISCHARGE. C13 RATE TO ,970 V ON CES-L) 

NOTES: .Target th ickwsses - Nickel Electrode = 2.5 m. Imnediately a f t e r  *cycle . c e l l s  vere charged normally. 

, .  . I ron Electrode = :.O rm dfscharged 5 hours, 

B - b ique t - t ype  i r on  electrode c h a r g e  normally. 

C . =  cmposi te- type i r on  electrode . . . . discharged 34 hours f n  reverse p o l a r i t y  by power supply. 

E = WP n i cke l  e ler r rode . a t  cyc le  ''1, c e l l s  were charged C/2 for  5 hours. 

T :thermal n i cke l  electrode , dtscharged n o m l l y  

. . a t  cyc le  *+2. charged C/2 f o r  4 hours. 

d&charged normally (C13) 

a t  cyc le  .+3, charged normally (CI3, 4 hours) 

- 

.+off t es t  

1 

~h 

22.8 

21.3 

21.6,ZZ.O 

32.7 

27.6 

20.9 

14.4 

21.2 

20.9 

. 21.1 

24.5 

18.5 

22.7 

8.9 

14.9 

9.0 

PLATE 

NO. 

28 

38 

39C 

106C 

125C 

59E 

61 E 

138E 

139E 

l56E 

157E 

1B6E 

1B7E 

51 

61  

71  

C A 

2 

~h 

20.3 

23.1 

27.9 

22.9 

21.2 

19.2 

21.4 

21.1 

22.4 

25.0 

19.5 

23.1 

12.0 

16.8 

8.7 

ACITY Y S .  CYCLE 

Best (Af ter  cyc le  s i x )  Oata: 

3 

~h 

Best 
Capacity 

Ah 

22.4 

23.8 

25.6 

25.7 

24.5 

23.9 

23.1 

22.0. 

21.6 

24.3 

24.4 

20.9 

22.7 

23.6 

' 20.0 

11.0 

ACTIVE ELECTROE THICKNESS 

~h 

16.6 

6 

23.5 

22.4 

21.7 

20.0 

18.0 

2110 

19.8 

23.6 

23.1 

20.3 

19.7 

20.9 

20.0 

7.1 

9-. 

66.9 

67.4.. 

66.3 

4 

~h 

Best 
Cycle 
: 
35 

15 

52 

13 
17.22 

68 

7 

100,101 

47.64 

99 

I 7  

101 

8 

19 

36 

15 

cycle9 

191 

8 

175 

142 

95 

195 

173 

130 

130 

130 

130 

130 

1 3 0  

48 

49 

13 

9 r mn 

97.6 . , 0 .98  

98.5 ' ' 0.99 

117. ! ' 0 . 9 9  

U t i l i z a t i o n  

I 2 

~h ~h i ~h ~h 

11.6 11.2;10.2 12.6 212 

3 . 7  1 . 2  4 16.4 208 0.24 

21.0 20.6 j20.3 21.2 196 0.32 0.18 ' 

20.0 .21.6/20.8- 18.9 163 0.27 

20.7 21.4'19.7 19.5 116 0.26 0.15. 

18.4 20.2 17.6 18.5 Z l l "  . . 
14.9 j13.2 13.4 194 

14.4 13.8 . 11.4 15.6 ,151 

12.9 12.2 . 10.6 13.4 151 

14.9 19.4 15.5 18.7 151 

15.3!12.9:14.3 16.4 151 . 

5 1 6 ' *-2 / *-I 
~h 1 ~h / ~h I ~h 

13.1.19.3 

8 2 2  

P . 7 ( i 9 . 9  

25.3124.4 

Z . 3  21.6 

16.0 114.2 j 12.4 

14.5 i13.9 112.5 

14.0,14.81'12.7 

13.1 :1.1.7]10.7 

10.4 ~ 1 1 . 0 ' 1 0 . 3  

Best 
Active 

Ahlq 

0.33 

0.35 

0.39 

0.37 

0.33 

0.19 

0.19 

0.09 

70.4 119 j 1.02 

U t i l i z a t i o n  

Best ' E l e c ! r s  

Ahlg -- 
0.23 

0.24 

0.22 . 
0.22 , 

0.19 

. . 

0.11 

0.11 . 
0.06, 

20.3!20.3116.6 

22.6 2 2 . 5  1 . 6  

23.0!21.5[23.1 

74.8 1 127 

. I 

, 

.. 
16.7 

14.7 

13.7 

17.7 

8.3 

17.0 

1 7  

24.0 

1.02 

2.5 

2.3 

3.2 

3.1 

3.4 

3.7 

2.6 

2.9 

20.3 

17.9 

21.0 

19.7 

23.2 

20.1 

19.7 

21.1 

20.1 

7.1 

I 22.6 20.7 1 2 2 . ~  23.1 120.4 

.23.1 317.9 

20.1 ! 20.3 

19.4 j 19.6 

20.4322.9 

151 

151 

69 

70 

34 

25.6125.0 21.8 22.0 I I 

125' 

i5.2 

19.2 

23.1 

14.1 

16.9 

6.5 

21.4 21.9!20.8 

211 1 2.3 

. 

0.11 . 
0.17 

0.07 

21.6 

106 1 193 / 2.0 

119 194 1 2.1 , 

23.9'21.6 

17.6 

22.0 

16.9 

16.8 

8.3 

0.06 

0.09 

0.04 i 

24.0123.1123.2 

17.5 118.5 120.3 

20.8. 22.5 119.4 
I 

17.9'20.9 20.4 I 
16.8:17.4 119.7 

8.11 7.7 1 6.8 



W P rop r ie ta ry  - 

TABLE 2.6 

NOTES: a. 'Special feature,  com5orents, weight (kg) and volume (1 ) 

b. C/3 discharge, 4 t o  8 kour ch,rge 

c. Based an a t  l e a s t  5 consecuti,ve cycles 

d. "Greater than" symbols' denote cont inu ing o p r a t f o n  ' 

'e. Percent dec l  Sne from i n i t i a l  
. . 

f. Where two values occur, t.he second i s  *20 cyc les  a f t e r  a 35 hour reversa l ,  t he  former i s  the  cyc le  
w imned ia te ly  preceding the d e l l  - reversal .  

t c. 



23.1 and 23.6 Ah a t  c y c l e  130.* However, t he se  p l a t e s  a r e  over  t h i cknes s ,  

a t  3.4 t o  3.7 nm ( t a r g e t :  2.5 mm). 20 Ah p l a t e s  have been obtained a t  up 

t o  195* cyc l e s  a t  t a r g e t  th ickness .  The EPP p l a t e s  do demonstrate 

s t a b i l i t y .  About, 22 Ah p l a t e s  a r e  needed i n  an i r o n - n i c k e l  c e l l ,  

d i s p l a y i n g  1.15 V and weighing 5.0 kg t o  a t t a i n  t h e  i n i t i a l  goa l  of 50 Wh/kg 

i n  t h e  s p e c i f i e d  c e l l  volume. Recent improvements i n  t h e  experimental  l i n e  , 

show capac i ty  i nc reas ing  t o  24.0 Ah i n  formation d i scha rge  a t  a  p l a t e  

t h i cknes s  of j u s t  under 2.5 mm. 

3.1.2 -. Thermal Nickel T e s t s  

A f u l l - s i z e  e l e c t r o d e ,  2.3 mm i n  t h i cknes s ,  made from an e a r l y  

, batch  of thermal  a c t i v e  m a t e r i a l ,  d i sp layed  21 Ah c a p a c i t y  a t .  nea r ly  50 

t e s t  cyc les .  This  p l a t e ,  meeting the  i n i t i a l  performance r equ i r enen t s  f o r  

n i c k e l  e l e c t r o d e s ,  had shown. s t a b l e  performance s i n c e  c y c l e  6. S imi l a r  

s t a b i l i t y  i n  c a p a c i t y  i s  shown i n  an  even th inne r  n i c k e l  e l e k t r o d e  (2.0 urn 

and 20 Ah capac i ty ) .  

. . 
3.1.3 ' Briquet  I r o n  T e s t s  

Tes t i ng  of two b r i q u e t  i r o n  e l e c t r o d e s  h a s  been conducted up 

t o  -190 cyc l e s ,  wi th  i n i t i a l  c a p a c i t i e s  of 20.3 t o  22.5 Ah (Table 2.7). 

However, they decreased i n  capac i ty  t o  17 Ah during t h i s  t e s t i n g  in te rva l .**  

'Fu r the r  e f f o r t  toward opt imizat- ion of t h e  b r i q u e t . i r o n  e l e c t r o d e  has  been 

d e f e r r e d ,  due t o  t h e  encouraging r e s u l t s  ob ta ined  t o  d a t e  i n  t he  composite- 

type  of i r o n  e l e c t r o d e ,  a s  w e l l  a s  due t o  t h e  need f o r  a  s u i t a b l e  p re s s ing  

d i e  of rhe rlg11L des ign  and gcomctry t o  f a b r i c a t e  hti .quet-type i rons .  

3.1.4 Composite I ron  Tes ts  

Composite i r o n  e l e c t r o d e s  have i n i t i a l l y  de l ivered .22 .0  t o  

25.2 .Ah (average), i r ? i t i a l l y  (Table 2.7), t o  21.7 t o  23.5 ' ~ h  t o  100 t o  175 

*An a u t o  c y c l e  t e s t e r  malfunct ion caused v o l t a g e  r e v e r s a l  of t h e  3-p la te  
cel ls  a t  t h i s  cyc l e  l e v e l  and fo rced  t e rmina t ion  of t h e s e  tests. 

**An' a u t o  c y c l e  t e s t e r  malfuncti.on caused vol tage ,  r e v e r s a l  of t h e  3-p la te  
cel ls  a t  t h i s  c a p a c i t y  l e v e l  and forced,  t e rmina t ion  of t h e s e  tests. 



TABLE 2.7 . ' . 

SPECIFIC ,IRON ELECTRODE TEST REZUL'TS . 
I 

NOTES: a. Special  feature,  components, weight (kg) and volume (1 )  

b. C/3 discharge, 4 t o  8  hour iharge 

c. Based on a t  l e s s t  5  cc~nsecut ive cyc les 

d. "Greater than" symbol 5 der,ofe cont  i n u i  i g  operat ion 

e. Percent dec l i ne  from C n i t t a l  

C e l l  Descr ip t iona  

1 B 
. . 

2B 

3B 

39C 

40C 

54C 

. . 62C . '  

106C 

f. Where two values occur, t he  second i s  c ? O  cyc les a f t e r  a  
imrnedliately preceding the c e l l  reversa l .  

W 
QI 

35 hour r eve rsa l ,  t h e  former 

I n i t i a l  
, Capaci t y  

Ah Wh 

22.5 

20.3 

22.5 

2.3 .5 . ,. 

23.6 

23.4 . . 

22.0 

25.2 

i n  t h e  cyc l e  

' .  

Clisik. Charqe 

C/3 C/3 

V 

C/6 

V C/3 

I n i  t i p 1  
Eff. 

Ah Wh 

.68 

61 

68 

7 7 

7 1 

7 0 

67 I 
1 

76 

. . 

Remark:s 

: L i f e  Cha rac te r i s t i c s  

% .  

cyclesd 

86 
213 

" >214 

>210 

68 

. . 6 8 , .  

17 

,164 

. . % Dez l ine ' ine 
Ah : ~h 

Capacity Energy E f f .  E f f .  

16 . . . . 

', 18137~ - ' 

25/29 

0/13 

1 

7  

. 8 

11/26 



cycles* ( s e e  Table 2.5). S t a b i l i t y  i n  c a p a c i t y  (0  t o  11 percent  

degrada t ion)  has been noted i n  t h e s e  samples (Table 2.7). 

3.1.5 Summary of Three-Plate Tes t  Resu l t s  

With r e spec 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, 

( - 4 0  Ah/g a c t i v e  and .27 Ah/g e l e c t r o d e ) ,  a t  .39 Ah/g a c t i v e  and .22 Ah/g 

e l e c t r o d e ,  based on bes t  capac i ty .  EPP p l a t e s  a r e  wet and cannot be 

accu ra t e ly  es t imated  i n  t h i s  regard. 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  shown 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 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  

c o n s t r a i n t ,  a r e  meeting and exceeding the  i n i t i a l  goa l  of 50 Wh/kg a t  C/3 

d r a i n  r a t e .  Tables 2.6 and 2.7 show capac i ty  v a r i a t i o n  f o r  a  number of 3- 

p l a t e  c e l l  t e s t s  on i r o n  and n i c k e l  e l e c t r o d e s .  The b e t t e r  composite i r o n s  

e x h i b i t  0  t o  -10 percent  capac i ty  l o s s  i n  up t o  200 c y c l e s ,  befbre  c e l l  

v o l t a g e  r e v e r s a l ,  due t o  t h e  t e s t  mal func t ion  occurrence. Briquet  i r o n  

e l e c t r o d e s  decreased 18 t o  25 percent  i n  -200 test cyc les .  

Nickel EPP e l e c t r o d e s  ( s e e  Table 2.6) i n d i c a t e d  -10 pe rcen t  l o s s  

t o  -10 percent  ga in  over i n i t i a l  c apac i ty  i n  -150 t o  200 t e s t  cyc l e s .  

3.1.6 E f f e c t  of Prolonged C e l l  Voltage Reversal  i n  I r o n  and Nickel P l a t e  
Performance 

F igu re s  2.7 and 2.8 show t h e  e f f e c t  on c a p a c i t y  of t h e  a c c i d e n t a l  

35-hour vo l t age  r e v e r s a l  i n  t h e  i r o n  and n i c k e l  3- p l a t e ,  power supply  

d r iven  t e s t  c e l l s .  With ?e spec t  t o  t h e  i r o n  e l e c t r u d e ,  cu~upos i t e  i r o n s  

decreased 10 t o  16 percent  and b r i q u e t - t y p e ' e l e c t r o d e s  decreased 5 t o  25 
. , .. 

percent  i n  capac i ty ,  when measured 20 cyc l e s  a f t e r  t.he r eve r sa l .  EPP 

n i c k e l  e l e c t r o d e s  decayed 12 t o  29 percent  and a  thermal  n i c k e l  e l e c t r o d e  

decayed 37 percent  over  t h i s  same i n t e r v a l .  S u r p r i s i n g l y ,  t h e  p l a t e s  (bo th  

i r o n . a n d  n i c k e l )  d i d  no t  s u f f e r  i r r e p a r a b l e  damage under t h e s e  extreme 

r e v e r s a l  condi t ions .  This  behavior  sugges t s  t h a t  t he  Westinghouse iron- 

n i c k e l  c e l l s  may be a b l e  t o  s u s t a i n  deep d i scha rge ,  a s  c e l l s  i n  a  b a t t e r y  

pack, without  c a t a s t r o p h i c  e f f e c t  t o  v o l t a g e  and c a p a c i t y  of t h e  b a t t e r y  i n  

subsequent cyc les .  
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Fig. 2.8 - Nickel electrode deep discharge effect - 
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3.2 FULL-SIZE CELL TEST RESULTS 

Figure  2.9 shows t h e  appearance of .the f u l l - s i z e  t e s t  c e l l  used 

t o  eva lua t e  .Westinghouse non-nickel c e l l s  i n  t h e  program . The c e l l  

c o n t a i n s ,  per  t he  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 he  

t a r g e t  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  provis ion  f 6 r  a  p l a t e  

r e f e r e n c e . e l e c t r o d e ,  'bulk . e l e c t r o l y t e  temperature  (thermometer o r  

thermocouple) e l e c t r o l y t e  maintenance and gas  vent ing.  

Tables  2.8 and 2 .9 ' p r e sen t  t he  r e s u l t s  .of t e s t i n g  seven prototype . 

c e l l s ,  t o  date .  

.Ccruloumbic af f ic i~nrl . i , cs  have no t  bccn opeimized i n  the Lest 

r e s u l t s  repor ted  i n  t h e s e  t ab l e s , .  s i n c e  t h e  c e l l s  w e r e  cycled hy a s t a n d a r d  

procedure t o  o b t a i n  performance a s  e func t ion  of cycling. . . 

The makeup and r e s u l t s . o b t a i n e d  t o - d a t e  on t h e s e  c e l l s  a r e  now 

desc r ibed .  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 

o tp imiz ing  c e l l  stack-up assembly procedures 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. Unless noted,  

a l l  . c e l l s  . were cons t ruc t ed  us ing 'po lypropylene  absorber/Celgard b a r r i e r  

combination s e p a r a t o r s .  

C e l l  001CE. Here,  composite i r o n  e l e c t r o d e s  and EPP n i c k e l  

e l e c t r n d ~ s  (.from the mini - l inc)  WCPC used to daben'ble 1 . h ~   rack- 

up. The n i c k e l  had de l ive red  23  Ah i n  formation discharge.  

However, they were 3 .4  mm average thickness ,  and had t o  be s i z e d  

t o  2.5 mm, p r i o r  t o  c e l l  assembly. The c e l l  de l i ve red  219 Ah, 

i n i t i a l l y  ( t o  1.0 V c u t o f f )  and 211 Ah a t ' c y c l . ~  2. . A t  cyc l e  12, 

t he  c e l l  d e l i v e r e d  251 Wh a t  C/3 based o n . a n  average d i s cha rge  

vo l t age  of 1.16 V. The p ro j ec t ed  weight f o r  t h i s  c e l l  was 5.1 kg 

(based on a l l  a l lowances f o r  t h e  f i n a l  ca se ,  , cover ,  t e rmina l s  and 

e l e c t r o l y t e )  so t h a t  the '  c e l l  de l i ve red  an  es t imated  4 9  Wh/kg a t  

C/3 dur ing  c y c l e  12. 

Nickel e l 'ectrode swel l ing  appa ren t ly  caused a  drop-off i n  

capac i ty  wi th  f u r t h e r  cyc l ing ,  t o  150 Ah. However, when t h e  

stack-up c o n s t r a i n t  was removed and t h e  c e l l  was f u r t h e r  t e s t e d ,  



Fig. 2.9 - Full size iron-nickel cells on test 



TABLE 2.8 

FUlL-SIZE YSTINWUSE IRON-IICICEL CELL TEST RESULTS 
(CHARGE. ENEWLY C/3 FOR 4 HOURS: OISCIWIGE. C/: TO 1.0 V) 

t 66s (AFTER 6 CYCLE WTA) 
I,.:, I--.>-- t 

NOTES: Wet  weight 
<el l  internal resistance = 0.67 nr; @ 45 minuter Into discharge t h i s  -un 

CELL DATA 

all Actfve Electrode Thickness 

NO. 

00 'ICE 
W2CE 
W X E  
0 0 ) ~ ~  
005cE 

00KE 
007CE 

CAPACITY VS. CYCLE Ut i l izat ion 
N Last La st 

1 2 3 4 5 6 n-2 N-1 N Cycle A c t w  E1ectsi-e. 

g 

Fe/Nl* 

835/- 
798/1094 
712/1345 
76311479 
151/1271 
792/1127 
7181 

Ah/g 

0.15/0.10 
0.17/0.10 
0.16/0.09 
0.1610.10 
0.18/0.13 

ULI I Izabiun 

Best Best 
Cavacitv Cycle Actlv* E lec twe .  

0 

FefNi* 

1338E532 
1351/1930 
1252/?213 
1323/2340 
1302/2131 
13491.695 

1273/ 

Ah 

219 
175 
222 
207 
202 
230 
215 

Best 
m/kg (cyclel_ 

50.0 
52.0(20) 
57.0(7) 
48.0(8,11) 
50.0(7) 
58.0(6) 

PMjected' 
Cell Weight 

5-0 

4.9 
5.0 
5.2 
5.0 
5.1 
5.3 

m 

Fe/Ni 

1.012.2 
0.99/2.2 
1.0/2.5 
1.04/2.5 
1.0412.7 

/ 

Ah19 

1 
0.16/0.11 
0.20/0.11 

0.16/0.09 
0.17/0.10 

I 

24 
28 
17 
12 
8 

4 . 

'Best 
Wh 

251 
254 
284 
247 
280 
299 - 

Ah/g 

/ 
0.27/0.20 
0.3510.18 
0.28/0.14 
0.29/0.17 - 

'UI/g 

0.25/0.18 
0.31/0.16 
0.2710.14 
0.28/0.17 
0.3110.22 

Ah 

216 
219 
247 
210 
216 - 
- 

Ah 

211 
165 
233 
217 
209 
250 
2314 

NO. 

11 

, 20 
7 

8.11 
7 

Ah 

185 
159 
243 
Z17 
!lo 
!51 

H 

180 
154 
232 
2.0 
217 
245 

A h i L ! l h  Ah 

190 
154 
230 
204 

,215 

I 

H 

198 

15S 
243 

206 
218 

194 I 1% -91 

I 204 20? 199 
225 
208 

22iE 2018 
210 207 

,216 214 

I 



TABLE 2.-9 . 

SPECI FIC FULL-SIZE IRON-NICKEL CELL TEST RESULTS 
- (CHARGE, GENERALLY C/3 FOR 4 HOURS: DISCHARGE, C/3 TO ,.I . 00, V CUTOFF) 

NOTES: a. Special feature,.components, weight (kg) and volume (1) 

.' b. C/3 discharge, 4 t o  8 hour charge 

c. Based on a t  l e a s t  5 consecutive cyc les  
c. 

. u d. "Greater than" symbol's denote cont inu ing operati,on 

e. Percent dec l i ne  from i n i t i a l  ' .  . 
f .* General 13, 'based. .on average va l  tage of 1.15 (Ce l l s  0 0 1 - 0 0 6 ~ ~ )  , 1.20 ( C e l l  007CE) 

. , 

- .  

. . 

Ce l l  ~ e s c r i p t i o n ~  

001 CE 

002CE 

003CE . 

004CE 

005CE 

006CE 
' _  

007CE ' 

Est. W t .  
(kg) 
5.0 . 
4.9 

- 5.0 

5.2 

5.0 

5.1 
5,3 

I n i t i a l ,  
Capacity 

Ah 

197 

160 
248 

211 

211 

252' 

214 

Wh 

227 

184 

280 

243 

243 

290 

257 

Rates, h 
I r i i t l a l  
E f f .  % 

Ah.  

( ) 
64 

'7 4 

63 

62 ' 

75 

64 

Qisch. 

C/3 

' v  
I 

Charge 

. C/3 

: 

t 

Remarks 

O f f  Test 

Minus sign. = increase 

L i fe '  Charac ter is t ics  

Latestd 
Cycles 

24 

>34 

>23 

>18 

> I 4  

> I  0 

>7 

G % Decl ine i n  ' 

Capacity 

3 

-3 2 

8 .  

-3 

2 

- 3 

N/A 

Energy 

. 

Ah 
E f f .  

W h 
E f f .  



t h e  c a p a c i t y  improved t o  194 Ah. T e s t i n g  w a s  t e r m i n a t e d  a t  24 

t e s t  c y c l e s  i n  t h i s  c e l l .  

Post-mortem e v a l a u t i o n  of t h e  n i c k e l  p l a t e s  from c e l l  OOlCE 

confirmed t h a t  t h e y  had s w e l l e d ,  as p r e d i c t e d ,  measuring a n  

a v e r a g e  i n c r e a s e  of 0.9 mm f o r  t h e  10 p l a t e s .  

C e l l  002CE. Th is  c e l l  was c o n s t r u c t e d  from n i c k e l s  of 2.16 mm 

t h i c k n e s s  and composi te- type i r o n  e l e c t r o d e s .  The n i c k e l  

d e l i v e r e d  20 Ah i n  fo rmat ion  d i scharge .  I n i t i a l l y ,  t h e  c e l l  

d e l i v e r e d  175 Ah c a p a c i t y  and t h i s  i n c r e a s e d  . to 219 Ah a t  t h e  C/3 

r a t e  a t  c y c l e  20. With a n  average  v o l t a g e . o f  1.16 V, t h e  c e l l  

de.l.i.vered 254 Wh on, t h i s  c.yc1.e. W i t h  a project.ed cel.1. wciaht  of 

4.9 kn. 002CE has d e m o a s ~ r a ~ e d  52 ~ h / k g  a t  C / 3  (50 Wh!k.g, targer 

f o r  2/79).  C e l l  002CE i s  s t i l l  on test. 

C e l l  003CE.. Th i s  c e l l  was c o n s t r u c t e d ,  u s i n g  EPP n i c k e l  p l a t e s  ----- 
t h a t  d e l i v e r e d  24 Ah i n  f o r m a t i o n  d i s c h a r g e .  The n i c k e l  p l a t e s  

averaged 2.46 mm i n  t h i c k n e s s .  The c e l l  h a s  composite-type i r o n  

e l e c t r o d e s .  I n i t i a l l y ,  t h e  c e l l  d e l i v e r e d  243 Ah a t  c y c l e  3. A t  

c y c l e  7, t h e  c e l l  d e l i v e r e d  247 Ah f o r  284 Wh a t  5.0 Kg, a  

p r o ~ e c t e d  57 Wh/kg a t  C/3, which exceeds  t h e  2/79 t a r g e t  g o a l  of 

50 ~ h / k g  on t h a t  cyc le .  T e s t i n g  o f  t h i s  c y c l e  i s  c o n t i n u i n g ,  

w i t h  224 Ah a t  c y c l e  19. . 

C e l l  004CE. T h i s  c e l l  was c o n s t r u c t e d . u s i n g  EPP n i c k e l  p l t a e s  

t h a t  d e l i v e r e d , 2 3  Ah i n  fo rmat ion  d i scharge .  The n i c k e l  p l a t e s  

averaged 2.60 mm i n  t h i c k n e s s .  The ; c e l l  has, composite-type i r o n  

e l e c t r o d e s .  The c e l l ,  s t i l l  on tes t ,  h a s  d e l i v e r e d  217 Ah d u r i n g  

c y c l e  .3 at C/3. This  cor responds  f o r  t h a t  c y c l e ,  t o  249 Wh a t  

5.2 Kg, o r  48 Wh/kg f o r  t h i s  c e l l .  The ce l l  i s  d e l i v e r i n g  218 Ah 

a t  c y c l e  14 and t e s t i n g  i s  con t inu ing .  

C e l l  005CE. Th is  c e l l  was f a b r i c a t e d '  w i t h  EPP n i c k e l  p l a t e s  t h a t  

d e l i v e r e d  22.5 Ah on fo rmat ion  d i s c h a r g e .  The n i c k e ' l  p l a t e s  

averaged 2.50 mm i n  t h i c k n e s s .  The c e l l ,  having composite i r o n  
. . 

e l e c t r o d e s ,  d e l i v e r e d  210 Ah a t  C/3 on i ts '  t h i r d  t e s t  cyc le .  

This cor responds  t o  242 Wh a t  5.0 Kg, o r  48' Wh/kg f o r  t h i s  c e l l ,  



which i s  s t i l l  on t e s t .  ' The c e l l  i s  a t  229 Ah a t  cyc l e  10 and 

t e s t i n g  .is cont inuing.  

C e l l  0 0 6 ~ ~ .  This  c e l l  was cons t ruc t ed  using EPP n i c k e l s  t h a t  

de l i ve red  22.5 Ah on formation d ischarge  a t  2.6 mm i n  th ick-  

ness.  A t  c y c l e  3  t h e  c e l l  de l i ve red  251 Ah, corresponding t o  

289 Wh a t  5.1 Kg o r  57 Wh/kg f o r  t h i s  c e l l .  A t  cyc le  -13 t h e  c e l l  

. . i s  d e l i v e r i n g  232 Ah wi th  t e s t i n g  cont inuing.  

Ce l l  007CE. This  c e l l  was cons t ruc t ed  us ing  EPP n i c k e l  t h a t  . , . 

de l ive red  24.0 Ah on formation d ischarge  a t  2.8 mrn i n  th ick-  

ness. The c e l l  was cons t ruc t ed  us ing  a  low r e s i s t a n c e  nylon 

s e p a r a t o r  m a t e r i a l  t o  determine a  lower l i m i t  f o r  t h e  c e l l  :' 

r e s i s t ance .  The c e l l  de l i ve red  231 Ah on i t s  .second cyc l e ,  266 . 

Wh a t  5.3 ~ g ,  o r  50 Wh/kg wi th  t e s t i n g  cont inuing.  

3.2.1 Summary of Present  Full-Size C e l l  S t a t e s  

I n i t i a l  r e s u l t s  have i nd i ca t ed  t he  f e a s i h i l f t y  of a t t a i n i n g  48 t o  

. 58  Wh/kg i n  f u l l - s i z e  i ron-n icke l  c e l l s ,  us ing EPP n i c k e l . a n d  composite ' 

i r o n  e l ec t rodes .  Cycl ic  l i f e  t e s t i n g  i s  cont inu ing  on these  c e l l s .  L i f e  

w i l l  be h igh ly  dependent on minimizing growth of t h e  EPP-nickel  e l e c t r o d e  

on cyc l ing .  Presen t  EPP p l a t e s  a r e  being prepared a t  t a r g e t  f i n i s h e d  

th ickness  (2.5 mm) and t h i s  f a c t o r  should he lp  enhance c y c l i c  l i f e .  

The s e p a r a t o r  seems t o  be t h e  major cont . r ibu tor  t o  t h e  t o t a l  c e l l  

. r e s i s t a n c e  and work on improving t h e  s e p a r a t o r  system cont inues.  With c e l l  

resls~allc-e reduced to the 0.6 to 0.8 millio'hm l c v c l ,  ac  i n  t h e  cell 

conta in ing  Pe l lon  nylon, high-power c h a r a c t e r i s t i c s  w i l l  be a t t a i n a b l e .  

Table 2.10 summarizes t h e  "bes t  da t a "  ob ta ined  t o  d a t e  on a g i v m  

cyc le  on t h e  f u l l  s i z e  t e s t  c e l l s ,  wi th  r e s p e c t  t o  p ro j ec t ed  wh/Kg (due . to  

no t  having f i n a l  molded case/cover  and te rmina ls ) .  Best pro  j i c t e d  # / ~ g  

f o r  t h e  seven c e l l s  range from 48 t o  58 wh/Kg a t  t h e  C/3 d i scharge  r a t e  t o  

1.0 V c e l l  c u t o f f .  ~ h e s e '  be s t  d a t a  show promise of meeting t h e  f i n a l  

c o n t r a c t  g o a l  of 601wh/Kg on t h e  f i n a 1 , c e l l .  . . .  



T a b l e  2.10 . 

C e l l  

OOlCE 

002CE 

003CE 

004CE 

Summary O f  Best  G r a v i m e t r i c  Energy Densi ty  R e s u l t s  
Obta ined  To Date On Ful l -S ize  P r o t o t y p e  

C e l l s  ( a t  C/3 d i s c h a r g e  r a t e )  

Best  
Best  Ah Cycle  ' .  Wh - P r o j e c t e d  w h / ~ g  



Figu re s  2.1.0 and 2.11 show end of charge (C/3 f o r  4h) and 

d.ischarge vo l tage  c h a r a c t e r i s t i c s  of c e l l s  002CE (Cycle 12) and 003CE 

(Cycle 7). These c e l l s  contained EPP n i c k e l  e l e c t r o d e s  and composite-type 

i r o n  e l ec t rodes .  In Figure 2.10 c e l l  002CE de l ive red  202 Ah (232 Wh) a t  an  

average  vo l t age  of 1.15 V. Here t he  i r o n  e l e c t r o d e s  (24 Ah capac i ty  

p l a t e s )  maintained a  s t a b l e  upper p l a t eau  (decrease  of 80 mv i n  t h e  

d i scharge) .  In Figure 2.11 c e l l  003CE de l ive red  247 Ah (284 Wh) a t  an  

average vo l t age  of 1.14 V. Because t h e  i r o n  e l e c t r o d e s  were only -24 

Ahlp la te  i n  capac i ty  and t h e  two end i r o n  p l a t e s  i n  t h e  s tackup a r e  no t  

- r  completely u t i l i z e d ,  t h e  i r o n  capac i ty  on t h e  upper p l a t eau  was being taxed 

., i n  t h i s  d i scharge ,  a s  evidenced by t h e  d i p  i n  t h e  i r o n  p l a t e  vo l t age  i n  i t s  

. d i s c h a r g e  curve. This dramatizes  t h e  n e c e s s i t y  of improving and a t t a i n i n g  

t h e  i r o n  p l a t e  capac i ty  t o  the '26 .5  Ah minimum des ign  l i m i t  i n  f u t u r e  i ron ,  

. n i c k e l  c e l l s  of -250 Ah capac i ty .  
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4.0 MILESTONE PLAN AND MANAGEMENT REPORT 

The Milestone Plan and Management Report i s  shown i n  Figure 5.1. 

No s i g n i f i c a n t  va r i ances  have occurred dur ing  t h e  l a s t  f i s c a l  year. 
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