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I. FOREWORD 
- .  

This  Progress  Report is  t h e  f i r s t  annual  r e p o r t  under Cont rac t  No. 31-109-38- 
4200 and covers  t h e  per iod  January 9 through J u l y  31, 1978. Access t o  addi-  
t i o n a l  r e l e v a n t  p r o p r i e t a r y  d a t a  is s u b j e c t  t o  t h e  i n t e l l e c t u a l  p rope r ty  pro- 
v i s i o n s  of.Appendix D of t h i s  c o n t r a c t ,  I n  gene ra l ,  Gould has at tempted t o  
r e s t r i c t  i t s  p r o p r i e t a r y  d a t a  t o  component m a t e r i a l s  and des igns  o r  processes  
t o  produce s p e c i f i c  components, A s tandard ized  p a r t s  l is t  is  u t i l i z e d  t o  
i d e n t i f y  a l l  components, m a t e r i a l s ,  and des igns ,  

11. EXECUTIVE .SUMMARY 

Th i s  i s  t h e  f i r s t  annual  r e p o r t  desc r ib ing  p rog res s  i n  t h e  33-month coopera- 
t i v e  program between Argonne National  Laboratory and Gould I n c . ' s  Nickel-Zinc/ 
E l e c t r i c  Vehicle  F r o j e c t .  The purpose of  t h e  program i s  t o  demonstrate  t h e  
t e c h n i c a l  and economic f e a s i b i l i t y  of  t h e  n icke l -z inc  b a t t e r y  f o r  e l e c t r i c  
v e h i c l e  propulsion.  The succes s fu l  completion of  t h e  program w i l l  q u a l i f y  t h e  
n icke l -z inc  b a t t e r y  f o r  use  i n  t h e  Department o f  Energy's demonstrat ion pro- 
gram under t h e  auspices  of Publ ic  Law 94-413. 

I n  o rde r  t o  meet t h e  very  ambit ious o b j e c t i v e s  o f  t h e  program i n  t h e  t ime 
frame r equ i r ed ,  s i x  major t a s k s  have been underway s i n c e  t h e  beginning of  t h i s  
c o n t r a c t .  These t a s k s  a r e  i l l u s t r a t e d  i n  EXHIBIT I ,  t h e  Program Master 
Schedule. A l l  t a s k s  a r e  c u r r e n t l y  w e l l  underway and the o r i g i n a l  schedule f o r  
a l l  d e l i v e r a b l e s  and mi les tones  does n o t  have t o  be a l t e r e d .  

The Milestone Schedule and S t a t u s  Report (Form 535) i s  included i n  t h i s  r e p o r t  
a s  EXHIBIT 11. 

Impressive over  t he  l a s t  s e v e r a l  months has been t h e  performance o f  t h e  four- 
c e l l  b a t t e r y  module d e l i v e r e d  t o  Argonne dur ing  t h e  month o f  June. The 
b a t t e r y  (EXHIBITS I11 and I V )  was sub jec t ed  t o  145 deep d ischarge  c y c l e s  
(100% depth  of d i scharge  (DOD))  before  dropping below 70% o f  t h e o r e t i c a l  
capac i ty .  The t h e o r e t i c a l  capac i ty  is  based on t h e  a c t u a l  amount o f  a c t i v e  
n i c k e l  hydroxide, a s  opposed t o  a percentage  based on t h e  r a t e d  capac i ty .  I t  
i s  emphasized t h a t  t h e  b a t t e r y  was f a b r i c a t e d  i n  t h e  P i l o t  P l a n t  and t h a t  it 
does not  cnntain "one-of-a-kind" c u ~ ~ ~ p o n e n t s ;  t h e r e f o r e ,  it r e p r e s e n t s  produc- 
t i o n  s t a t e  of t h e  a r t  f o r  Gould's n icke l -z inc  e l e c t r i c  v e h i c l e  b a t t e r y  
technology . 
Noteworthy a l s o  is  t h e  f a c t  t h a t ,  t o  d a t e ,  a l l  m i l e s tones  have been met and 
t h a t  t h e  program i s  moving ahead i n  f u l l  force .  

Over t h e  last  s e v e r a l  months, Thermal Management has  been recognized as being 
a very  s i g n i f i c a n t  f a c t o r  a f f e c t i n g  t h e  performance of  t h e  n icke l -z inc  system. 
The thermodynamic and I ~ R  con lx ibu t ions  t o  t h e  h e a t  gene ra t ion  a r e  bo th  very  
s i g n i f i c a n t ;  and i n  o r d e r  t o  p rope r ly  a t t a c k  t h i s  problem, a s e p a r a t e  t a s k  has  
been e s t a b l i s h e d  f o r  t h e  du ra t ion  of t h e  balance of t h e  program. 

 oliow wing is  a d i scuss ion  of t h e  p rog res s  i n  each of  t h e  s i x  major t a s k s :  . . 



1) TASK A: SEPARATOR DEVELOPMENT 

The separa tor  system t h a t  has  .been spec i f i ed  fo r  long cycle  l i f e  app l i ca t ion  
is  t h e  Gould ELECTROPOROUS~~ separa tor .  Heretofore, t h e  funct ion  of t h e  sep- " 

a r a t o r  i n  a n ickel -z inc  c e l l  had been defined a s  a b a r r i e r  t o  zinc dendr i t e s  
which grow on t h e  e l ec t rode  surface  and eventual ly  br idge  the  negative and 
p o s i t i v e  e l ec t rodes ,  the re fo re ,  small pore s i z e  and high degree of t o r t u o s i t y  
were the  parameters t o  be optimized. Assumed, of course,  . . was the  chemical and 
dimensional s t a b i l i t y .  

These requirements a r e  no t  in- themselves  s u f f i c i e n t .  The meta l l i c  zinc w i l l  
e i t h e r  eventual ly  p e n e t r a t e  through t h e  separa tor  thereby leading t o  a ca ta-  
s t r o p h i c  l o s s  i n  c e l l  capaci ty  v i a  s h o r t  c i r c u i t ,  o r  z inc  w i l l  depos i t  within 
t h e  pores  of t h e  separa to r  and eventual ly  accumulate i n  s u f f i c i e n t l y  l a r g e  
quan t i ty  t.n render the  separa tor  a bulk e l e c t r o n i c  conductor leading t o  t h e  
formation ui si leakagc pa th  between t h e  e l ec t rodes ,  herlut: t o  a gradual loss i n  
capaci ty .  Add i t~or ia l ly ,  wiL11 t h i s  depoaitbon, *.he pores o f  the  separa tor  w i l l  
be plugged and the  r e s i s t a n c e  t o  e l e c t r o l y t e  t r a n s p o r t  w i l l  rise. 

With t h e s e  cons idera t ions  i n  mind, t h e  bulk of t h e  separa tor  development 
e f f o r t  has been d i r e c t e d  a t  the  ELECTROPOROUS~~ systems,,  where the  dense poly- 
meric f i lms  f a c i l i t a t e  e l e c t r o l y t e  t r anspor t  and block the  admission of  d i s -  
solved z inc  specie  so t h a t  n e i t h e r  d e n d r i t e s  can pene t ra te  through nor leakage 
pa ths  be es t ab l i shed .  While t h e  emphasis has been on the  ELECTROPOROUS~~ 
systems, the  microporous separa to r s  have no t  been abandoned because they do 
work reasonably wel l  i n  shor te r  cycle l i f e  o r  lower depth of discharge 
app l i ca t ions .  

2 )  TASK B: Z I N C  ELECTRODE DEVELOPMENT 

Tkc oino o l e r t r d ~  deve lo~ment  ef furL has been aimed a t  generat ing and quanti-  
fy ing  an understanding o t  the  bas ic  prirlslems aoooaiated ~ 1 r . h  ,1:11e Sevelapmcnt 
of a z inc  e l ec t rode  capable of long cyc le  l i f e  opera t ion .  In  view of  the  f a c t  
t h a t  t h e  generic problem with the  zinc e l ec t rode  i s  i ts  inherent  solubility i n  
t h e  e l e c t r o l y t e ,  the  development e f f o r t  i s  being red i rec ted .  Bas ica l ly ,  t h e  
short-term e f f o r t  i s  aimed a t  br inging about incremental improvements i n . c e l l /  
b a t t e r y  per tormance vld iluugiaved 3cpasat'or s , h ~ t  t.er charqinq procedures, modi- 
f i c a t i o n  of c u r r e n t  dens i ty  i l i s t r ibu t ion ,  ilu~pi'aved heat  removal, d e n d r i t e  
growth syppression, e t c ,  , while t h e  longer range,  more profound e f f o r t  i s  
aimed a t  immobilizing the  discharged z inc ,  The inuutubilization of z inc  would 
resu.l.t i n  highly improved gravimetric  and volumetric energy d e n s i t i e s  because 
t h e  required .amount of z inc  could be c l o s e  t o  P: l  t h o r e t i c a l  ampere-h01.l.r 
r a t i o  of  the  a c t i v e  mater ia ls .  Addit ionally,  the requirements on t h e  separa- 
t o r  would be tremendously reduced; Several  approaches a r e  under cons idera t ion .  
While the  longer range e f f o r t  is ambitious, un t r i ed ,  and i s  a t o t a l  depar ture  
from conventional b a t t e r y  development approaches, success i n  immobilizing z inc  
wist.hnut s i g n i f i c a n t  s a c r i f i c e  i n  c e l l  vol tage  and charge/discharge character-  
i s t i c s  should r e s u l t  i n  quantum jump improvements i n  nickel-zinc technology. 

I n i t i a l  e f f o r t s  t o  reduce shape change and d e n s i f i c a t i o n  which a r e  major con- 
t r i b u t o r s  t o  l o s s  i n  capaci ty  with cyc le  l i f e ,  a r e  being aimed a t  optimizing 
e lec t rode  dimensions and bulk dens i ty ,  c e l l  f r e e  space, cu r ren t  c o l l e c t o r  

T M ~ o u l d  Trademark 



mate r i a l s  and 'design, h e a t  remova1,charging techniques,  gassing r a t e s ,  e l ec t ro -  
l y t e  add i t ives ,  e l ec t rode  add i t ives ,  and z inc  oxide raw mate r i a l s .  Some experi-  
ments have been performed, some a r e  i n  progress ,  and o t h e r s  a r e  being designed 
t o  study a l l  these  parameters. To d a t e ,  our  research  e f f o r t  has yielded s ign i -  
f i c a n t  progress i n  our understanding of  t h e  modes of c e l l  f a i l u r e .  

1) C e l l  geometry con t ro l  s i g n i f i c a n t l y  reduces shape change 
i n  5 and 50 AH c e l l s  and has allowed b e t t e r  r e t e n t i o n  of 
c a p a c i t i e s  i n  5 AH c e l l s  compared with con t ro l s .  

2) The incorporat ion of b e t t e r  c u r r e n t  c o l l e c t o r s  and t a b  
des igns  i n t o  z inc  e l ec t rodes  has apparent-ly a l l e v i a t e d  
some of t h e  heat  problems encountered i n  r e c e n t  c e l l  
t e s t s .  C e l l s  with e l ec t rodes  containing improved g r i d s  
have shown s i g n i f i c a n t l y  b e t t e r  cyc le  l i f e  because of 
b e t t e r  hea t  removal and reduced shape change. 

3 )  Charging s t u d i e s  i n d i c a t e  the  degree of overcharge pre- 
v ious ly  used i n  c e l l  t e s t s  was unnecessary t o  achieve 
good.ce l1  capac i t i e s .  Previous t e s t i n g  regimes were 
p lac ing  undue s t r e s s  on t h e  c e l l s .  A modified recharge 
has been adopted f o r  component t e s t i n g  with improved 
l i f e .  

4) Incorporat ion of surface  a c t i v e  a d d i t i v e s  i n  t h e  e l ec t ro -  
l y t e  has given b e t t e r  cycle l i f e  without the  shor t ing  
f a i l u r e s  observed i n  c o n t r o l  c e l l s .  These add i t ives ,  
however, reduced the  c e l l  c a p a c i t i e s  t o  values lower than 
the  cont ro ls .  More work i s  needed i n  t h i s  a rea .  

5) Incorporat ion of a d d i t i v e s  i n  the  e l ec t rodes  used i n  5 AH 
c e l l s  s i g n i f i c a n t l y  reduces t h e  degree of dens i f i ca t ion .  

6) Higher dens i ty  e l ec t rodes  promote improved cycle  l i f e .  

7 )  Constant p o t e n t i a l  charging appears t o  provide improved 
c e l 1 , l i f e  and capaci ty  r e t en t ion .  . Additional work i s  
needed with l a r g e  c e l l s .  

Addit ionally,  work i s  i n  progress t o  b e t t e r  cha rac te r i ze  t h e  opera t ing  c e l l  en- 
vironment such a s  the  quan t i f i ca t ion  o f  the  s p a t i a l  . d i s t r i b u t i o n  of d issolved 
zinc and t h e  d i s t r i b u t i o n  of the  e l e c t r o l y t e  both a t  cons tant  temperature and 
a s  a function of temperature, The work t h a t  i s  being, done on thermal manage- 
ment is  being accelerated.,  

3) TASK C: PRODUCT DESIGN AND ANALYSIS 

The a n a l y s i s  o f  t h e  commuter vehic le  mission has been completed. The f a c t o r s  
t h a t  have been considered a r e  the  c e l l  vol tage  and conf igura t ionand  t h e i r  i m -  
p a c t  on veh ic le  performance. Meetings with DOE/TEC, J e t  Propulsion Laboratory, 
General Research Corporation, and major automotive companies have been held.  
On t h c  ba,sis of a l l  t h e  information gathered,  an i n t e r a c t i v e  computer a n a l y s i s  
of mission requirements, veh ic le  space c o n s t r a i n t s ,  and b a t t e r y  conf igura t ion  
opt ions  was c a r r i e d  out .  A high p r o f i l e  (.1-5 i n c h ) ,  400 AH c e l l  t o  be used i n  a 



48-volt system has been se lec ted  t o  minimize manufacturing c o s t s  while maximiz- 
i n g  cyc le  l i f e ,  volumetric  energy d e n s i t y ,  and peak power. The projec ted  per- 
formance f o r  t h i s  des ign,  which i s  scheduled f o r  October 15, 1978, de l ive ry  t o  
Argonne, is  140 WH/L volumetric  energy dens i ty ,  132 W/Kg peak power, 60 WH/Kg 
gravimetr ic  energy d e n s i t y ,  and 74 W/Kg sus ta ined power. A d e l i b e r a t e  t rade-  
o f f  of gravimetr ic  energy dens i ty  f o r  cyc le  l i f e  has been made i n  order  t o  in-  
su re  minimum l i f e  c y c l e  c o s t s ,  

Addi t ional ly ,  the  smooth t r a n s i t i o n  from t h e  conceptual Phase I designs t o  the  
m a t e r i a l i z a t i o n  of d e l i v e r a b l e  hardware was a f fec ted .  Software has been 
developed f o r  algori thms t h a t  a r e  used t o  generate production c o s t s  a t  t h e  
c u r r e n t  l e v e l  o f  a c t i v i t y ,  . The algori thms can and w i l l  be modified a s  required 
t o  eventual ly  genera te  production c o s t s  f o r  10,000 e l e c t r i c  veh ic le  b a t t e r i e s  
p e r  year.  

The 400 AH tour -ce l l  module LllaL was de l ivc rcd  t o  Argonne ? n  ;lime, 1978, wds 
subjec ted  t o  formation cycl ing  with a demonstra'ted ~hargt/'diztchargo efficiency 
of 89%. The module was de l ive red  on schedule t o  meet t h e  hardware de l ive ry  
milestone.  

4)  TASK D: CELL/MODULE/BATTERY TESTING 

The t e s t i n g  of Gould's f i r s t  f u l l - s i z e  Preliminary Design b a t t e r y  (33 c e l l s ,  
54 v o l t s )  was c a r r i e d  o u t  during the  course of  t h i s  program. I t  del ivered  
twice t h e  energy dens i ty  of Gould's lead-acid e l e c t r i c  vehic le  h a t t e r y  i n  steady 
s t a t e  c h a s s i s  dynamometer t e s t s .  Unfortunately,  t h e  b a t t e r y  f a i l e d  prematurely 
due t o  excessive p o s i t i v e  e l ec t rode  growth and cracking. 

The Prel iminary Design 400 AH components with separa tor  system #800 a t t a i n e d  
300 c y c l e s  while s t i l l  r e t a i n i n g  80% of t h e  t h e o r e t i c a l  capaci ty  of t h e  n ickel  
e l e c t r o d e ,  A l l  cyc les  were a t  100% DOD. 

Exterisive t e s t i n g  of n i c k e l  e l ec t rodes  has been c a r r i e d  ou t  while t r y i n g  t o  re-  
so lve  some of the  processing p.xoblems encountered over t h e  f i r s t  few months of 
t h i s  program. Recent t e s t s  i n d i c a t e  t h a t  the  problems have been e s s e n t i a l l y  
overcome. 

Severa l  peak power tests a s  a funct ion  of  depth of discharge and sustai~lecl 
powcr a t  various depths  of discharge on 400 AH c e l l s  have demonstrated t h e  
s u p e r i o r i t y  of nickel-zinc over lead-acid gol f  c a r t  b a t t e r i e s  which have been 
designed f o r  peak power. This work has s i g n i f i c a n t l y  aided t h e  Generation I 
Desiqn s e l e c t i o n  which must achieve a 110 W/Kg peak power a t  80% DOD 

An extens ive  t e s t i n g  f a c i l i t y  has been es tab l i shed .  This  f a c i l i t y  which i s  
minicomputer based real- t ime shar ing  system c o n s i s t s  o f  13  c y c l e r s  and CAMAC 
i n t e r f a c e  i s  t o t a l l y  dedicated t o  t h e  nickel-zinc b a t t e r y  dcvelopment e f f o r t .  
Addi t ional ly ,  i t  jncludes environmental t e s t i n g ,  v i b r a t i n g  t e s t i n g ,  and power 
t e s t i n g  c a p a b i l i t i e s .  

5) TASK E; PROCESS DEVELOPMENT 

Most of t h e  e f f o r t  i n  t h i s  a rea  has been d i r e c t e d  a t  resolv ing t h e  n i c k e l  elec-  
t r o d e  problem of d i s i n t e g r a t i o n  i n  the  c e l l  opera t ing  environment. 



Encompassing inves t iga t ions  have been c a r r i e d  ou t  both of  t h e  plaque s i n t e r i n g  
process and of t h e  chemical impregnation process. Both processes have been w e l l  
charac ter ized  and plaque s i n t e r i n g  and impregnation condi t ions  have been 

. optimized. The problems have e s s e n t i a l l y  been resolved and processing was re-  
. turned t o  t h e  p i l o t  p l a n t  l e v e l  with improved process cont ro ls .  A mul t ip le  

plaque molding process and an improved mold f i l l i n g  process have been developed 
and implemented i n  t h e  P i l o t  Plant .  The mul t ip le  molding process has increased 
plaque production by a f a c t o r  of four ,  and the  mold f i l l i n g  process now insures  
uniform powder d i s t r i b u t i o n  i n  the  mold. 

Considerable progress has been made i n  t h e  development of a process f o r  continu- 
ous separa to r  production. Several  thousands square f e e t  of t h e  Gould micropro- 
ous separa tor  has  been produced with e x c e l l e n t  r e p r o d u c i b i l i t y  of physica l  
c h a r a c t e r i s t i c s .  

Separator bag production r a t e s  have been s i g n i f i c a n t l y  improved developing and 
implementing a machine t h a t  w i l l  f a c i l i t a t e  mul t ip le  l a y e r  bag fabr i ca t ion .  
The machine provides f o r  simultaneous q u a l i t y  inspect ion  and bag s l i t t i n g .  

The preform/marrying f a b r i c a t i o n  technique has been s u f f i c i e n t l y  developed and 
i s  cur ren t ly  i n  the  production mode i n  t h e  P i l o t  P lant .  Problems associa ted  
with t h e  press ing  of e l ec t rodes  wi th  the  des i red  binder were resolved a f t e r  ex- 
t ens ive  s t u d i e s  of t h e  r e l a t e d  parameters: agglomerate s i z e  d i s t r i b u t i o n ,  
binder content  d i s t r i b u t i o n ,  spray drying condi t ions ,  and press ing  condi t ions .  
The optimizat ion of these  va r i ab les  have resu l t ed  i n  a process whereby z inc  
oxide e lec t rodes  can be manufactured continuously and reproducibly. 

Processes f o r  the  f a b r i c a t i o n  and incorpora t ion  of improved design g r id / t ab  
i n t o  e l ec t rodes  have been developed and implemented. 

Because of previous design d e f i c i e n c i e s ,  extens ive  modificat ions have been made 
on t h e  new impregnation equipment t o  render it opera t ional .  Addit ionally,  a 
new waste handling system was designed and implemented t o  meet t h e  requi red  
standards.  

6)  TASK F: PILOT PLANT 

The most s i g n i f i c a n t  achievement i n  t h i s  a rea  of endeavor i s  t h e  a c t u a l  mobili- 
z a t i o n  of t h e  P i l o t  P lan t  with t h e  success being evidenced by t h e  a c t u a i  produc- 
t i o n  o f  fu l l - s&e  c e l l s  and modules f o r  t h i s  program and o the r  app l i ca t ions  of 
nickel-zinc technology. An important milestone was the  production of t h r e e  
four -ce l l  (400 AH) modules, w i t h . t h e  de l ive ry  of one module t o  Argonne. The 
module performed s a t i s f a c t o r i l y  while being cycled under . f a i r l y  severe condit ions.  

Although'many problems and bot t lenecks  have plagued t h e  s t a r t -up  and t h e  Qpera- 
t i o n  of the  P i l u l .  P lant ,  they have sys temat ica l ly  been resolved o r  brought under 
cont ro l .  In  s p i t e  of  the  problems and hurdles  t h a t ' h a v e  been.encountered, 
seve ra l  thousands of components have been fabr i ca ted  and these  have r e s u l t e d  i n  
severa lhundredsof  f u l l - s i z e  and t r i - e l e c t r o d e  c e l l s  t o  meet the  t e s t i n g  needs 
of t h e  e n t i r e  Project .  

An extensive. ma te r i a l s  ctudy w a s  carried ou t  and submitted i n  r e p o r t  form t o  
Argonne on June 19, 1978. The study inc ludes  a manufacturing flow design,  t h e  
projec ted  mate r i a l s  usage i n  kilograms p e r  kilowatt-hour, and projec ted  market 
s i z e  through 1980, 



A cost  accounting system has been implemented t o  generate r e a l i s t i c  and re l iab le  
manufacturing 'economics. 

A manufacturing economics analysis which i s  a milestone and is discussed i n  more 
d e t a i l  i n  Task F of t h i s  report  was generated. This analysis indicates tha t  the 
current costs  which represent the f i r s t  stage p i lo t  production f a r  exceed the 
estimated se l l ing  ta rge t  pr ice of $75/KwH. To achieve the target  se l l ing  price,  
t he  following items are  essent ial :  

1) Heavy investment i n  mechanization t o  reduce the labor cost.  

2 )  Improve process yield t o  reduce scrap r a t e  thereby reducing 
materials cost. 

3) Recycle procest; scrap and used ba t te r ies  t o  reduce materials 
cost. 

4 )  I&llprove materials u t i l i za t ion  i n  both neqative and posit ive 
electrodes t o  reduce materials cost.  

Gould believes tha t  the ta rge t  sel l ing pr ice  can be achieved but it w i l l  take 
heavy investment i n  plant and equipment, and process development beyond the 
scope of the current contract. There is  no market pul l  t o  encourage Gould t o .  
make the necessary investment a t  t h i s  Lime, so a projootion of the time table 
t o  achieve the costs,  i n  a f ree  market scenario, i s  impossible. On the other 
hand, i f  the federal  government decides t o  stimulate the e l ec t r i c  vehicle 
marketplace through the 1980's by v i r tue  of s ignif icant  funding for  product and 
process development beyond the present contract and guarantees battery purchases, 
the $ 7 5 / ~ w ~  se l l ing  pr ice can Le achieved by 1986.' This goal would be achieved 
by going through three .stages of plant expansion requiring millions of dollars, 
i n  capi tal .  

TECHNICAL PERFORMANCE SUMMARY 

In compliance with the contract, the technical performance as  of July 31, 1978, 
i s  summarized i n  graphical form i n  EXHIBIT V. With the program tasks well 
underway and the timely meeting of the milestones t o  date,  the forecasts for 
the  end nf the program w i l l  coincide with the ta rge t  program goals. 

While t he  promise of eompvne~il technology i~ being demonstrated on a laboratory- 
scale,  the s t a t e  of the a r t  must be established on a cost effect ive,  reproduc- 
ib l e ,  continuous production basis. With the intensive e f fo r t s  aimed a t  
resolving t.he problems associated with the nickel electrode and the development 
of processes t o  t rans la te  laboratory-proven component technology iaLo fu l l - a i ce  
components, the cycle l i f e  and volumetric and gravimetric energy performance of 
fu l l - s ize  400 AH c e l l s  has improved and should continue t o  improve during the 
coming months. 

With the ongoing generation of manufacturing economics, specif ic  high cos t  
bottleneck areas are  being ident i f ied,  and the paths towards cost reduction 
without sacr i f ice  i n  overall  performance are  being pursued with vigor. 
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E X H I B I T  Ia: I D E N T I F I C A T I O N  O F  INTJ3RMEDIATE EVENTS ILLUSTRATED I N  
E X H I B I T  I 

IDENTIFICATION 
NUMBER CATEGORY EVENTS 

1.1 Separator  Development A 7 I d e n t i f y  300 Cycle Separator  
B - I d e n t i f y  500 Cycle Separator  
C - I d e n t i f y  750 Cycle SeparatuL 
n - I d e n t i f y  1,000 Cycle Separator  

2 . 1  P r o d u c t , M s i g n  & , r U ~ a l y s i s  A - Goneratinn T B a t e e r ~  p e s i y ~ l  
Es tab l i shed  

F - Generation I1 Bat te ry  Design 
EStabl ls l~e-~l  

Ce l l /Ba t te ry  Tes t ing  A - I n i t i a t e  Generation 1 F'roto- 
type C e l l  Tests f o r  Design 
Vcrif  i c a t i o n  

D - I n i t i a t e  Generation I Pruto- 
type Module T e s t s  f o r  Design 
V e r i f i c a t i o n  

. . C - Complete Prel iminary Design 

Evaluat ion 
D - I n i t i a t e  Exhaustive Generation 

I Module Test ing 
E - I n i t i a t e  Exhaustive Generation 

T Ra t te ry  Test ing 

Process  Development A - Microporous Separator  Contin- 
uously Manufactured 

n = Mii l t i .g le  p o s i t i v e  Molding 
Implemented . 

C - S i n t e r i n g  Process  Es tab l i shed  
D - Preform/Mdrry Process Imple- 

. mented wj . th  Alte rna te  Binder 
E - P o s i t i v e  Impregnation Process  

Es tab l i shed  
E - Mechanized ASsembly Process  
G - Recycling P e a s i b i l i f y  study 
. H  - Nickel ~ e c ~ c i i i i g  Frooots 

Optimized 
P - Negative ~ l u u ~ r d i  P):aaana 

Mechanized 

P i l o t  Manufacturing A - Mater ia l s  A v a i l a b i l i t y  s tudy 
Y - O!!P E q e r i m c n t p l  ModuL~ 

Delivered 
C - Manufacturing Economics Study 
D - Two Base l ine  Modules Delivered 
E - Update of Manufacturing 

Economics Study 
F - Five Ful l-Scale  B a t t e r i e s  

Delivered 
G - F i f t e e n  Prototype B a t t e r i e s  

Delivered 

Qual i ty  Assurance A - Program Qual i ty  Assurance Plan 
Delivered 
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EXHIBIT 111: FOUR-CELL BATTERY MODULE DELIVERED TCI -4RGCMlE 



EXHIBIT IV: FOUR-CELL BATTERY MODULE WITH PCIWER SUP2LY DELIVERED TO ARGONNE 



EXHIBIT V: TECHNICAL PEBFORMANC3 AS OF JULY 31, 1978 
L 

A . -  I l k  - - _ - , 
PRBSENT DEMONSTRATION CX)#TRACIDR FO-T 

CORTIUCTWALS FULL CELLS* (FOR JAN,  1979) 
-STICS :SET JAN,  1978) LAB =LS OR MODULE PVLL BATIERY* PERFORMANCE 

1. Battery capacity1 (IIWHI 20-30 0.061 0.64 21.12C 20-30 

2. m t t u y  Dimension 
Height (an) 
Width (cm) 
Length (cm) 

Te Be Determined N/A 38.9 50.0 To Be Determined 
'I w I1 N/A 17.0 53,& 

11 11 b 

* * * N/k 7.5 91.5 n w * - - - 
TQ 3e Datedned M/A 5.0 24 5 To Be Determined 

8 ,  8 - _  
4. Weight (Kg1 - -Im. =:-  

- N/h 10 360 - 
' 8 - , 

6. Specific Energy1 (WRR/kg) 1 >70 i' - 

7. Specific PcrwQr (n/ltg) 
Peak ~a t te ry '  - 5/sw. avp. 125 M/h 75** 60.5."" 
Sustained Q C/3 Q 50b WD 45 N/h >45** M5.3b** - - . -  ,-+ 1'4, , - :  " a. htty cycle , , . -  - , _  , - 
Charge (nours) 4-8 
Discharga (HOWS) 2-4 

9. Lifetime 
Deep ~ischrges' 
Wet Life (Years) 

11. Energy Efficiency ( 8 )  >60 >63 >60 >60 *60 
I . --a. . ' ~ / 3  r a t e  discharger 8-hout charger ratd a t  lWb discCmrqe - - L  . -  

2 ~ t  801 discharged s ta te  -, .% 
'80% depth of discharge h e s d  an rated capacity - ,  - 
'price delivered to auto manufacturer fcr  production f3a 10,000 wits per year 
"Refer t o  dabs on ce l l s  ls batteries i n  Pilot Plmt.  Previous data generated on full-size ce l l s  but made 
in laboratory are not considezed rel-ant C ,  , ,. 

**Equipment limited a t  present, extraplated results " .- rr . 
***Electric vehkle  controller lbit a t  5EO Amps I 

+Four-cell lrodule being tested by Wgonne mi 
I ;  l 



111. TECHNICAL PWGRESS 

. . 
TASK A: SEPARATOR DEVELOPMENT 

Methodology and Object ives 

The separa to r  development program c o n s i s t s  of  a fundamental, mul t id i sc ip l ina ry ,  
in t eg ra ted  approach d i rec ted  tor  1) generat ing an understanding of  t h e  func- 
t i o n a l  mechanisms opera t ive  i n  a r e a l i s t i c  b a t t e r y  system environment and 
developing mate r i a l s  based on t h i s  understanding; 2 )  t e s t i n g  5 and 50 AH c e l l s  
constructed with newly developed separa to r  ma te r i a l s ;  3 )  performing extens ive  
physico-chemical t e s t i n g  which i s  fed back t o  t h e  fundamental research  e f f o r t s ;  
and 4) developing processes f o r  continuous separa tor  production. This e f f o r t  is 
r e i t e r a t i v e  and evolut ionary.  The following summarizes t h e  t echn ica l  milestones 
fo r  t h i s  Task: 

Iden t i fy  separa tor  system with t h e  p o t e n t i a l  Apr i l ,  1978 
o f .  300 deep discharge cyc les  Specif ied on time 

Iden t i fy  separa tor  system wi th  t h e  p o t e n t i a l  December, 1978 
of  500 deep discharge cycles  

Iden t i fy  separa tor  system with the  p o t e n t i a l  October., 1979 
of 750 deep discharge cyc les  

Iden t i fy  separa tor  system with t h e  p o t e n t i a l  September, 1980 
of 1,000 deep discharge cyc les  

Generic Concepts 

Gould's separa tor  development e f f o r t  i s  d i r e c t e d  a t  two d i f f e r e n t  concepts. 
The f i r s t  i s  an ELECTROPOROUSTM separa tor .  An electroporous separa tor  combines 
s i z e  d iscr iminat ion  with membrane ion  t r anspor t  c h a r a c t e r i s t i c s .  I n  accordance 
with the  f i r s t  milestone of t h i s  Task, t h i s  concept has been chosen a s  the  
prime candidate f o r  achieving 300+ deep discharge cycle performance. IIowever, 
work a l s o  continues on the  second approach, the  microporous concept, a s  l o n g ' a s  
fu r the r  performance improvements can be envisioned. This  concept u t i l i z e d  a 
f i l m  whose func t iona l i ty  is  based upon s i z e  d iscr iminat ion .  There a r e  
commercially ava i l ab le  ma te r i a l s  which f i t  t h i s  c l a s s i f i c a t i o n ,  e .g. ,  Celanese 's  
Celgard. I n  addi t ion ,  Gould has p ropr ie t a ry  ve r s ions  based upon var ious  com- 
b ina t ions  of inorganic and organic mater ia ls .  

Addit ionally,  Gould i s  maintaining a continued awareness of the  s t a t e  of the  
a r t  of separa tor  technology by continuous monitoring of separa tor  developments 
both  i n  the  commercial and government sec to r s .  Any new mate r i a l s  t h g t  a r e  
developed a r e  screened by Gould a s  they become ava i l ab le ;  and i f  they have any 
promise of success, they a r e  extens ively  t e s t e d  i n  5 and 50 AH c e l l s .  

Consistent  with the  foregoing d iscuss ion,  t h e  separa to r  funct ion  and f a i l u r e  
modes a r e  b r i e f l y  discussed.  Heretofore, t h e  funct ion  of t h e  separa tor  i n  a 
nickel-zinc c e l l  had been defined a s  a b a r r i e r  t o  zinc dendr i t e s  which grow on 
t h e  e l ec t rode  surface  and eventual ly  br idge  t h e  negative and p o s i t i v e  e lec-  . 

t rodes;  therefore ,  small pore s i z e  and high degree of t o r t u o s i t y  were t h e  



parameters t o  be optimized, Assumed, of course, was t h e  c h e G c a l  and dimension- 
a l  s t a b i l i t y .  

These requirements a r e  n o t  i n  themselves s u f f i c i e n t ,  f o r  a s  seen i n  EYJIBITS 
A - I  and A - 1 1 ,  t h e  m e t a l l i c  z inc  w i l l  e i t h e r  eventual ly pene t ra te  through t h e  
. separa tor ,  thereby leading t o  a ca tas t roph ic  l o s s  i n  c e l l  capacity v i a  s h o r t  
c i r c u i t ,  o r  zinc w i l l  depos i t  wi th in  t h e  pores of t h e  separa tor  and eventual ly  
accumulate i n  s u f f i c i e n t l y  l a r g e  quan t i ty  t o  render the  separa tor  a bulk elec-  
t r o n i c  conductor, leading t o  the  formation of a leakage pa th  between t h e  elec-  
t r o d e s  o r  block t h e  pores of  the  separa to r ,  hence causing a gradual  l o s s  i n  
c e l l  capaci ty  a s  seen i n  EXHIBIT A - 1 1 1 .  

With t h e s e  cons idera t ions  i n  mind, the  bulk of the  separa tor  development e f f o r t  
hag been d i r e c t e d  a t  t h e  ELECTROPOROUS~~ systems, where t h e  dense polymeric 
f i l m s  f a c i l i t a t e  e l e c t r o l y t e  t ranspork a 3  blaelc Cl~u admis:$inn nf d i s s ~ , l v e d  zinc 
spec ie  s o  t h a t  ne i the r  deadr i t c3  osn penetrate throuyl?  ilor leakage pa ths  he 
es t ab l i shed .  While the  emphasis has been on t h e  ELECTROPOROUSTM systems, the  
microporous separa to r s  have not  been abandoned because they do work reasonably 
w e l l  i n  shor te r  cycle  l i f e  o r  lower depth o f  discharge appl ica t ions .  

ELECTROPOROUS~ Separators  

Although gener ica l ly  these  separa tors  a r e  t h e  separa tors  of choice h r  eventual  
e l e c t r i c  veh ic le  usage, tests t o  d a t e  i n  5 and 50 AH c e l l s  have exhibi ted  low 
c y c l e  l i f e .  The f a i l u r e s  have been a t t r i b u t e d  t o  processing flaws i n  laboratory-  
made f i lms  and f i r s t  run large-scale ma te r i a l s ,  de fec t ive  n icke l  e l ec t rodes ,  and 
a too  Inw separa tor  temperature threshold  t o  withstand l o c a l  hot  spot  a c t i v i t y .  

The n icke l  e l ec t rode  problem has been vigorously a t tacked over the  p a s t  severa l  
months so that. i t s  c o n t r i b u t i o r ~  to c e l l  f a i l u r e  i s  minimized, The thermal gen- 
. e ra t ion  and management problem is c u r r e n t l y  undelt fnves ' t iyal ion,  and a tud ies  
have a l ready Been n~a i l t !  Loward i t c ;  uontral. Rnth of t hese  major a reas  w i l l  be 
d iscussed under separa te  headings. 

I n  s p i t e  of  t h e  f a c t  t h a t  t h e  c e l l  da ta  has not  been very impressive on the  
ELECTROPOROUS~~ systems, a good dea l  o f  knowledge has been generated about the  
func t iona l  mechanisxns opera t ive  iri the  cell. environment and t h e  f u n c t i o n a l i t i e s  
and physical, s t r u c t u r e  t h a t  the  separa tor  system must possess i n  order  f o r  it 
t o  perform adequately i n  a c e i i .  Addit ionally,  me.Lhuds and processes have been 
developed t o  permit  f u l l - s c a l e  continuous production of  f i lms.  Among these  
continuous f a b r i c a t i o n  techniques are : 1.): -cwn.tinuous f i l m  c a s t i n g  o f  water- 
based d i spe r s ions  on a strippable substrata; 2 )  blown f i lm ext rus ion;  3 )  sub- 
s t r a t e  coating;  and 4 )  coextrusion between two s t r i p p a b l e  polymeric f i lms.  
Although solvent  c a s t i n g  has 'been.considered ,  it has b e e n ' i n t e n t i o n a l l y  avoided 
because of s a f e t y  cons idera t ions ;  however, non-aqueous solvent  systems w i l l  be 
inves t iga ted  i f  necessary. With the  above processes t h a t  have'developed i n t e r -  
n a l l y  o r  i n  col laboradion.wi th  ex te rna l  veeidors, sepa ra to r s  can be 'continuously 
produced from s o l i d  . o r . l i q u i d  raw mater ia ls .  

Most impressive about t h e s e  systems is  t h e  improved z inc  stopping power of one 
t o  t h r e e  o rde r s  of magnitude higher than t h e  s t a t e  of  t h e  art microporous 
m a t e r i a l s  and the  r e t e n t i o n  of t h e  requi red  chemical s t a b i l i t y  and e l e c t r o l y t e  
t r a n s p o r t  c h a r a c t e r i s t i c s .  An updated summary of the  z inc  penet ra t ion  r a t e  
(ZPR) f o r  seve ra l  separa tor  systems i s  found i n  EXHIBIT A-IV. 



The bes t  performance t o  date  i n  5 AH c e l l s  t h a t  incorporate one type of ELECTRO- 
POROUS separator has been about 80 cycles with reasonable capacity re tent ion 
and 260 cycles with f a i r l y  low capacity re tent ion.  A s e r i e s  of nine 5 AH c e l l s  
t h a t  have been on t e s t  t o  determine the  e f f e c t  of depth of discharge have a l l  
been removed from tes t ing.  Although the behavior of the  c e l l s  is  somewhat 
e r r a t i c ,  there  seems t o  be a re la t ionsh ip  between depth of discharge and cycle 
l i f e .  Additional work w i l l  be done in t h i s  area t o  quantify t h i s  e f f e c t  fur ther .  

All  the above c e l l s  f a i l ed  prematurely by shorting. They have , a l l  been autopsied 
and a recurring feature  i s  the  presence of v i s ib l e  holes i n  the  separator.  Care- 
f u l  examination using Scanning Electron Microscopy (SEM) revealed t h a t  the  flaws 

. a r e  induced by hot spots on the electrode surface,  followed by .the growth of zinc 
through the  holes and by shorting. The zinc electrodes from these c e l l s  have a 
higher degree of shape change than i s  normally observed. 

In  order t o  modify the  chemical and physical s t ruc ture  of the  sepa%ator system, 
work has been going on over the pas t  several  months t o  balance the  functional 
.components so a s  t o  minimize res is tance t o  e lec t ro ly te  t ransport  and maximize 
zinc stopping power without compromising chemical s t a b i l i t y .  Several promising 
polymer systems were reported during t h i s  reporttng period. For f i lms of 0.002" 
i n  thickness, res is tance t o  e l ec t ro ly t e  t ransport  i s  3 ohm-cm (0..015 ohm-cm2). 
In  order t o  a t t a i n  these res is tance values, the  f i lm i s  f i r s t  subjected t o  a 
propr ie tary process. In order t o  fu l l y .  s t a b i l i z e  these systems, it w i l l  prob- 
ably  be necessary t o  cross l ink them. 

Several other polymer systems have recent ly  come under invest igat ion where the 
solvents a r e  non-aqueous. Good, f l ex ib l e ,  tough fi lms with good res is tance 
cha rac t e r i s t i c s  can be obtained. Several of these materials  may be amenable t o  
melt extrusion processing, obviating the  need. fo r  solvents completely. 

A new material  t h a t  is being extensively evaluated i n  c e l l  t e s t s  and by post  
autopsy analysis is  an electroporous-type f i lm t h a t  is  avai lable  commercially, 
a l b e i t  i n  l imited quant i t i es  and a t  a f a i r l y  high price.  The f i r s t  5 AH c e l l  
t h a t  was b u i l t  with t h i s  separator i s  showing reasonably good performance with 
90% theore t ica l  c e l l  capacity re tent ion (.EXHIBIT A-V) a t  about 80 cycles. 
Moxe of this mater ia l 'has  been received, .and four new c e l l s  have been b u i l t  
and placed on t e s t .  The performanoe of these new c e l l s  is  not a s  good a s  the  
one discussed above. The reason for  t h i s  discrepancy i s  not yet  known. 

In  summary, the ELECTROPOROUS~ separator concept remains the  system of choice 
fo r  ult imate e leckr ic  vehicle nickel-zinc ba t te ry  applications.  This r e a f f i r -  
mation i s  based on basic  s c i e n t i f i c  p r inc ip les  and experimental da ta  generated 
over the  l a s t  several  months. The f a c t  t h a t  the  performance of these separa- 
t o r s  i n  ac tua l  c e l l  t e s t s  i s  not impressive ye t  indicates  t h a t  a good amount 
of basic research must be done t o  be t t e r  understand the  separator functions 
and cha rac t e r i s t i c s  i n  the operating envirokuoent before a sound concept may, 
through proper engineering, be t ransla ted t o  a r e l i a b l e  operational level .  

Microporous Separators I 

The a c t i v i t y  i n  t h i s  a rea  of separator development has not been a s  extensive, 
although a considerable amount of t e s t i ng  has been car r ied  out with both t he  
Gould inorganic/organic and the  commercially avai lable  polypropylene based 
microporous separators. The process development work done with the  Gould micro- 
.porous system is discussed i n  Task E,  



The major problem .in t h i s  development has been the  unavai labi l i ty  of adequately 
s t ab l e  subs t ra tes  t h a t  simultaneously possess uniform f ibe r  density and porosity,  
good wet s t rength cha rac t e r i s t i c s ,  and good wet tab i l i ty  by the  coating material .  
Consequently, a program was established with a vendor t o  develop substra tes  t h a t  
have t he  desired physical  and chemical cha rac t e r i s t i c s  t h a t  f a c i l i t a t e  coating 
on a reasonably large scale .  Although an exhaustive evaluation of commercially 
avai lable  systems.was car r ied  out ,  a l l  were found t o  .be inadequate, p r inc ipa l ly  
on a technical  basis.  A concerted.and col laborat ive  e f f o r t  over the  l a s t  
severa l  months has resu l ted  i n  . the  development of a substra te  t h a t  has the  re- 
quired cha rac t e r i s t i c s  fo r  the  coating operations.. I n i t i a l  coating t r i a l s  have 
been car r ied  out  successfully on the continuous coating l i n e  a t  Gould, and 
l a rge  quan t i t i e s  of subs t ra te  a r e  being produced by the  vendor so t h a t  the  
large-scale continuous production t r i a l s  may be resumed. These coating t r i a l s  
a r e  p a r t  of another col laborat ive  e f f o r t  with a major 'coating vendor. 

Although the microporous approach i s  not deeeieil to be the concept of ohnine for 
long l i f e ,  deep discharge appl icat ions ,  it may be adequace f u r  lailder 
applications. Additionally, i n  c e l l  t e s t s ,  it has been found t o  improve the 
performance i n  terms of delaying o r  preventing earastrupllic ahon-ts', ~ h o  
inorganic/organic composite a c t s  a s  a thermal ba r r i e r  against  hot shor t s ,  there- 
by promoting longer l i f e  when used i n  conjunction with the commercial micropor- 
our separator. 



EXHIBIT A-I: ZINC DENDRITE MIGRATION THROUGH SFZAEATOR LEADING TC. CATASTROPHIC FAILURE 
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E:CHIBIT A-11: ZINCATE DIFFUSION THRCUGH SEPZ'4RATOR, MADING T3 ZINC DEPOSITION AND GENERATIm CV AN 
ELECTRClNIC LEAKAGE 3ATH BETWEEN THE ELECTRODES 

-- - - 

unu 



EXHIBIT A-LL~: TYPICZI; CELL LIFE PERFORMANCE EXHIBITING GRADUAL LOSS OF CAPACITY 

I 3 Nlkn CELL FAILURE r-'-"'" 



BXHIBIT A-IV: UPDATED SUPlMARY OF ZINC PENETRATION RATE DATA FOR SEVERAL SErLERAL SYSTEMS; 
SEPARATOR PART NUMBERS ARE LISTED ON THE FIGURE 
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'EXHIBIT A-V: CYCLE LIFE CURI'E FOR CELL BUILT WITH COMMERCIAL ELECTROPOROUS SEPARATOR 

. . 
PURPOSE OF TEST: I n i t i a l  E v a l u a t i o n  of C o m m e r c i a l  E l e c t r o p o r o u s  S e p a r a t o r  
(=ELL MODIFICATION: TKO L a y e r s  S e p a r a t o r  

I CELL NUMBER: N 2 5 . 7 8 . 8 2 8 . 9 1 . 1  
CYCLE REGIME: C o m p o n e n t  T e s t i n g  ( 1 . 2 C / 9  C h a r g e ;  C/3 D i s c h a r g e ,  100% DOD) ' 

CYCLES 



TASK B: ZINC ELECTRODE DEVELOPMENT 

Methodology 

Although the  separa tor  system has,  t o  d a t e ,  been t h e  l i f e - l i m i t i n g  component of  
t h e  nickel-zinc system, t h e  con t r ibu t ion  t o  t h e  l o s s  i n  capaci ty  from t h e  shape 
change o f  the  z inc  e l ec t rode ,  t h e  d e n s i f i c a t i o n  of z inc ,  t h e  topography of the  
e l ec t r6depos l t ,  pass iva t ion ,  and d e n d r i t e  growth is  s i g n i f i c a n t  . 
The shape change problem.has been subjected t o  a g r e a t  dea l  o f .  s tudy by many 
inves t iga to r s .  However, t h e  r e s u l t s  of t h e s e  inves t iga t ions  have been e i t h e r  
inconclusive o r  a t  i e a s t  n o t  appl ied  i n  a p r a c t i c a l  manner, Most of t h e  inves- 
t i g a t i o n s  have been aimed a t  a p a r t i c u l a r  aspect  such a s  membrane pumping and' 
"washing" e f f e c t s ,  g r a v i t y  e f f e c t s ,  e f f e c t  of add i t ives ,  etc. The o v e r a l l  t a sk  
of quant i fy ing t h e  e n t i r e  system i n  terms of a l l  t h e  i n t e r a c t i v e  components and 
t h e  dynamic processes t h a t  a r e  simultaneously opera t ive  has not  been thoroughly 
confronted . 
The p r i n c i p a l  aim of t h i s  e f f o r t  i s  t o  develop e lec t rodes  t h a t  a r e  capable of 
long l i f e  app l i ca t ions  by understanding the  mechanisms opera t ive  i n  t h e  system, 
quant i fy ing them, genera t ing  mathematical models and represen ta t ions  of t h e  
empir ica l  f indings ,  and developing an empir ica l  mathematical model which w i l l  
r ep resen t  the  e l e c t r o d e s  i n  t h e i r  t r u e  environment. The mathematical model 
w i l l  then  enable Gould t o  perform computer experiments i n  order  t o  optimize the  
z inc  e l ec t rode  i n  t h e  opera t ing  environment. 

This  e f f o r t  is divided i n t o  two subtasks ,  namely e lec t rode  shape change and 
d e n d r i t e  growth, and z inc  dens i f i ca t ion .  

The gener ic  problem with t h e  nickel-zinc system is t h e  inherent  s o l u b i l i t y  of 
z inc  i n  t h e  e l e c t r o l y t e .  Any c e l l  t h a t  has e l ec t rodes  of r i n i t e  dimensions 
w i l l  have associa ted  with it c e r t a i n  inhomogenities, the  most bas ic  or which i s  
evidenced i n  the  d i s t r i b u t i o n  o f  t h e  c u r r e n t  dens i ty .  This inhomogeneity i n  
t u r n  causes o t h e r  problems such a s  g r a d i e n t s  i n  concentra t ions  of both e l ec t ro -  
l y t e  and d issolved z inc ,  nonuniformity of temperature d i s t r i b u t i o n ,  convective 
flow ac ross  t h e  surface  of the  e l ec t rode ,  e t c .  These f a c t o r s  a r e  mechanistic 
symptoms of t h e  more bas ic  problem of inhomogeneous cur ren t  dens i ty  d i s t r i b u -  
t i o n ,  which can inf luence  the  system because of t h e  generic source of t h e  
problem, namely t h e  s o l u b i l i t y  of the  e lec t rode .  

The r e s u l t i n g  e f f e c t s  o f  t h i s  o v e r a l l  a u t o c a t a l y t i c  problem a s  a funct ion  of 
cyc l ing  the  e l ec t rodes  a r e  the r e d i s t r i b u t i o n  of the  a c t i v e  ma te r i a l  and 
acce le ra ted  dendr i t e  formation. These i ead  respec t ive ly  t o  gradual  l o s s  and 
ca tas t roph ic  l o s s  i n  capaci ty  (EXHIBIT B-I ,  B-11, and B-111) .  Both of these  
phenomena can be a t  l e a s t  p a r t i a l l y  overcome by engineering considera t ions  and 
improved separa tor  systems. 

A more e l u s i v e  probl.em is t h a t  o f . b u l k  o r  s u r f a c e . d e n s i f i c a t i o n  which r e s u l t s  
i n  a l o s s  i n  a v a i l a b l e  surface  a rea  of t h e  e l ec t rode ;  hence, a l o s s  i n  
u t i l i z a b l e  capacity.  As.with the previous phenomena, d e n s i f i c a t i o n  is another 
mechanist ic  symptom of t k e  gener ic  problem. 

1:f t h e  z inc  i n  t h e  discharged state w e r e  not  so lub le  a s  i s  t h e  case with 
cadmium o r  mercury, t h e  cycle  l i f e  t h a t  could be expected from a nickel-zinc 
c e l l  would be of t h e  order  of  t h a t  of nickel-cadmium. 



I n  view  if t h e  foregoing d iscuss ion,  t h e  component development e f f o r t  is being 
red i rec ted .  The short-term e f f o r t  i s  aimed a t  bringing about incremental im-' 
provements i n  c e l l / b a t t e r y  performance v i a  improved separa to r s ,  b e t t e r  charging 
procedures, modifikation of cu r ren t  dens i ty  . d i s t r i b u t i o n ,  improved heat  removal,, 
d e n d r i t e  growth suppression, e t c . ,  while t h e  longer range,  more profound e f f o r t  
i s  aimed a t  immobilizing t h e  discharged zinc.  The imnkbilfzat ion of z inc  would 
r e s u l t  i n  highly improved gravimetr ic  and volumetric energy d e n s i t i e s  because 
t h e  requi red  amount of z inc  could be c l o s e  t o  1:l t h e o r e t i c a l  ampere-hour r a t i o  
of the  a c t i v e  mater ia ls .  Addit ional ,  t h e  requirements on t h e  separa tor  would 
be tremendously reduced, While t h e  longer range e f f o r t  i s  ambitious, un t r i ed ,  
and is a t o t a l  departure from conventional b a t t e r y  development approaches, suc- 
cess  i n  immobilizing zinc without s i g n i f i c a n t  s a c r i f i c e  i n  c e l l  voltage and 
charge/discharge c h a r a c t e r i s t i c s  should r e s u l t  i n  quantum jump improvements i n  
nickel-zinc technology, 

Following i s  a d iscuss ion of  t h e  r e s u l t s  of e f f o r t s  aimed a t  r e a l i z i n g  shor te r  
range incremental improvements i n  the  s t a t e  of t h e  a r t  of nickel-zinc technology. 

I n i t i a l  e f f o r t s  t o  reduce shape change and d e n s i f i c a t i o n ,  which a r e  major con- 
t r i b u t o r s  t o  l o s s  i n  capaci ty  with cycle  l i f e ,  a r e  aimed a t  optimizing e lec t rode  
dimensions and bulk dens i ty ,  c e l l  f r e e  space, cu r ren t  c o l l e c t o r  ma te r i a l s  and 
design,  hea t  removal, charging techniques, gassing r a t e s ,  e l e c t r o l y t e  a d d i t i v e s ,  
e l ec t rode  add i t ives ,  and z inc  oxide raw mate r i a l s .  Some experiments have been 
performed, svxne a r e  i n  progress ,  and o t h e r s  a r e  being designed t o  study a l l  
these  parameters. To da te ,  our research  e f f o r t  has yielded s i g n i f i c a n t  progress 
i n  our  understanding of  the  modes of  c e l l  f a i l u r e .  Developments t h a t  con t r ibu te  
t o  improved cycle  l i f e  a r e  summarized below. 

1) Shielding of e l ec t rodes  s i g n i f i c a n t l y  reduced shape change 
i n  5 and 50 AH c e l l s  and has allowed b e t t e r  r e t e n t i o n  of 
c a p a c i t i e s  i n  5 AH c e l l s  compared with con t ro l s .  

2) The incorpora t ion  of b e t t e r  cu r ren t  c o l l e c t o r s  and t a b  de- 
s igns  i n t o  z inc  e l ec t rodes  has apparently a l l e v i a t e d  some 
of the  hea t  problems encountered i n  r ecen t  c e l l  t e s t s .  
C e l l s  with e l ec t rodes  containing improved g r i d s  have shown 
s i g n i f i c a n t l y  b e t t e r  cycle  l i f e  because of b e t t e r  hea t  re-  
moval and reduced shape change. 

3) Charging s t u d i e s  i n d i c a t e  t h e  degree of overcharge previ-  
ously used i n  c e l l  t e s t s  was unnecessary t o  achieve good 
c e l l  capac i t i e s .  Previous t e s t i n g  regimes were p lac ing  
undue s t r e s s  on the  c e l l s .  A modified recharge has been 
adopted f o r  component t e s t i n g  t o  improve l i f e .  

41 Incorporat ion of surface  a c t i v e  a d d i t i v e s . i n  the  e l ec t ro -  
l y t e  has given b e t t e r  cycle l i f e  without t h e  shor t ing  
f a i l u r e s  'observed i n  con t ro l  c e l l s .  These ,add i t ives ,  
however, reduced the  c e l l  c a p a c i t i e s  t o  va lues  lower than 
t h e  cont ro ls .  More work is needed i n  t h i s  area.  

5) Incorporat ion of  organic a d d i t i v e s  i n  t h e  e l ec t rodes  used 
i n  .5 c e l l s  s i g n i f i c a n t l y  reduces t h e  degree of 
densif  i c a t i o n .  



6 )  Higher dens i ty  e l ec t rodes  promote improved cycle  l i f e .  

7 )  Constant p o t e n t i a l  charging appears t o  provide improved 
c e l l  l i f e  and capaci ty  r e t en t ion .  Addit ional  work i s  
needed wi th  l a r g e  c e l l s .  

A more d e t a i l e d  d iscuss ion of  each of t h e  above improvement a r e a s  i s  presented.  
Addit ionally,  t h e  work t h a t  i s  being done t o  b e t t e r  cha rac te r i ze  the  opera t ing  
c e l l  environment such a s  t h e  quan t i f i ca t ion  of  the  s p a t i a l  d i s t r i b u t i o n  of d i s -  
solved z inc  and the  d i s t r i b u t i o n  of t h e  e l e c t r o l y t e  both a t  constant  temperature 
and a s  a  funct ion  o f  temperature w i l l  be described.  The work t h a t  i s  being done 
on thermal management w i l l  be discussed under i t s  own heading s ince  it concerns 
t h e  e n t i r e  c e l l  and i t s  components, 

The purpose of sh ie ld ing  t h e  e l ec t rode  pack i s  t.wnfnLd; F i r s t ,  it i o  d c a i ~ n h l r  
Lu reduce rhe high c u r r e n t  dens i ty  which normally p r e v a i l s  a t  the  edge of f i n i t e  
e l ec t rodes ;  and second, t o  minimize the amount of e l e c t r o l y t e .  By using this 
conf igura t ion ,  shape change has been reduced dramat ica l ly  a s  evidenced by the  
r e t e n t i o n  of the  e l ec t rode  dimensions (EXIIIBITS B-IV and H-V) . Cycle l i f e  per- 
formance i n  5 AH c e l l s  has been improved by 60%. Concurrent with reduction i n  
shape change, t h e r e  i s  an increase  i n  gravimetric  energy dens i ty  by 4 t o  5% 
because of the  replacement of e l e c t r o l y t e  with the  much l e s s  dense mater ia l .  

Addit ional  work i n  t h i s  a r e a  involves the  use of thermally conductive foams, 
improved cur ren t  c o l l e c t o r s / t & s ,  h e a t  p ipcs ,  e t c .  These a r e  discussed i n  more 
d e t a i l  i n  the  thermal management, sec t ion .  

Current Collector/Tab ~ e s i g n s  

The purpose of incorpora t ing  t h e  cu r ren t  c o l l e c t o r s  wi'th t h e  new designs i n t o  
t h e  z i n c  e l ec t rode  i n i t i a l l y  was t o  modify t h e  c u r r e n t  d e n s i t y  d i s t k i b u t i o n  
thereby promoting longer cycle  l i f e .  

Irhe c e l l s  t h a t  conta in  the  new designs a l l  performed b e t t e r  than t h e  standards 
(EXHIBITS B-VI, B - V I I ,  B - V I I I ,  and B-1x1. The u t i l i z a t i o n  of the  electrodes 
wi th  the  improved c o l l e c t o r / t a b  des igns  was super ior  t o  the  standard. Although 
c l o s e  sc ru t iny  r e v e a l s  some s t r u c t u r a l  d i f f e rences  ?msnq the elea t rodca  uaing 
t h e  t h r e e  d i f f e r e n t  c o l l e c t o r  designs,  it i s  not unambiglrnl~sly n b v i ~ u s  because 
wl.th L l ~ t !  11iyh solid a rea ,  the  e l e c t r o n i c  cross-sect ion is  probably s u f f i c i e n t l y  
l a r g e  t o  obvia te  any e l e c t r i c a l  d i f f e rences  a t  t h e  c u r r e n t  d e n s i t i e s  imposed on 
these  c e l l s .  One of t h e  obvious b e n e f i t s  derived i s  b e t t e r  hea t  d i s s i p a t i o n  t o  
t h e  c e l l  terminal .  The lmproved hea t  d i s s i p a t i o n  r e s u l t s  i n  b e t t e r  u t i l i z a t i o n  
of  t h e  e l ec t rode ,  hence, a  reduction i n  degree nf shape change and a delay i n  
d e n s i f i c a t i o n .  It is t o  be emphasized t h a t  these  50 .AH . f ive-e lec t rode  c e l l s  
were made i n  t h e  P i l o t  P lant  and t h a t  they represent  a  product made under r ea l -  
i s t i c  production condit ions.  



Charging ' 

Extensive s t u d i e s  combining charging and analyses  of gases evolved during the  
charging opera t ion  have been c a r r i e d  ou t  t o  determine t h e . g a s s i n g  mechanisms, 
c u r r e n t ,  and ampere-hour e f f i c i e n c i e s .  Gas evolut ion r a t e s  and volumes w e r e  
measured with a gas chromatograph. Typical gas evolut ion r a t e s  a s  a funct ion  of 
charging t i m e  a r e  shown i n  EXHIBITS B-X; B-XI, and B-XI1 f o r  cons tant  c u r r e n t ,  
cons tant  p o t e n t i a l ,  and pulsed charging imposed on a constant  background cur ren t .  
The r e s u l t s  of  these  s t u d i e s  i n d i c a t e  t h a t :  

1) Lower recharge a t  e i t h e r  cons tant  cu r ren t  o r  cons tant  
p o t e n t i a l  is s u f f i c i e n t  t o  charge the  c e l l s  without l o s s  
i n  e f f i c i ency  and increased cycle  l i f e .  

2 )  Constant p o t e n t i a l  charging promotes improved cyc le  l i f e  
by 140%. 

3)  Pulsed charging does not  con t r ibu te  b e n e f i c i a l l y  t o  cyc le  
l i f e  performance . 

4) Reduction i n  degree of overcharge reduces the  hea t  gener- 
a t i o n  a t  t h e  end of charge; the re fo re ,  it i s  l e s s  severe 
on t h e  components. 

E lec t ro ly te  Additives 

Several  e l ec t rode  surface  a c t i v e  e l e c t r o l y t e  add i t ives  have been inves t iga ted  
t o  da te  i n  c e l l s  using standard components, The purpose of these  a d d i t i v e s  i s  
t o  promote uniform a s  opposed t o  sporadic nuclea t ion  wi th in  t h e  pores  of the  
e l ec t rodes  t o  promote a smoother e l ec t rodepos i t  which should delay t h e  d e n s i f i -  
ca t ion  process and maintain t h e  poros i ty  and ava i l ab le  surface  area.  Addition- 
a l l y ,  because the  e l ec t rodepos i t  is smooth, e l ec t rode  homogeneity i s  maintained 
and dendr i t e  formation is  re tarded.  These advantages should l ead  t o  prolonged 
cycle  l i f e  by minimizing dendr i t e  formation. 

Several c e l l s  t h a t  contained add i t ives  were subjected t o  cycle  l i f e  t e s t i n g .  
While a reasonable increase  i n  cycle  l i f e  was observed, t h e r e  was a f a i r l y  
d r a s t i c  l o s s  i n ' c a p a c i t y .  I t  should be pointed out  t h a t  while a l l  t h e  c e l l s  
were b u i l t  with s imi la r  components, a l l  t h e  con t ro l  c e l l s  f a i l e d  v i a  massive 
shor t ing  caused by h o t  s p o t s  and dendr i t e  formation, while t h e  c e l l s  t h a t  con- 
ta ined t h e  a d d i t i v e s  only gradually l o s t  the  capacity.  

New a d d i t i v e s  a r e  continuously being. screened i n  Hull c e l l  t e s t s  and examined 
by scanning e lec t ron  microscopy. What is examined is  t h e  morphology and s t ruc -  
t u r e  of the  e l ec t rodepos i t  a s  a funct ion  of cu r ren t  d e n s i t y  and cycling.  The 
promising a d d i t i v e s  a r e  then t e s t e d  i n  5 o r  50 AH c e l l s .  

Work has  continued on the  development of a procedure f o r  r i n s i n g  potassium 
hydroxide from the  e l ec t rode  without degradation of the  e lec t rode .  Improvements 
have been made using a lcohols  f o r  r i n s i n g  ins tead  of water bu t  t h e  process  i s  
no t  y e t  adequaLe Lo permit good charnc tc r i za t ion  of the  e lec t rode .  

Tes ts  of 50 AH c e l l s . h a v e  been conducted t o  determine t h e  e f f e c t  of low potas- 
sium hydroxide cqncentra t inns  on.shape change and c e l l  performance. Data from 



a previous t r i ~ e l e c t r o d e  e l e c t r i c  .vehicle c e l l  indica ted  t h a t  low e l e c t r o l y t e  
concentra t ions  may reduce shape change. Concentrations of 10% ('2.0 M) and 20% 
(4.2 M)  were se lec ted  f o r  inves t iga t ion .  C e l l s  with 10% potassium hydroxide 
had s h o r t  cycle  l i f e  and d i d  not  accept  charge well  enough t o  reach f u l l  
capaci ty .  These c e l l s  f a i l e d  t o  reach 20% capaci ty  a f t e r  15  cycles .  The i n t e r -  
n a l  r e s i s t a n c e  of t h e s e  c e l l s  remained high with cycling. 

Elec t rode  ~ d d i t i v e s  and Binders 

Because of t h e  na ture  of  t h e  process f o r  the  f ab r i ca t ion  of t h e  negative elec- 
t r o d e s ,  a binder system is  required.  The binder should lend i t s e l f  t o  ceramic 
processing techniques y e t  not  hamper t h e  bas ic  electrochemical  behavior of the  
e l ec t rode .  Simultaneously, proper choice  of binder system can enhance e lec t rodc  
performance by r e t a r d i n g  shape change and/or d ~ n s i f i c a t i o n .  

Our s t u d i e s  have been aimed a t  developing a system t h a t  w i l l  f a c i l i t a t e  pro- 
cess ing  and enhance e lec f rade  performance. To t h i s  end, ac,veral pulyneric 
m a t e r i a l s  have been evaluated i n  t h e  manufacturing process and subsequently i n  
a c t u a l  c e l l s .  The binder should promote b e t t e r  performance because of the  
d r i v i n g  force  f o r  e l e c t r o l y t e  absorpt ion  i n t o  the' e l ec t rode  body. 

About t e n  d i f f e r e n t  systems have been evaluated i n  a c t u a l  5 AH c e l l  t e s t s .  One 
system.has been found t o  work adequately well  and i s  the  binder system i n  the  
e l e c t r i c  veh ic le  e l ec t rodes  t h a t  a r e  c u r r e n t l y  being manufactured i n  the  P i l o t  
P lant .  Comparative t e s t i n g  with a conventionally used binder (Teflon) system 
i n d i c a t e s  t h a t  longer cyc le  l i f e  can be obtained. 

High Density Electrodes 

3 o ~ w  i ~ l iL l a l  expePiments with e l ec t rodes  t h a t  have heen pressed t o  a higher 
green d e n s i t y  than conventional have ind ica ted  t h a t  b e t t e r  capaci ty  r e t e n t i o n  
i s  maintained (EXHIBITS B-XI11 and B-XIV) . Although t h e  c e l l  test.s demonstrated 
favorable r e s u l t s ,  p ress ing  t o  d e n s i t i e s  g rea te r  than 3 g/cm3 i s  not  a v iab le  
a l t e r n a t i v e  s ince  the  type  of  equipment requi red  f o r  such an opera t ion  f o r  
e l e c t r o d e s  t h a t  a r e  l a r g e r  than 8 in'  i s  impractical i n  a high r a t e  b a t t e r y  
opera t ion  where thousands of components per  hour must be produced. 

Elec t rode  Raw Mater ia ls  

Severa l  z inc  ~ x i d e  raw ma.tcrials  have bccn used i n  conj.unction w i t h  a binder 
and evaluated i n  5 AH c e l l  tests t o  determine s u i t a b i l i t y  and t o  optimize 
e l e c t r o d e  performance. A l l  t he  m a t e r i a l s  a r e  i n  the  micrometer o r  submicro- 
meter p a r t i c l e  s i z e  range and a r e  i n  the  surface  a rea  range of  %3 t o  11. m2/g. 
The b e s t  performance has been obtained with the  cu r ren t ly  used z inc  oxide. No 
a t t e m p t s h a v e  been made a t  blending combinations of powders t o  modify surface  
a r e a  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  

During t h e  course of t h e  p resen t  program, some "binderless", e l ec t rodes  were 
f a b r i c a t e d  and t e s t e d .  These 5 AH e l ec t rodes  were f ab r i ca ted  I n  col labora t ion  
with an ex te rna l  vendor using the  vendor 's  p ropr ie t a ry  process. Although charge 
acceptance of t h e  5 AH c e l l s  t h a t  contained these  e l ec t rodes  was super ior  t o  any 
corresponding c e l l  containing e lec t rodes  f ab r i ca ted  with a binder,  they a l l  



f a i l e d  by ca tas t roph ic  shor t ing  i n  l e s s . t h a n  60 cycles.  Three d i f f e r e n t  groups 
of e l ec t rodes ,  hence c e l l s ,  were constructed.  

/. By the  nature  of t h e  process t h a t  i s  used t o  make the  e l ec t rode  p a r t s ,  t h e  
f i n a l  surface  area  of the  powder i n  t h e  e l ec t rode  i s  higher than the  s t a r t i n g  
powder surface  area .  No s i g n i f i c a n t  d i f f e rences  were observed i n  the  cycle  l i f e  
performance of c e l l s  from the  th ree  groups. A s i g n i f i c a n t  f e a t u r e  t o  note is 
t h e  exce l l en t  capaci ty  r e t en t ion  up t o  t h e  po in t  of shor t ing  a s  compared t o  the  
gradual l o s s  observed with t h e  binder containing e lec t rode  c e l l s .  Autopsy o f  
these  c e l l s  revealed t h a t  the  geometric a rea  of the  e l ec t rodes  was reduced by 
about 50% and t h a t  the  c u r r e n t  c o l l e c t o r  was t o t a l l y  bare i n . t h a t  region,  y e t  
the  c e l l  was s t i l l  de l ive r ing  100% of t h e  t h e o r e t i c a l  capacity of  t h e  n icke l  
e lec t rode .  I t  must be borne i n  mind t h a t  t h e  t h e o r e t i c a l  capaci ty  of the  n icke l  
e l ec t rode  is  the  maximum a t t a i n a b l e  capaci ty  o n . t h e  b a s i s  of  the  one e lec t ron  
reac t ion  of t h e  t o t a l  a v a i l a b l e  Ni(.0H)2 and not  t h e o r e t i c a l  capaci ty  based on . 

r a t e d  which can sometimes be a much lower value t h a t  has been a r b i t r a r i l y  
assigned t o  enhance the  apparent performance of the  c e l l s  o r  components. 

The reason f o r  t h i s  exceptional  performance with 50% of the  geometric a r e a  on 
t h e  z inc  e l ec t rode  i s  not  known a t  t h i s  time, and add i t iona l  work is  required t o  
understand t h i s  phenomenon so t h a t  it may be b e n e f i c i a l l y  u t i l i z e d .  

Electrode Geometry 

Electrode s i z e  may have an influence on cycle  l i f e .  To determine t h e  events  of 
t h i s  inf luence ,  t h r e e  s i z e s  of c e l l s  were designed based on ava i l ab le  e l ec t rode  
s i z e s  and mater ia ls .  Electrode s i z e s  8" x 14", 4" x 7", and 2" x 3.5" were 
se lec ted  because of t h e i r  i d e n t i c a l  symmetry. Eight of t e n  2"  x 3.5" e l ec t rode  
c e l l s ,  which have 10  AH capaci ty ,  have approximately 95 t o  100% capaci ty .  Two 
other  c e l l s  show s igns  of shor t ing ,  

s p a t i a l  ~ i s t r i b u t i o n  of Dissolved.Zinc 

Since t h e r e  is  a r e d i s t r i b u t i o n  of z inc  on t h e  e l ec t rode  during cyc l ing  and be- 
oauae the  nickel-zinc system i s ,  a dynamic system, t h e  need t o  know t h e  movement 
and concentrat ions of the  species  involved i n - t h i s  r e d i s t r i b u t i o n  i s  important 
i n  order  t o  cha rac te r i ze  t h e  opera t ive  mechanisms and devise a so lu t ion  t o  t h e  
problem. Most of  t h e  e f f o r t  during t h i s  f i r s t  p a r t  of the  program has been 
devoted t o  devis ing  t h e  experimental methods, techniques, and components i n  
o rde r  t o  dynamically measure the  va r i ab les  a s  a function of cycle l i f e .  

In ,  order  for t h e  ditzsolved zinc concentrs.t.inn measurements , t o  have any s i g n i f i -  
cance, associa ted  parameters such a s  e l e c t r o l y t e  concentrat ion and temperature 
muct a l s o  be measured.' Also, carbonation of t h e  so lu t ion  must be minimized. 
The development of  a s u i t a b l e  system t o  measure t h e  d issolved zinc has been d i s -  
cussed i n  previous . repor ts ,  These e l ec t rodes  a r e  embedded i n  a 5 AH tri- . .  

e lec t rode  c e l l  for.measurements: :The experiments a r e  c a r r i e d  o u t  i n  a cons tant  
temperature ba th 'wi th  the  top  of t h e  c e l l  being purged with argon t o  minimize 
carbonation. .  , 

The c a l i b r a t i o n  o f  t h e  standard e lec t rode  p o t e n t i a l  f o r  a known change i n  
hydroxyl ion concentrat ion has  been w e l l  cha 'racterized.  The p o t e n t i a l  obeys a 
Nernstian r e l a t i o n s h i p  f o r  t h e  hydroxyl ion concentrat ions t e s t e d  C.25 Molar t o  
15  Molar). 



The e f f e c t  of z inca te  i n  so lu t ion  and i t s  poss ib le  e f f e c t  on the  standard elec-  
t rode  p o t e n t i a l  was a l s o  examined. On monitoring the  p o t e n t i a l  i n  sa tu ra ted  
z inca te  so lu t ions  of known hydroxyl ion concentra t ions ,  it was found t h a t  it i s  
i n s e n s i t i v e  t o  z inca te .  

Also t e s t e d  was t h e  temperature s t a b i l i t y  of t h e  standard e lec t rode  p o t e n t i a l  
f o r  d i f f e r e n t  hydroxyl i o n  concentrat ions.  Known so lu t ions  of hydroxyl ion con- 
c e n t r a t i o n s  were heated t o  %9O0 C and t h e  e l ec t rode  p o t e n t i a l  was monitored a s  
a funct ion  of temperature. Resul ts  show t h a t  the  e l ec t rode .po ten t i a1  changes 
50 t o  10 pv. 

Tes t s  were a l s o  conducted t o  measure t h e  equil ibrium response time of the  elec-  
t r o d e  p o t e n t i a l  t o  a known change i n  hydroxyl ion concentrat ion.  Tes t s  con- 
ducted consis ted  of i n j e c t i n g  known volumes of e i t h e r  45% potassium hydroxide 
or water i n t o  a known volume nf hyrlrnxyl inn  concontrat ion,  Thc e lec t rode  
p o t e r ~ L i d l  was monitored wi th  t i m e  u n t i l  equi l ibr ium was es tabl i shed.  R e s n l t s  
trom t h e s e  t e s t s  f o r  both increas ing and decreasing hydroxyl ion concentrat ion 
show t h a t  the  e l ec t rode  responds a t  a r a t e  of %.1 Molar (OH-) per second. 

The standard e lec t rodes  have been.cycles  a t  an approximate C/10 r a t e  with the  
vo l t age  being s t a b l e  f o r  g r e a t e r  than 100 hours in .45% potassium hydroxide. 

The conclusion from t h e  tests conducted show the  e l ec t rode  t o  be sens i t i -ve  t o  
t h e  hydroxyl ion  concentra t ion  and adequate f o r  incorpora t ion  i n t o  a t e s t  c e l l  
f o r  t h e  hydroxide measurement, 

Actual simultaneous s p a t i a l  measurement o f  d issolved z inc  and e l .ec t ro ly te  con- 
c e n t r a t i o n  i n  5 AH c e l l s  w i l l  be s t a r t e d  i n  t h e  near fu tu re .  .These measure- 
ments which should provide good i n s i g h t  i n t o  the  dynamic behavior of t h e  
p resen t  and shape change mechanisms w i l l  be made during charging, discharging,  
rest, and a funct ion  of temperature, 

Thermal Management - 
Although t h i s  a rea  has been genera l ly  discussed i n  Task B of the  Program, it 
w i l l  henceforth be t r e a t e d  a s  a separa te  a r e a  because of  i t s  encompassing 
nature .  I n  view of the  importance nf th.erma1 management, it chould,probably 

. be s p e l l e d  out  a s  a sepa ra te  major t a s k  f o r  t h e  remainder of t h e  Program. 

A good d e a l  of t h e  work i n  t h i s  a r e a  has gone i n t o  generat ing the  appropr ia te  
computer programs t o  be a b l e  t o  model t h e  c e l l s  and b a t t e r i e s  under dynamic 
condit ions.  I n  add i t ion  t o  in te rna l  software development, two programs have 
been procured and a r e  opera t iona l  on a time-sharing system. The f i r s t  program 
uses a f i n i t e  element approach f o r  conducting hea t  t r a n s f e r  o r  s t r u c t u r e  
analyses .  The second program, which is  a revised  vers ion  of CINDA-3G, uses a 
f i n i t e  d i f f e rence  approach. Also, i n  order  t o  measure the  hea t  generat ion i n  
c e l l s ,  a TRONAC calor imeter  along with a da ta  acqu i s i t ion  system have been 
purchased and a r e  c u r r e n t l y  opera t ional .  

, A one-dimensional a n a l y s i s  of t h e  temperature d i s t r i b u t i o n  i n  a 400 AH e l e c t r i c  
veh ic le  c e l l  has been c a r r i e d  out.  The a c t u a l  measured data  i s  reported i n  
EXHIBIT B-XV. 



Since c e l l  thickness i s  r e l a t i v e l y  t h i n  compared with c e l l  he ight  and width, 
t h e  heat  t r a n s f e r  process involved i s  e s s e n t i a l l y  one dimensional. Our 

> ana lys i s  g ives  t h e  temperature p ro f i l e '  i n  the  c e l l  a s  

m 
+ 2 C %cos (.Anx/G) exp (,-1;at/6 * ) 1 

n=l  

where T, is the  surrounding temperature, 6 i s  the  hal f  thickness of the  c e l l ,  
4' ' ' i s  the  hea t  generat ion r a t e  per  u n i t  volume, K i s  thermal. conduct iv i ty ,  a 
i s  thermal d i f f u s i v i t y ,  h is t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  and t h e  An a r e  the  
p o s i t i v e  r o o t s  of t h e  equation 

An t an  An = h6/K (2 )  
and 

A, = (T, - T,)/Q" ' b 2 / ~ )  - ( l / A n )  J sinAn(An + sinAncosAn)-' (3)  

Based on the  dimensions and mate r i a l s  of the  c e l l ,  t h e  mean thermophysical 
p r o p e r t i e s  of the  c e l l  were ca lcula ted .  With t h e  assumption t h a t  the  hea t  
t r a n s f e r  from the  c e l l  sur face  was by na tu ra l  convection and r a d i a t i o n ,  the  
value of hea t  t r a n s f e r  c o e f f i c i e n t  was then determined. With the  above informa- 
t i o n ,  only  t h e  dimensionless temperature p r o f i l e  can be ca lcu la ted  because t h e  
h e a t  generat ion r a t e  is s t i l l  unknown. To compare t h e  a n a l y s i s  with t h e  measure- 
ments, it is assumed t h a t  a t  the  end of d ischarge ,  the  predic ted  temperature i s  
equal  t o  the  measured one. With t h i s  assumption, t h e  temperatures a t  t h e  cen te r  
(x  = 0) and a t  an edge (x = 6) were ca lcu la ted ;  the  r e s u l t s  a r e  shown i n  
EXHIBIT B-XVI . 
The predic ted  temperature i s  a few degrees higher than the  measured curve. This 
i s  because the  hea t  genera t ion  r a t e  is  not  cons tant  near t h e  end of discharge.  
I f  t h e  predic ted  temperature is  matched with the  measured temperature a t  about 
time 2.5 h, the  agreement between t h e  theory and t h e  measurement would be even 
b e t t e r .  The comparison ind ica tes :  1) the  one-dimensional mathematical model 
c lose ly  approximates the  a c t u a l  system; 2 )  t h e  thermophysical p r o p e r t i e s  t h a t  w e  
used f o r  c a l c u l a t i o n s  a r e  c o r r e c t  and can be used f o r  hea t  t r a n s f e r  a n a l y s i s  of 
o the r  n ickel -z i~lc  b a t t e r i e s !  and 3) t h e  heat  qenerat ion r a t e  of t h e  c e l l  i s  
about 1,440 ~ ~ ~ / h = f t ~  a t  t h r e e  hour discharge r a t e .  This number can be used as 
a check f o r  t h a t  from thermodynamic ca lcu la t ions .  

The hea t  generat ion r a t e  i n  a  c e l l  can a l s o  be ca lcu la ted  by using t h e  c e l l  
vol tage ,  discharge cur ren t ,  a n d . t h e  thermal e f f i c i e n c y  i f  ava i l ab le .  Recent 
work done a t  Gould has s h o y  t h a t , t h e  hea t  generat ion r a t e . c a n  be ca lcu la ted  
using the  f ollowiriy equat'ion: 

Excluding t h e  top  and bottom e l e c t r o l y t e  r e s e r v o i r s ,  t he  volume of the c e l l  i s  
about 0.103 f t 3 .  The h e a t  generat ion r a t e  pe r  u n i t  volume . i n  t h e  c e l l  is  

A s  shown by ca lcu la t ions ,  t h e  value of Q 1 ' '  pred ic ted  by one-dimensional hea t  
t r a n s f e r  a n a l y s i s  i s  



I f  t h e  c e l l  temperature i s  about 80° F a t  t h e  beginning of discharge,  the  c e l l  
temperature a t  the  end of th ree  hour discharge i s  

A s  shown i n  EXHIBIT B - X V I I ,  t h e  c e l l  tempkxature increases  l i n e a r l y  with time i f  
t h e  c e l l  i s  p e r f e c t l y  insu la ted ,  The temperature d i f fe rence  between an insu la ted  
c e l l  and a natural-convection cel l  inc reases  with time, t h i s  i s  because natura l -  
convection becomes more s i g n i f i c a n t  a s  t h e  temperature d i f fe rence  between the  
c e l l  and i t s  surroundings increases .  During th ree  hour d ischarge ,  t h e  t o t a l  heat  
genera t ion  i s  

Q = 457.4 BTU 

The h e a t  t r a n s f e r r e d  by natural-convection from t h e  c e l l  t o  .room a i r  is  a b u t  

= 95.4 BTU 
QtU.C. 

This  means t h a t  about 21% o f  the  t o t a l  heat  generated i s  t r a n s f e r r e d  from the  
c e l l  t o  room a i r  and 79% remains i n  t h e  c e l l .  

The f i r s t  computer program has  been chosen t o  perform f u r t h e r  hea t  t r a n s f e r  
a n a l y s i s  f o r  nickel-zinc c e l l s .  The program uses a f i n l t e  element approach t o  
so lve  three-dimensional hea t  conduction problems. The input ,  d a t a ,  hea t  genera- 
t i o n  r a t e ,  t r anspor t  p r o p e r t i e s ,  and houndary condi t ions  can be space dependent. 
The f i r s t  t e s t  example i s  a two-dimensional system with t h e  size and p r o p e r t i e s  
of  a f ive-e lec t rode ,  50 AH c e l l ,  The program i s  prepared f o r  batch jobs. The 
inpu t  da ta  a r e  supposed t o  be prepared following t h e  read-formats of t h e  
program. Thus, it i s  somewhat d i f  f i c d t  to set up an inpu t  d a t a  Cile through 
OW t e r m 1  nal . 
The empir ica l ly  determined thermal d i s t r i b u t i o n  and d i s t r i b u t i o n  of hea t  
genera t ion  r a t e s  i n  a c t u a l  c e l l s  must .be measured i n  order  t o  f u l l y  u t i l i z e  the  
modeling programs t o  b e t t e r  charac ter i .ze  the  problems. In  order to Make these  
measurements, 26 thermis tor  probes have 'been c a l i b r a t e d  f o r  a temperature range 
from O 0  C t o  100° C. With one c a l i b r a t i o n  curve f o r  each probe, t h e  absolute  
e r r o r  i n  temperature measurements i s  expected t o  be within + O . 1 °  C. To p r o t e c t  
probes and t h e i r  lead  wires from corros ion i n  potassium hydroxide, insu la t ion  
is necessary,  

Durinq c e l l  cycli.ng, high terminal  te~[ lpera ture  and "hot spots" on e lec t rodes  
have been observed. These two phenomena may r e l a t e  to. the  thermal behavior i n  
c e l l s  b u t  cannot be explained with a usual  hea t  t r a n s f e r  model f o r  b a t t e r y  
systems because they a r e  probably caused by high l o c a l  h e a t  generat ion.  The , 

high terminal  temperature is probably due t o  high . I ~ R  h e a t  generated a t  
te rminals .  The .Len~perature can be reduced e f f e c t i v e l y  i f  the  e l e c t r i c a l  res is - .  
t ance  can be  reduced. The exis tende  of hot  spo t s  is  more complicated. It seems 
t h a t  a spo t  i s  i n i t i a t e d  on t h e  nickex o r  z inc  e l ec t rode  and then propagates 
through t h e  o ther  e l ec t rode ,  then t o  t h e  next  e l ec t rode ,  up t o  the  end 
e l e c t r o d e ,  The i n i t i a t i o n  of  a s h o r t  spo t  i s  probably due t o  nonuniformity of 
e l e c t r o d e  mate r i a l  i n  composition o r  geometry, which caused a l o c a l  high e lec t ro -  
chemical r e a c t i o n  r a t e l  and. i n  t u r n ,  high h e a t  generat ion r a t e  a t  t h a t  pa r t i cu -  
l a r  spot .  I t  has been observed t h a t  ho t  spo t s  propagate i n  a d i r e c t i o n  



cons i s t en t  with the  cu r ren t  d i r e c t i o n ,  Therefore, the  spot  formed on the.  next  , 
, '  zinc  e lec t rode  is  probably caused by' high chemical r e a c t i o n ' r a t e  due t o  the  , ", 

exis tence  of the  f i r s t  spot .  This l o c a l  e f f e c t  becomes more s i g n i f i c a n t  a f t e r  . 

each. cycle; .  Eventually, the  temperature . a t  h o t  spo t s  increases  t o  the  melting 
'temperature of separa tor  ma,ter ials ,  

. . 

An a n a l y s i s  has been c a r r i e d  ou t  t o  see  the  e f f e c t  of t a b  width on heat  t r a n s f e r  
from a nickel-zinc c e l l .  s ince  hea t  generated i n  the  c e l l  w i l l  be t r ans fe r red  
through the  c e l l  case 'to environments i n  a l l  . d i r e c t i o n s ,  t o  f ind  the  exact  
amount of  heat  t r ans fe r red  through. t a b s  i n  an a c t u a l  system ;is a three-  
dimensional a n a l y s i s  which i s  q u i t e  complicated. For a q u a l i t a t i v e  study,  we 
assume ' tha t ,  except f o r  the  top,  the  other. sur faces  of a c e l l  a r e  p e r f e c t l y  
insu la ted .  I n  o the r  words, the  hea t  generated i n  the  c e l l  w i l l  'be t r ans fe r red  
only .through e lec t rode  tabs .  I f  t h e  t a b s . a r e  surrounded by a i r ,  h e a t . w i l 1  then 
be t r ans fe r red  t o  'the. surrounding a i r  by na tu ra l  convection, then from a i r  t o  
top  case  wal l ,  and from case  wa l l  t o  room a i r  a t  room temperature. I f  hea t  i s  
uniformly generated i n  the  c e l l ,  t h e  h ighes t  temperature i n  t h e  p l a t e  w i l l  be a t  
t h e  bottom. Assuming t h a t  the  temperature a t  t h e  top  of the  - p l a t e  is  uniform, 
t h e  hea t  t r a n s f e r  r a t e  a t  the  t o p , s u r f a c e  is  

Where A& (Tt - Tai ) i s  t h e  heat  t r ans fe r red  wi th  no t a b  and the  balance of 
t h e  expression is  t i e  hea t  t r a n s f e r r e d  through t h e  t a b .  

Ap = Cross-sect ional  a r e a  of t h e  p l a t e '  
At = Cross-sectional a r e a  of t h e  t a b  

The temperature d i s t r i b u t i o n  i n  t h e  p l a t e  i s  given by 

4 1 1  I  

Tp - Tt = - ( 2  - y2)  
and K~ 

Tm - Tt = - 82 
Kp P 

where T '  i s  t h e  maximum temperature wi th in  the  e lec t rode .  
m . . 

The s u b s c r i p t s  o ,  p ,  and t i n d i c a t e  

o = Open area  a t  t h e  top  of the  p l a t e  
p = P l a t e  
t = Tab 

From equations ( 4  , (3) , and ( 6 )  , we then have 

where 



I f  t h e  open a r e a  a t  the  top  of the  p l a t e  i s  insu la ted ,  ho = 0 and a l l  hea t ,  Q ,  
i s  t r ans fe r red  through t h e  tab .  For t h i s  case ,  we assume ho = 0 

then f o r  metal ( p l )  

and fnr metal. (p?) 

For t h e  case  where hea t  escapes through t h e , c e l l  case  top ,  and ho = ht = 1.5 
BTU/Hr F t 2  F, the parameters f o r  metal (p l ) '  a r e  

The c a l c u l a t i o n s  were c a r r i e d  out  fo r  ho = 0 and ho = 1 .5  and t h e  r e s u l t s  Rr F t  
a r e  shown i n  E X H I B I T  B - X V I I I  f o r  t ab  width from 1 t o  5 i n c  e s .  The temperature 

BTU d i f f e r e n c e ,  (Tm - Tair), f o r  4"' = 750, 1500 and 3000 -,. i s  p l o t t e d  in 
I11 F t  

EXHIBIT B - X I X .  I f  t h e  e l ec t rode  i s  i n  a c e l l  case ,  t h e  temperature, T a i r I  i s  
n o t  t h e  room temperature, Troom. Consider a s i n q l e  e l ec t rode  and assumetha t .  
t h e  temperature of  case wa l l  i s  equal t o  T a i r I  t h e  hea t  t r a n s f e r  r a t e  through 
t h e  case  wall  is  

f o r  4"' a 1500 BTU H r  ~ t ~ ,  we have 
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EXHIBIT B-11: TYPICAL CELL LIFE PERFORWiNCE EXHIBITING 
GRADUAL LOSS IN CAPACITY 

SEE EXHIBIT A-111 



EXHIBIT B-111: ZINC DENDRITE MIGRATION THROUGH SEPARATOR 
LEADING TO CATASTRIPHIC FAILURE 

SEE EXHIBIT A-I 





EXHIBIT B-V: RADIOGRAPH OF CYCLED MIDDLE NEGATIVE -- CO-L 

-NUMBER: PZ50.78.855.4.66 
CYCLE NUMBER; 97 



EXHIBIT B-VI: PEWORMANCE OF 50 AH CELLS WITH NEGATIVE COLLECTOR B 
. . . . 

- . CELL NUMBERS: N250.77.802.62.37 to 39 .. - .. 

CAPACITYt 50 AH 
CYCLE REGIME: Component 

0 10 3 0 4 0 50 60 70 80 90 
- 100 

. . . ) ... . , ~. .. . . . _  ' 
110 

.. , .. . .. . .. < . . ., - .. .-, . . . . .  

CYCLES - .  , ,  . 



EXHIBIT B-VII:  PERFORMANCE OF 5 0  AH CELLS WTH NEGATIVE CURRENT COLLECTOF. C 

CELL NUMBERS; H 3 5 0 . 7 7 . 8 0 2 , 6 2 , 4 0  and 4 1  
CEL~ACITY : 5 0  AH 
CYCLE REGIME: Component 

CYCLES 



EXHIBIT B - V I I I :  PERFORMANCE OF 53 AH CELLS WITH NEGATIVE CU-NT COLLECTOR A 

. - 
. % %, . . . W L  NUMBERS: ~ ~ 5 0 . 7 7  .802.62.34 to 36 . - -. . 

CAPACITY r 50 AH 
CYCLE REGIME I C~mponent 

CYCLES , 



EXHIBIT B-IX: PERFORMANCE OF CWTRDL CELLS FOR CUR-T COLLECTOR DESIGN STUDY 
. . 

CELL NUMBERS: N 2 5 0 . 7 7 . 8 0 2 . 6 2 . 5 0  a n d  5 1  
CAPACITY : 5 0  AH 
CYCLE REGIME: Component 

CYCLES 



EXHIBIT B-X: C U m N T  EFFICIENCY OF CONSTANT CURRENT CYARGE 

CELL NUMBER: N 2 5 . 7 8 . 8 5 0 . 5 1 . 1  
CAPACITY : 5 AH 

.. CHARG3 : 1 . 2 C / 9  - . .  .... . - .. . 

C U R m T  EFFICIENCY: 8 9 . 2 %  ( N i c k e l )  



EXHIBIT B-XI: CURRENT EFFICIEMC'l OF CONSTANT POTENTIAL CHARGES 

CELL NUMBER: NZ5.78.8EO. .  5 6 . 4  
CAPACITY : 5 AH 
MAR~';E : 1 . 9 0  C o n s t s n t  c e l l  voltage 1 . 5 A  C u r r e n t  L i m i t  
C U W N T  EFFICIENCY: 94 .l% ( N i c i e l )  

TIHE (HOURS) 



EXHIB1T.B-XI I :  CURRENT EFFICIENCY OF PULSED CURRENT CHARGING 

CELL NUMBER: N 2 5 . 7 8 . 8 5 5 . 1 5 . 1  
CAPACITY : 5 AH 
CHARGE : 2 , 7  Amp A m t ' i t u d e ;  1 . 6 7  H z ,  1 6 . 7 %  D u t y ,  

B a c k g r o u n d  C u r r e n t  0.3 Amps 
CURRENT EFFICIENCY: 9 1 . 7 %  ( N i c k e l )  



EXHIBIT B-XI I I :  PERFORMANCE OF HIGH DENSITY ImGATIVES 

CEL5 NUMBERS: N25.78.802.128.1 t o  3 
CAPACITY : 5 A i i  
CYCLE REGIME: Componen t  

CYCLES 



EXHIBIT B-XIV: PERFORMANCE OF CONTROL CELLS 

. . CELL NUMBERS: N 2 5 . 7 8 . 8 5 5 . 5 . 1  to  3 
CAPAC'ITY : 5 A I ~  

. . CYCLE F G I M E  : Com2onent  

. CYCLES 



E X H I B I T  B-Xi: VARIATION OF 'IEMPER?.TI?RE I N  A 433 AH CELL WITH CYCLING 

... . .  . . -  . .... . , . . .  

- - 

T e m p e r a t u r e  a t  center n e x t  to n i c k e l  

V o l t a g e  - - 
Y 

- -  9 0  

4 ?33 Amp D i s c h a r g e  30 Amp C h a r g e  --- m - . - - t. 3 H o u r s  16  H o u r s  
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111 
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, HOW RS 

EOD T e m p e r a t u r e  a t  200A 166O F and a t  400A 17g0 P. EQC T e m p e r a t u r e  a t  55.4 86' F 



EXHIBIT B-XVI: VARIATION OF! TEMPERATURE AT CENTER AND THE EDGE I N  NICKEL-ZINC CENTER CELL 

PREDICTION 
j 

A T e m p e r a t u r e  a t  e d g e  
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EXHIBIT B - X V I I :  TEMPEM-TURE VARIATIONS I N  A 400 .XH ELECTRIC CELL 

I I I I 11 140 ' 1 1 I 1 
I 
1 

1- analysis (natural convection 

from cell case)' 

3 Perfectly insulated cell 
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. 
E X H I B I T  B-XVIX: HEAT D I S S I P A T I O N  RATE AS A FUNCTION OF TAB WIDTH 

. .- 

- 
\ 

- I 
I 

3000 BTU/Hr ~t~ 
1000 ' 

---- Metal (,Dl) 

- 
h 

.rl 

572' F = 300° C- - 
------ 

.a - 
200 - -  

. . 

100 -- 
50 " 

I 
I 

I 
1 

I 
I 

I 
1 

1 .  ' ' 2 - 3 ' 4  5 

Wt (inches) . 

. - 



TASK C: PRODUCT DESIGN AND ANSLYSTS 

Objective 

This Task c o n s i s t s  of incorpora t ing  t h e  major b a t t e r y  components i n t o  a b a t t e r y  
optimally designed f o r  a commuter veh ic le  appl ica t ion .  This e n t a i l s  t h e  speci- 
. f i c a t i o n  of components such a s  separa tor  and e lec t rode  m a t e r i a l s  along wi th  t h e  
establishment of t h e  design conf igura t ion  such a s  the  number of '  e l ec t rodes  pe r  
c e l l ,  capaci ty  and of  the  e l ec t rodes ,  i n t e r c e l l  connectors, te rminals ,  
vents ,  case ,  cover, etc. I n  add i t ion ,  t h i s  Task inc ludes  the  a n a l y s i s  of  c e l l /  
module/battery f a i l u r e s  i n  order  t o  ass is t  i n  the  development of improved com- 
ponents and t o  generate new des igns  t o  overcome b a t t e r y  system f a i l u r e .  

Mission Analysis 

The successful  completion of  t h i s  Task depends on, f i r s t ,  an a n a l y s i s  o f  what 
t h e  b a t t e r y  must do i n  the  commuter app l i ca t ion ;  and secondly, the  design of  
t h e  b a t t e r y  t o  achieve t h e  t a r g e t s .  To accomplish these  ob jec t ives ,  a method- 
ology was generated t o  a i d  i n  t h e  engineering process and e s t a b l i s h  t h e  design 
p r i o r i t i e s  f o r  the  Generation I b a t t e r y  (EXHIBIT C - I ) .  I n  genera l ,  working 
from defined veh ic le  c a p a b i l i t i e s  and c o n s t r a i n t s ,  t h e  b a t t e r y  requirements f o r  
t h e  mission were determined and p r i o r i t i z e d .  Various b a t t e r y  des igns  were then 
configured and performance p ro jec t ions  were made so t h a t  the  impacts on veh ic le  
performance could be determined. A s  a r e s u l t  of t h e  subsequent t radeoff  
a n a l y s i s ,  a design f o r  the  Generation I b a t t e r y  was accomplished by t h e  May 15 
milestone t a r g e t .  

General impacts of t h e  mission requirements on t h e  b a t t e r y  design a r e  summarized 
i n  EXHIBIT C - I 1  and were used a s  genera l  guidel ines  i n  determining minimum per- 
formance l e v e l s  f o r  propulsion ba t t e r i e s . .  

Meetings t h a t  were conducted with DOE/TEC , J e t  Propulsion Laboratory, General 
Research Corporation, and major au to  companies resuhted i n  d e t a i l e d  information 
t h a t  was used throughout the  ana lys i s .  I n ' a d d i t i o n ,  d iscuss ions  wi th  Gould 
ElecLr-ic Vehiclk Bower Systems Pro jec t  were held t o  b e n e f i t  from t h e i r  k i e l d  
experience. 

The r e s u l t s  o f  a s t a t i s t i c a l  a n a l y s i s  conducted by t h e  General Research Corpor- 
a t i o n  on a survey of d r iv ing  h a b i t s  i n  Los Angeles, Washington, and S t .  Louis 
were obtained to  a i d  i n  t h e  d e f i n i t i o n  o f  veh ic le  capab i l i ty .  These r e s u l t s  
represent ing  1% of the population i n  the  r e spec t ive  c i t i e s ,  a r e  p a r t l y  shown i n  
EXHIBIT C-111. A major conclusion of t h e  study was t h a t  a one hundred mile 
range on a r e a l i s t i c  urban d r i v i n g  schedule would be s u f f i c i e n t  t o  capture  t h e  
99th p e r c e n t i l e  of secondary d r i v e r s  i n  Los Angeles and Washington while s ign i -  
f i c a n t l y  less range was required f o r  t h e  95th p e r c e n t i l e  d r i v e r .  Of g r e a t e r  . 
importance, however, is  t h e  f a c t  ,that . the average mission length '  is  . s igni f i - !  
c a n t l y  less than t h a t  of t h e  99th p e r c e n t i l e ,  The impact of  the low average 
mission length  and, the re fo re ,  the  l ack  o f  deep discharge use  of the  propulsion 
b a t t e r y  has no t  been f u l l y  cha rac te r i zed  i n  terms of cyc le  l i f e  t o  da te .  This 
relationship i s .  c u r r e n t l y  being defined with P i l o t  P lant  hardware so  t h a t  t h e  
e f f e c t s  on b a t t e r y  l i f e  cycle c o s t s  can be detewnined. Preliminary res111.t~ 
indica. te  t h a t  a favorable impact on l i f e  cyc le  c o s t s  w i l l b e  r ea l i zed .  



Accelerat ion t a r g e t s  f o r  both  of  these  l ightweight  veh ic les  a r e  such a s  t o  re- 
q u i r e  50 t o  60 wa t t s  pe r  pound peak power d e n s i t i e s ,  Since it has been well  
documented t h a t  l o s s  o f  acce le ra t ion  is usual ly  t h e  range-l imit ing f a c t o r ,  the  
peak power d e n s i t y  must be  ava i l ab le  a t  80% DOD, These values have r e c e n t l y  
been v e r i f i e d  by design exe rc i ses  u t i l i z i n g  computer s imulat ions t o  determine 
t h e  peak power requirements f o r  a wide v a r i e t y  of  b a t t e r y  powered veh ic les  when 
exckcised on r e a l i s t i c  d r iv ing  schedules. The schedule required by the  
Environmental P ro tec t ion  Agency t o  determine f u e l  economy and gaseous emissions 
f o r  new motor v e h i c l e s  is considered t o  be the  mast r e a l i s t i c  d r iv ing  schedule. 

A s  t h e  performance.requirements o f - t h e  b a t t e r y  were determined, d a t a  regarding 
ava i l ab le  volumes f o r  propulsion b a t t e r i e s  i n  t y p i c a l  veh ic les  were examined. 
The d a t a  i n d i c a t e  t h a t  volumetric energy d e n s r t i e s  f o r  the  b a t t e r y  must be a t  
l e a s t  2 wEI/1n3 t o  achieve veh ic le  ranges c o n s i s t e n t  wikh those previously des- 
oribed as ~ e q u i ~ e d  by au to  nnmpaniec and the L J U I B P ~ ~  dr iv ing p ~ g ~ l . a t . i n n .  The 
p r e s e n t  downsi zi n.9 of  t h c  U . 3. automotive companies is  expected t o  f u r t h e r  
r e s t r i c t  ava i l ab le  b a t t e r y  volume and i s  i n d i c a t i v e  of the  importane,:,e o f  t . h i s  
c r i t e r i o n .  

This ar lalysis  of  the  mission requirements and, imposed physica l  c o n s t r a i n t s  
r e s u l t e d  i n  a p r i o r i t i z a t i o n  of the Generation I desfgrl t a r g e t s ;  they a re :  

1) Li fe  Cycle Costs  
2 )  Volumetric Energy Density 
3 )  Peak Power 
4) Gravimetric Energy Density 
5) Sustained Power 

Addit ional  GRC da ta  ind ica ted  t h a t  t o  reach, t h e  95th p e r c e n t i l e  of  any d r i v e r  
.category,  accommodations f o r  a t  l e a s t  t h r e e  passengers a r e  necessary. A s ign i -  
f i c a n t  por t ion  of  a11 d r i v e r  c l a s s e s  a l s o  requi rcd  vlli icles capable of freeway 
rspeld t i on .  These da ta  a r e  shown i n  EXHIBITS C-IV and C-V. 

I n  support  of  t h e s e  d a t a ,  prel iminary commuter c a r  performance s p e c i f i c a t i o n s  
were rece ived from two major auto  companies. These s p e c i f i c a t i o n s  were examined 
s o  t h a t  a d d i t i o n a l  b a t t e r y  c h a r a c t e r i s t i c s  could be spec i f i ed  and compared t o  
o t h e r  published data .  The d a t a ,  shown i n  EXHIBIT C-VI ,  i-ndicatc t h a t  IsoLh 
cnmpaniec are purvuirly a two passenger " c i t y  car ' '  wi th  acceptable performance. 
Although the GRC ana lys i s  i n d i c a t e s  t h a t  a reduct.inn i n  d r i v c r  pescul~t l l e  from 
95 t o  89 w i l l  r e s u l t  trom t h i s  a c t i o n ,  t h e  automible manufacturers may f e e l  
t h a t  the  degree of d i f f i c u l t y  i n  commercializing a four passenger e l e c t r i c  
veh ic le  i s  of  such a magnitude a s  t o  s i g n i f i c a n t l y  lower the probahj . l i ty of 
success. 

Range t a r g e t s  f o r  one of the  auto  companies Capproximately 75 miles urban; 100 
mi les  c r u i s i n g )  a r e  lower than the  t a r g e t s  s e t  by t h e  o the r  and, aga in ,  appear 
t o  be  j u s t i f i e d  on the  b a s i s  of GRC ' s  d a t a  t h a t  t h e  95th p e r c e n t i l e . o f  
secondary d r i v e r s  would be s a t i s f i e d  wi th  50 mile range i n  urban d r iv ing .  
However, it is evident  t h a t  a range s a f e t y  f a c t o r  i s  des i red  by the  auto  manu- 
f a c t u r e r s  t o  allow f o r  such va r i ab les  a s  c l imate ,  d r iv ing  condi t ions ,  t e r r a i n ,  
e t c .  which w i l l  e f f e c t i v e l y  reduce veh ic le  range when condi t ions  a r e  l e s s  than 
optimum. 

L i fe  cycle  costs ' ,  which c o n s i s t s  of t h e  manufacturing c o s t  and cyc le  l i f e  
t a r g e t s ,  a r e  the  h ighes t  p r i o r i t y  so  t h a t  a cos t -ef fec t ive  system can be 



offered  t o  t h e  consumer a s  an incent ive  f o r  e l e c t r i c  veh ic le  use. Volumetric 
energy dens i ty  is t h e  next  h ighes t  p r i o r i t y  due t o  t h e  d i f f i c u l t y  of packaging 
a s u f f i c i e n t  quan t i ty  of b a t t e r i e s  necessary f o r  t h e  commuter c a r  appl ica t ion .  
I n  t h i s  app l i ca t ion ,  a 100 mile range i s  required f o r  consumer acceptance. Peak 
power requirements a r e  t h e  next  p r i o r i t y  a s  it is w e l l  documented i n  t h e  l i t e r a -  
t u r e  t h a t  vehic le  acce le ra t ion  is  usual ly  the  range-l imit ing fac to r .  Gravi- 
metr ic  energy dens i ty  i s  next  i n  p r i o r i t y  a s  veh ic le  designs can accommodate a 
range i n  b a t t e r y  weights and, thus,  does not  appear t o  be a l i m i t i n g  f a c t o r  i n  
reaching a 100 mile range. The a n a l y s i s  f u r t h e r  ind ica ted  t h a t  the  t a r g e t  
l e v e l s ,  although ambitious, a r e  required based on consumer acceptance, vehic le  
performance, and opera t ing  cos t s .  

Tradeoff Analysis 

Computer s t u d i e s  were conducted on t h r e e  d i s t i n c t  b a t t e r y  des igns  t o  determine 
t h e  e f f e c t s  of b a t t e r y  vol tage ,  capaci ty ;  and he igh t  on t h e  c o s t  and performance 
of equal energy configurat ions.  These s t u d i e s  were .conducted with an i n t e r n a l l y  
developed computer program. 

A s  seen i n  EXHIBIT C - V I I ,  t he  use of t h e  cu r ren t  Prel iminary Design s i z e  elec-  
t rodes  i n  a 500 AH monoblock conf igura t ion  achieve a 10% higher gravimetkic 
energy densi-ty than t h e  250 AH monoblqck. S imi la r ly ,  EXHIBIT C - V I I I  shown t h a t  
t h e  volumetric energy d e n s i t y  of t h e  500 AH monob1ock.i~ 20% grea te r  than t h e  
lower capaci ty  250 AH monoblock. These improvements, due t o  more e f f i c i e n t  
u t i l i z a t i o n  of  the  conta iner  space and weight, represent  a s i g n i f i c a n t  advantage 
f o r  the  high capaci ty ,  low vol tage  b a t t e r y  when compared t o  the  low capaci ty ,  
high vol tage  ba t t e ry .  The d a t a  a r e  t a b u 1 a t e d . h  EXHIBIT C-IX. 

Comparing the  500 AH monoblock with a s tandard gol f  c a r t  conf igura t ion  of  250 
AH shows t h a t  the  500 AH monoblock has g r e a t e r  bolumetric and gravimetxic 
energy d e n s i t i e s  and f a r  'outperforms t h e  s h o r t e r  gol f  c a r t  configurat ion.  This 
d i f f e rence  i n  performance is  a l s o  caused by mone e f f i c i e n t  u t i l i z a t i o n  of t h e  
c e l l  conta iner  space and weight, 

U t i l i z i n g  these  d a t a  wi th  t h e  projec ted  performance l e v e l s  of high and low 
vol tage  DC propulsion systems found i n  EXHTBIT C-X ileadily .shows t h a t '  t h e  
marked improvements i n  energy d e n s i t i e s  of t h e  low vol tage  b a t t e r y  f a r  out- 
weigh t h e  low e f f i c i e n c i e s  associa ted  with low vol tage  propulsion systems; and 
when compared t o  t h e  high vol tage  system, o f f e r  a super ior  package. Therefore, 
the  Generatiion I Design w i l l  be derived from t h e  p resen t  Preliminary Design 
dimensions and w i l l  be upgraded t o  provide the  peak power requirement of 60 
W/Lb. This  design should meet a l l  t h e  design t a r g e t s  except f o r  gravimetr ic  
energy dens i ty .  A comparison of projec ted  versus t a r g e t  performance i s  shown 
i n  EXHIBIT C-XI. 

Fur ther  support  f o r  t h i s  des ign c h o i c e . i s  found i n  prel iminary da ta  which in- 
d ica ted  t h a t  lower manufacturing c o s t s  and improved cycle  l i f e  ( P r i o r i t y  1) can 

, be obtained through t h i s  design. To v e r i f y  these  d a t a ,  . l ab  experiments a r e  
underway by the  Applied Research Group t o  cha rac te r i ze  t h e  e l ec t rode  s i z e  
e f f e c t  on cycle  l i f e .  

C e l l s  with var ious  i n t e r n a l  conf igura t ions ,  a l l  p ro jec ted  t o  y i e l d  t h e  peak 
power t a r g e t  of 60 W/Lb a t  80% DOD w i t h  c u r r e n t  he igh t  e l ec t rodes ,  have been 
designed. They inc lude  the use of v o r i o u ~  g r i d s  and tabs, negative e l ec t rode  



binders ,  and separa to r  systems. C e l l  q u a n t i t i e s  and s p e c i f i c a t i o n s  have been 
provided t o  t h e  P i l o t  P lan t ,  Since these  designs have requi red  t h e  use of 
th inner  e l ec t rodes  t o  meet t h e  power demands, some e f f o r t  has been requi red  i n  
process, development, These e f f o r t s  a r e  d e t a i l e d  i n  t h e  r e spec t ive  Tasks i n  
t h i s  r epor t .  

Three prototype Generation I c e l l s  a r e  undergoing formation cycl ing  a t  t h i s  
time. 

The r e s u l t s  of a prel iminary s e n s i t i v i t y ' a n a l y s i s  wi th - rega rd  t o  volumetric and 
gravimetr ic  energy d e n s i t i e s  a r e  shown i n  EXHIBITS C - X I 1  and C-XI11  i n  decend- 
ing  order  of impact. These w i l l  be examined f o r  optimizat ion i n  the  Generation 
I1 Design. 

Argsnno Hardware Delivery - June 15, 1978 

C e l l  s p e c i f i c a t i o n s  were providcd t o  t h e  P i l o t  P lan t  and considerable e f f o r t  
was expended t o  incorpora te  some defiign changes i n t o  the c e l l s .  

I n t e r c e l l  connections were made through a 0.25" connector a s  computer projec- 
t i o n s  indica ted  t h i s  t o  be an optimum thickness.  Several  module t r a y s  have 
been b u i l t  and were used f o r  t h e  de l ivery .  A Sorenson charger was del ivered  
wi th  t h e  module t o  Argonne. The lower amount of recharge may be a r e s u l t  of 
t h e  use of the  l a t e s t  n icke l  e lec t rodes .  Data generated during t h e  formation 
of t h e s e  c e l l s  i s  shown i n  EXHIBIT C-XIV, Duplicate c e l l s  intended t o  undergo 
concurrent  module test-i.ng are now on t e s t  a t  Gould. 



VXHIBIT C-I:  METHODOLOGY FOR GENERATION I BATTERY DESIGN 
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EXHIBIT C-11: IMPACTS OF MISSION REQUIREMENTS ON BATTERY DESIGN 

PASSENGER AND PAYLOAD ACCOMMODATIONS 

Defines nominal weight and s i z e  of vehicle and 
indicates available battery volume 

VEHICLE USE PATTERNS . 

Determine energy storage for a given percentile 
o f  driver c las s  

ACCEEERATION CHARACTERISTICS OF LOW PERFORMANCE 
ICE SUBCOMPACTS ANQ TEST SCHEDULE REQUIR.EhENT3 

Determines power requirements for minimum 
performance 



EXHIBIT C-111: MAJOR CONCLUSIONS.OF GENERAL RESEARCH CORPORATION ANALYSIS 

2 + 2 OR 4 PASSENGER VEHICLE 

. . 

FREEWAY CAPABILITY 

TO CAPTURE THE 95TH PERCENTILE, THESE RANGES ARE REQUIRED: 

DRIVER GROUP I;OS ANGELES WASHINGTON 

Primary i35 68 

only . .. 93 53 
Secondary 48 34 

. . 

WITH A 100 MILE RANGE ON A REALISTIC DRIVING CYCLE, THE 
FOLLOWING PERCENTILES CAN'BE CAPTURED: 

DRIVER GROUP LOS ANGELES WASHINGTON 

Primary 
only 
Secondary 

. . 
AVERAGE DRIVER TRAVEL, HOWEVER, IS SIGNIFICANTLY LESS  
THAN 95TH PERCENTILE: 

95TH 
MEDIAiV AVERAGE PERCENTILE 

.IBS ANGELES 

Primary 36 48 
only 19 2 9 
Secondary 12 17 

WASHINGTON 

Primary 
oniy 
Secondary 



% CARRYING AT MOST X PASSENGERS 
X = l  - X=2 - X= 3 - 

ALL DRIVERS 82 91 96 

DRIVERS WITH CARS 85 9 2 9 7 

P'XMARY DRIVERS 79 R 9  35 

SECONDARY DRIVERS 84 92 97 

OIJLY DRIVERS 88 94 98 



EXHIBIT C-v : PERCENTAGE OF DRIVERS REQUIRING 
FREEWAY OPERATION I N  LOS ANGELES 

AU- DRIVERS 

PRIMARY DRIVERS 

SECONDARY DRIVERS 

ONLY DRIVERS 



E X H I B I T  C-VI:  MAJOR OEM VEHICLE PERFORMANCE TARGETS 

WEIGHT -- 

Curb 
G r o s s  

Passengers 

RANGE 

EFA U r b a n  
50 MPH C r u i s e  

T o p  Speed 

ACCELERATION 

0 - 30 MPH 
0 - 45 MPH 
0 - 50 MPH 
0 - 60 MPH 

BATTERY - 
W e i g h t  
WH/lb 
W/lb 
L i f e  

70 M i l e s  
70 M i l e s  , 

120 Miles 
- 

10 Seconds 
2C) S e c ~ n d s  

14  S e c o n d s  
<20 Seconds 

550# 700# 
32 . 4 0 
50 60 

3 Y r / 2 2 , 0 0 0  Mile 5 Y r / 5 0 , 0 0 0  Mile 
(300 Cycles . -  100% DOD) (415 C y c l e s  - 100% DOD) 



. . 
EXHIBIT C-VII.: GRAVIMETRIZ ENERGY DENSITY VERSUS CAPACITY FOR HIGH AND LOW PROFILE: 

31- 

29 ' 

27 - 

, . 

' t 

2 5 

. HIGH AND L3W VOLTAGE 

- HIGH PROFILE 
LOW VOLTAGE 

. - 
.. . 

HIGH PROFILE 
HIGH VOLTAGE 

LOW PROFILE 
HIGH VCLTFkGE 

. . 

i 
* -. 

- .-. . . .. . . . . ,. 
<. .- % . -. . . - .  . . .* - . .  . .. . . >. " , . . *%','. '. '. . . .. . ... . , . :. . . : .  . .  '. b . . > . '  .*. 

. . I , '  
I 1. 8 . ., . . ' ', f" *4.! 

250 . . 300 350 400 450 500 
3 ~ ; : 3  

CAPACITY ( A H )  



EXHIBIT C - V I I I :  VOLUMETRIC ENERGY DINSITY VERSUS C A P A C I T  FOP. H I G H  A I D  LOW PROFILE: 
HIGH F.ED LOW VOLT.GE 

300 3 50 400 450 500 
CAFACITY (AH) 



E X H I B I T  C i I X t  NICKEL-ZINC BATTERY DESIGN TRADE-OFF SU-Y. DATA 
FOR GENERATION I DESIGNS ARE'CHANGES FU3LATIVE TO THE 
GOLF CART DESIGN. 

BATTERY 

C o s t / K w h e  

. C y c l e  L i f e  

LOW PROFILE (GENERATION: I )  
250 AH 250 AH 500 AH 

BASE -34% - 4 2 %  

BASE > > 

. . . .  , BASE V o l u m , e f r i c  E n e r g y  D e n s i t y - ,  . . ,  118 20% 
. . . . .  . - . .  . . 

G r a v i m e t r i c  E n e r g y  D e n s i t y  BASE 3 % 10% 

PORPULSION SYSTEM _) . .. 
, . 

C o s t  BASE BASE + 3% 
. , . I  

,. .~ . . 
... . . . .  

. . .  E f f i c i e n c y  . . .  BASE BASE - 5% 

. . . . . . . .  

*For labor in tens ive ,  p i lo t  plant  production . ,,, .., , ,- . 



EXHIBIT C-X: PROJECTED PROPULSION SYSTEM CHARACTERISTICS LESS BATTERY 

COST 

EFFICIENCY 

RELIABILITY 

PRZ)BkblLlTY a? 
TECHNICAL SUCCESS 

fXlW VOLTAGE .HIGH VOLTAGE 

Base 

Base 

. Equivalent 
('L50,000 Miles) 



EXHIBIT C-XI: PROJECTED PERFORMANCE FOR GENERATION I DESIGN 

TARGET 

L I F E  CYCLE COSTS: 

VOLUMETRIC ENERGY DENISTY : 

BEST EFFORT; 400 CYCLES AT 
NO COMPROMISE . - $75/Kw-Hr 

PEAK POWER: 132 W/Kg 

GRAVIMETRIC ENERGY DENSITY: 60 Wh/Kg >70 w h / ~ g j  

SUSTAINED POWER: 74 w/Kg >4 5 W/Kg ' 



EXHIBIT C-XII:  MOST INFLUENTTILL DEISGN FACTORS REGARDING 
VOLUMETRIC ENERGY DENSITY . 

CAPACITY 

Zf NC/NICKEL RATIO 

HEAD SPACE 

CEU HEIGHT 



EXHIBIT C-XIII I . MOST INFLUENTIAL DESIGN FACTORS REGARDING 
GRAVIMETRIC ENERGY DENSITY 

.. . . 
ZINC/NICYSL R A T I O  

I 

PLAQUE LOADING 



EXHIBIT C-XIV: ARGONNE DEXICFRY MODULE 

CELL K ) r  RATED C&PAC.tTYr 

DESCRIPTION t 1NITfRL PFFICLENCIZS r 

m - H Q J R :  1 2 

ten; voLvMer THEORETIULL CAPACIfY r CELL WEIC3rr  WATP-HDJR: 

l ~ f f i c i e n c i e s  based on f i v e  consecutive cyc l e s  - t h r u  - . ' ? ~ f  f i c i enc i e s  based on cyc le  -. 

~ lwuws  

DELIVERED 

. - 

CYCU 

I..' 

2 

3 

4 

5 

6 

7 

8 

9 

10 

DAYS 

1 

2 

3 

4 

5 

6 

8 

9 

10 

11 

A H W H .  
EFF 

END OF QfARGE END OF USCHARGE EFFICIENCIES I . \ DZCLINE IN; 

ENEI CAP EFP 
' 

WI C H G .  

8 

16 

20 

25 

100 

90 

95 

100 

100 

* .  

I 
I 

! 

RATES I R  TEbP 1WUT I R  FX OUTPUT % 
D'CHG'  VOLTS (mln, (OF) A# w VOLTS (MI (OF) AH AH 

80 3 2 ~  140.0 

80 i 325 280.0 
i 

80 36.3 - I 
100 400 - 

\ 2 5 1 0 0  1 520 362.0'1 

120 1 410 354.0 

t 
125 1 440 '. 394.0 

133 

133 

48C 

4GC 

460 

I 
411.7 j 

412.2 j 89.6 



TASK D : CELL/MODULE/BATTERY TESTING . . ... 

Objective 
. '. 

The objectives of t h i s  Task are  t o  characterIze:and simulate the e l ec t r i c  
vehicle application t o  define appropriate laboratory tes t ing  regimes and t o  
characterize the performance of hardware produced i n  the P i lo t  Plant under 
r e a l i s t i c  manufacturing conditions. 

Tri-Electrode Cells 

Life cycle tes t ing of the three NZNN Series c e 1 . l ~  resulted in  c e l l  NZNN-8 
delivering 80% of weight gain capacity a t  300 cycles of 100% DOD. This c e l l ,  
inadvertently discharged to  30 mv on cycle 274, began losing approximately 
0.4% of theoret ical  capacity per cycle a t  t ha t  time. . 1n' an e f f o r t  t o  rejuven- 
a t e  the c e l l ,  a maintenance cycle consisting of discharging the c e l l  t o  near 
zero vol ts  was attempted. No ef fec t  was noted on c e l l  performance and the c e l l  
was removed from the cycler on cycle 314 even though it was delivering 65% of 
weight gain capacity. An extensive fa i lure  analysis Is being planned t o  
characterize the conditions of the electrodes and determine the cause of the 
abrupt decline i n  capacity, 

Cell NZNN-4 had increased i n  delivered capacity from 50% a t  cycle 276 t o  56.2% 
a t  cycle 300. This corresponds t o  68.5% of i t s  maximum observed capacity of 
29.8 AH. The remaining c e l l ,  NZNN-1, had also increased s l ight ly  in  delivered 
capacity and was delivering 25.1% of weight gain capacity before both c e l l s  were 
removed from the cycler a t  cycle 314 for  comparative analysis with NZNN-4. A 
graph of the data for  the three c e l l s  i s  shown in  EYHIBIT D - I  and tabularized 
i n  EXHIBIT D-11 .  I t  i s  c lear  tha t  the c e l l  with separator system #800 delivered 
exceptional performance. When compared to  the remaining c e l l s ,  NZNN-4, with 
separator system #805, had also reached 314 cycles with no appreciable degrada- 
t ion i n  delivered capacity since 80 cycles. Although the c e l l  was delivering 
only s l ight ly  more than half of i t s  rated weight gain capacity (36.3 A H ) ,  it has 
exhibited a greater portion of i t s  observed peak capacity (29.8 A H ) .  
Apparently, the delivered capacity did not reach rated capacity because of the 
higher internal  resistance of separator #805. The other c e l l ,  with separator 
#811, exhibited much more typical behavior with a gradual decay i n  capacity . 
with cycle l i f e ,  dropping from 80% rated capacity t o  l e s s  than 25% i n  180 cycles. 

An extensive arialysis was performed t o  explain tkie very promising capacity .r'e- 
tention performance of c e l l  NZNN-8 i n  order' t o  of fer  , insight t o  iniproving the. .  
pcrformAnce of ful l -s ize cel .1~ and ba t te r ies .  The major differences appear t o  
be related t o  temperature, ZnO t o  grid r a t i o ,  and cycle regime. uther di f fer -  
ences are found i n  free space, e lectrolyte  volume, and Zn/Ni r a t io ,  

. . . ? '. 

Several attemptg to  s t a r t  new t e s t  s e r i e s  aimed a t  evaluating the major d i f fe r -  
ences .wei-:e unsuccessful due t o  problems resul t ing from poor nickel ' electrode 
performance. These major differences 'are  now being'evaluated under Tasks A arid 
B of' t h i s  contract. . ' 

a .  . , . 

A variety of . t r i -e lec t rode  t e s t s  have'been conducted i n  support of the process 
development e f fo r t  described i n  Task E t o  resolve the Pklot P'lant problem with 
the nickel electrode. Tests a re  being conducted against both, zinc and cadmium 
negative electrodes. The three-cycle tes t ' 'agai ;s t  cadmium previously 'found t o  . 

. . . . .  . . * a . z .  . .. , . 



reproduce the P i l o t  Plant problem of excessive growth and cracking of the  
pos i t ive  is  used rout inely ,  Electrodes have been tes ted t o  evaluate s in te r ing  
conditions, impregnation, and new, component designs, Most of the data ,  
although l i s t e d  i n  t h i s  Task, a re  discussed i n  Task E. 

Full-Size Cel ls  

A number of fu l l - s i ze  c e l l  t e s t s  were performed during the  prev2ous contract  
period t o  evaluate the  cycle l i f e  of various components. 

Ten 400 AH, 2 1  p l a t e  c e l l s  were placed on test. The parameters which were 
varied a re  l i s t e d  below. 

(IFTIT., Xr? DEBCRIPTION . . . .  . , 

43, 44 Separator C y 3 t c m ,  W O O  
Zinc Electrode, #590 
Terminal Design, #349 

48, 49, 50 Separator System, #805 
Zinc Electrode, #592 
Terminal Design, #354 

51, 52, 53 Separator System, #810 
Z%nc Electrode, #S91. 
Terminal Design, #A54 

Separator System, #805 
Z ~ I I C  Electrode, # S a l  
Terminal Design, #354 

After formation, the  c e l l s  were placed on automatic cycling according t o  the DOE/ 
ANL cycle l i f e  regime. A l l  c e l l s  f a i l ed  by massive shorting between cycles 23 
and 50. Cells  54 and 55 achieved the  hiqhest: cagaciti-es (47n ;AH or 105%) and thc 
highest  e f f ic ienc ies  with 89% AH eff ic iency and 73% WH eff ic iency.  In  every 
case,  the  shor t  was a t  the  c e l l  edge and a t  a crack i n  the posi t ive .  Gross pos- 
i t i v e  electrode growth and cracking was commonplace. This coodition is  not 
usually typ ica l  of the  electrodes tes ted  i n  Tasks A and B and, therefore,  indi-  
c a t e s  e i t he r  a design defficiency o r  a process problem encountered from scaling- 
up from laboratory t o  P i l o t  Plant production. Obviously, t h i s  pos i t ive  problem 
prevented the determinatinn of t he  oyclc l ivco of the  respective separator con- 
f igurat ion and zinc e lectrode material .  

Twelve 300 AH c e l l s  were a l so  received from the  Pilot. plant ,  Although they were 
not Preliminary Design c e l l s ,  they' were intended t o  provide information regard- 
ing cycle l i f e  a t  50 and 80% DOD. It i.s qu i te  c lear  t h a t  these c e l l s  have low 
gravimetric and volumetric energy dens i t i e s  due t o  the  number bf posi t ives  and, 
possibly,  t o  the low number of impregnation runs. Due t o ' t h e i r  lower pressed 
dens i t i e s ,  negatives with binder #801 did permit thicker.:positive electrodes.  o r  
adequate f r e e  space a t  equivalent Z n / N i  r a t i o s ,  both of which appear t o  be 
necessary from component t e s t  data.  

Testing of these four-cell modules. consisted o f . l i . f e  cycle t e s t i ng  a t  50 and 80% 
DOD. These modules should a l so  .verify the  pos3tioning of separator system #811 



with  regard t o  the  negative e l ec t rode  as. two c e l l s  i n  each module have t h e  
pos i t ion ing  reversed from the  remaining c e l l s ,  Peak power t e s t s  were performed 
on t h e  t h i r d  module and sus ta ined po&r t e s t i n g  was a l s o  conducted. Two c e l l s  
from the  80% DOD module shorted a t  25 and 60 cycles.  The e a r l i e s t  f a i l u r e  may 
have been caused by inadver tent  180% recharge,  however, t h e  second f a i l e d  c e l l  
shorted due t o  an edge crack i n  t h e  pos i t ive .  Autopsy of these  c e l l s  i n d i c a t e  
nonuniform use o f ' t h e  e lec t rode .  Causes of this .  mechanism a r e  being evaluated. 
No r e l a t i o n s h i p  has been d e t e d n e d  regarding the pos i t ion ing  of  sepa ra to r  

' 

system #810 a s  one of each conf igura t ion  has f a i l e d .  The remaining c e l l s  a r e  
a t  90% capaci ty  a t  63 cyc les  ('100% DOD t e s t i n g  i s  conducted every 25 cyc les  t o  
determine capaci ty) .  These d a t a  a r e  shown i n  t a b u l a r  form i n  EXHIBIT D - I 1 1  and 
graphica l  form i n  EXHIBIT D-IV. It i s  c l e a r  t h a t  the  capaci ty  dec l ine  of the  
module being exercised t o  t h e  lower, 80% DOD is  a t  a higher average r a t e  than 
t h e  50% DOD. Confirmation tests using t h e  l a t e s t  c e l l  des igns  a r e  planned. 

Four 400 AH c e l l s  with vacuum s i n t e r e d  plaques/electrodes a r e  a l s o  c u r r e n t l y  on 
t h e  l i f e  cycle  t e s t i n g  regime. Two of these  c e l l s  using separa to r  system #810 
have peaked a t  130% of weight ga in  capaci ty  de l ive r ing  445 AH. The remaining 
c e l l s ,  assembled with separa tor  system #800, have del ivered  113% of weight ga in  
capaci ty  during cycle 17 and a r e  s t i l l  increas ing i n  capaci ty ,  The weight gain 
capaci ty  i s  340 AH. 

Several  design parameters were quan t i f i ed  and applied t o  the  Generation I Design. 
They a r e  the  peak and sus ta ined power d e n s i t i e s .  The peak power, i l l u s t r a t e d  i n  
EXHIBIT D-v and D-VI,  was shown t o  be near the  estimated 0.7 w/1n2 of  p o s i t i v e  
e l ec t rode  surface  f o r  the  NZ50, EV 400 AH, and EV 300 AH (n ine  p o s i t i v e s / c e l l ) .  
It has a l s o  been confkrmed t h a t  t h e  peak power i s  pos i t ive- l imi ted  by monitor-ing 
reference  vol tages  on t h e  discharges.  This value was incorporated i n t o  the  
computer algorithm described under Task C. 

For comparative purposes, peak power t e s t s  were a l s o  conducted on Gould's PB220 
go l f  c a r t  b a t t e r y  and semi-industr ial  6 6 ~ - 1 1  e l e c t r i c  veh ic le  ba t t e ry .  Peak 
power l e v e l s  and vol tages  f o r  t h e  golf  c a r t  b a t t e r y  a r e  included a s  EXHIBITS 
D - V I I  and D - V I I I .  This da ta ,  along wi th  t h e  d a t a  generated from t h e  t e s t i n g  of  
Gould's 330 AH semi- indust r ia l  e l e c t r i c  vehic le  b a t t e r y ,  a r e  shown a s  EXHIBITS 
D-TX and D-X. The semi- indust r ia l  lead-acid b a t t e r y ,  s i m i l a r  t o  those i n  the  
U. S. Pos t  Office Operating F l e e t ,  has t h e  lowest power . ra t ing  of those t e s t e d .  
The overwhelming super io r i ty  of nickel-zinc over t h e  semiT.industria1 and golf  
c a r t  b a t t e r i e s  can r e a d i l y  be seen, e s p e c i a l l y  a t . t h e  deeper depth of discharge 

The sus ta ined power c a p a b i l i t y  was a l s o  quan t i f i ed  on t h e  Preliminary Design 
400 AH nickel-zinc c e l l s .  This t e s t  i s  t o  remove a s  much power as poss ib le  i n  
20 minutes from a c e l l  which has been reduced t o  50% capaci ty  a t  t h e  C/3 r a t e .  
The power i s ,  of course,  very r a t e  s e n s i t i v e  bu t  it is a l s o  dependent on the  
cutoff voltdye. It appears t h a t  f o r  a 1.0 vnlt.  c u t o f f ,  t h e  sus ta ined power 
would be 45 t o  50 W/Kg; however, v e r i f i c a t i o n  i s  requi red .  The dashed l i n e  i n  
EXHIBIT D-XI shows t h e  probable voltage curve. Comparative t e s t i n g  was a l s o  
conducted with Gould's PB220 lead-acid golf  c a r t  ba t t e ry .  A l l  go l f  c a r t  
b a t t e r i e s  achieved approximately 140 AH (-C/5) with cycling.  EXHIBIT D - X I 1  shows 
t h e  sus ta ined power of t h e  gol f  c a r t  b a t t e r y  compared to' t he  EV 400 AH c e l l .  
The mcthod used i n  EXHTRTT D - X I 1  fox comparison is  believed t o  be more r e a l i s t i c  
because of  the  d i f fe rences  i n  voltage. The PB220s cannot run t h e  necessary 20 
minutes a t  c u r r e n t s  over 150 Amps! and, i n  f a c t ,  t h e  watt-hours decrease a s  t h e  
cu r ren t  i s  increased. A t  t h e  peak sus ta ined power l e v e l ,  t h e  l e a d d c i d  golf  
c a r t  b a t t e r y  only d e l i v e r s  70% of the ava i l ab le  capaci ty  w h e r e  t h e  EV 400 AH 



cell d e l i v e r s  nea r ly  100% of capaci ty  a t  a low vol tage  c u t o f f .  The super io r i ty  
of nickel-zinc with r e s p e c t  t o  sus ta ined power when' compared t o  lead-acid golf 
c a r t  b a t t e r i e s  is  obvious. 

Fur ther  improvements i n  both peak and sus ta ined power c a p a b i l i t i e s  i s  expected ' 

due t o  a new t a b  design.  Compared t o  t h e  standard t a b ,  t h e  new t a b  reduces 
t h e  r e s i s t a n c e  from 113 m i l l i o h s  t o  0.8 milliohms. This would increase  
nickel-zinc c e l l  vol tage  by 0.11 v o l t s  a t  100 Amps using t h e  design and pro- 
v i d e  f o r  an approximate 13% increase  i n  peak power. 

An upgraded ve r s ion  of  t h e  te rminal  was checked by measuring t h e  vol tage  drop 
a t  1,000 Amps. The vol tage  drop was 0.04 t o  0.05 v o l t s ,  which is s i m i l a r  t o  
t h e  0.04 t o  0.06 v o l t s  f o r  t h e  o lde r  terminal  p resen t ly  i n  use. The measurement 
was made from one corner t o  t h e  t o p  of the  terminal  and may nnt show the advan- 
tage of the  new terminal a s  i t ~i.11 help t o  d i s t r i b u t e  the c u ~ r e n t  more 
uniformly across  the  connector. Fur ther  improvements might be r ea l i zed  through 
a d d i t i o n a l  design work i n  t h e  a r e a  of ma te r i a l s ,  t he re fo re ,  t h i s  e f f o r t  w i l l .  be  
conti n u ~ d  . 

Vibra t ion  Test ing --- 
The purchase and i n s t a l l a t i o n  of a v i b r a t i o n  test machine, sp lash  s h i e l d ,  catch 
t r a y ,  hold down clamps, and instrumentat ion was completed on schedule during 
t h e  repor t ing  per iod ,  

The accelerometers were mounted and severa l  t r i a l s  made t o  e s t a b l i s h  t h e  f r e -  
quency and acce le ra t ion  of t h e  machine, Thp SAE J537h procedure c a l l s  for ~ I I  

acce le ra t ion  of 5 G  and a frequency of  1,800 t o  2,100 CPM. T r i a l  runs were made 
with c e l l s  and a s i x - c e l l  low p r o f i l e  b a t t e r y .  

Af ter  v ib ra t iny  f o r  two hours,  no appreciable  change i n  t h e  b a t t e r y  performance 
was measured. In  c o n t r a s t ,  a s  SLI lead-acid b a t t e r y  cannot complete more thsn 
one cyc le  without shedding of the  a c t i v e  ma te r i a l  which w i l l  eventual ly  cause 
shor t ing .  Addit ional  t e s t i n g  i s  scheduled t o  determine long-term e f f e c t  on 
nickel-zinc c e l l  performance. 

Bat tery  Tes ts  

A 54 v o l t ,  33 c e l l  Prel iminary Design b a t t e r y  was assembled and t e s t e d  i n  the 
AMG-u~5E p o s t a l  vehic le ;   his was Gouldl.s i n i t i a l  opportunity t o  produce com- 
ponents i n  volume i n  t h e  P i l o t  P lan t  and t o  evaluate  a ful l- .scale b a t t e r y  i n  a 
veh ic le .  The b a t t e r y  requi red  t h e  f a b r i c a t i o n  of  363 negative e l ec t rodes  and 
330 p o s i t i v e  e l ec t rodes  and u t i l i z e d  over 1,320 f t 2  of separa tor .  A l l  33 c e l l s ,  
were found acceptable a f t e r  formation cycl ing .  

The 788 pound, 2U KWH ( a t  ~ / 3 )  b a t t e r y ,  which is i l l u s t r a t e d  i n  EXHIBIT D - X I 1 1  
and D-XIV, was assembled i n  t h e  veh ic le  f o r  a d i r e c t  comparison on a c h a s s i s  
dynamometer t o  Gouldbs lead-acid b a t t e r y  66E-11 (1,350 pounds, 15.5 KWH a t  
C/31 cur ren t ly  used i n  the  U. S. Post Off ice  appl ica t ion .  Vehicle cha rac te r i s -  
t i c s  a r e  provided i n  EXHIBITS DrXV and D-XVI t o  a id  i n  understanding t h e  
b a t t e r y  requirements during steady s t a t e  c r u i s e s  and t h e  SAE J227a/B del ivery  
schedule. Lead-acid base l ine  t e s t s  a r e  shown i n  EXHIBIT D-XVII f o r  comparison 
purposes. Resul ts  from the  nickel-zinc t e s t s ,  performed i n  accordance with 



t e s t  requirements a r e  summarized i n  EXHIBITS D - X V I I I  and D-XIX: The f i r s t  two 
t e s t s  were performed a t  the  same equivalent  i n e r t i a  weight s e t t i n g s  a s  t h e  lead- 
ac id  ba t t e ry  and a r e  t o  be considered a s  t r i a l  runs  only. The remaining t e s t s  
were-performed a t  an i n e r t f a  s e t t i n g  t h a t  r e f l e c t s  the  562 pound lower b a t t e r y  
weight. I n  general ,  t he  r e s u l t s  r e f l e c t  t h e  superior  high r a t e  discharge 
e f f i c i e n c y  of nickel-zinc compared t o  lead-acid. For the  SAE J227a/B schedule, 
the  nickel-zinc b a t t e r y  r e s u l t e d  i n  an 18% increase  i n  range (38.2 mi les  versus 
32.3 m i l e s ) .  Propor t ional ly  g rea te r  r e s u l t s  a r e  seen a s  t h e  discharge c u r r e n t  
inc reases ,  e .g. ,  42% increase  i n  range a t  the  30 mile p e r  hour t e s t .  I t  must 
be noted t h a t  the  v e h i c l e ' s  motor and c o n t r o l l e r  prevent  t e s t i n g  under a more 
r e a l i s t i c  d r iv ing  and acce le ra t ion  schedule such a s  the  EPA'S urban CVS t e s t  
cycle.  I n  addi t ion ,  a motor and c o n t r o l l e r  designed f o r  nickel-zinc use would 
have resu l t ed  i n  a much higher performance gain .  Under these  more d i f f i c u l t  
and r e a l i s t i c  condi t ions ,  n icke l -z inc t s  advantage over lead-acid w i l l  become 
much more pronounced, 

Gravimetric and volumetric energy d e n s i t i e s  f o r  t h e  var ious  steady s t a t e  d i s -  
charge r a t e s  of t h e  t e s t s  a r e  shown i n  EXHIBIT D-XX. These values  a r e  below 
those expected based on labora tory  c e l l  evaluat ions  bu t  s t i l l  i n d i c a t e  a 
f a c t o r  of two improvement over lead-acid i n  de l ivered  WHILb. Design optimiza- 
t i o n  o f  t h e  t r a y  w i l l  r a i s e  the  volumetric energy dens i ty .  A s  can be seen i n  
the  b a t t e r y  p i c t u r e s ,  very extensive space was designed i n t o  t h e  t r a y  f o r  
maximum a i r  coollng p o t e n t i a l .  The upper curvc rep resen t s  t h e  maximum l i m i t  
with these  types of c e l l s  a s  it r e f l e c t s  only b a t t e r i e s  with no t r ay .  An 
a d d i t i o n a l  explanation f b r  the  lower than expected values  may be t h a t  the  
discharge e f f i c i e n c y  i s  lower i n  constant  power discharge ( t y p i c a l  of  vehic le  
use)  than i n  t h e  cons tant  cu r ren t  discharge performed i n  the  laboratory.  

C e l l  temperatures were moderate a f t e r  an a i r  duct  was fab r i ca ted  t o  rou te  
cooling a i r  t o  the  a i r  i n l e t  of the  t r a y ,  Typical e l e c t r o l y t e  temperatures 
were less than 125' F, however, some p o s i t i v e  terminals  reached 135O F near 
t h e  end of the  30 miles per  hour s teady c r u i s e  discharge r a t e ,  Af ter  only 
about 20 charge/discharge cycles ,  seve ra l  c e l l s  during charge exhibi ted  high 
temperatures. Open c i r c u i t  and end-of-charge vol tages  a l s o  indica ted  t h a t  
i n t e r n a l  c e l l  shor t ing  had occurred, 

Seventeen of t h e  33 c e l l s  were autopsied;  Fa i lu re  was due t o ' e x c e s s l v e  grvwLli 
and crackiriy of the  p o s i t i v e  i n  a . v e r y  s imi la r  manner:to the  400 AH labora tory  
c e l l s  previous ly  discussed.  Data reduct ion  and a n a l y s i s  of t h e  n ickel  e lec-  
t rodes  showed a c l o s e  c o r r e l a t i o n  between t h e  volume change of t h e  n i c k e l  elec-  
t rode  and t h e  i n i t i a l  capaci ty  (by weight gain)  of the  e l ec t rode .  

Tape Dynamometer Tes t ing  

A tape-control led dynamometer f a c i l i t y  is  functioning under manual c o n t r o l  
which w i l l  be u t i l i z e d  t o  determine the  b a t t e r y  c a p a b i l i t i e s .  Through the  use 
of a c t u a l  propulsion system components, b a t t e r y  t e s t i n g  w i l l  be conducted using 
the  demand charac te r i za t ions  of the  e l e c t r i c  veh ic le  app l i ca t ion  a s  developed 
i n  Task C. I n i t i a l  c a l i b r a t i o n  t e s t s  a r e  being conducted on t h e  lead-acid 
66E-11 t r a c t i o n  b a t t e r y .  



Test  F a c i l i t y  

A minicomputer based test  f a c i l i t y  was designed and b u i l t  in-house. The com- 
p u t e r  system i s . a  real- t ime shar ing  system u t i l i z i n g  the  RSX-11M opera t ing  . 
system. Present ly ,  t h i r t e e n  c y c l e r s  a r e  in ter faced.  t o  t h e  PDP1.1 computer v i a  
CAMAC based i n t e r f a c e  designed and b u i l t  by t h e  Projec t .  The computer system 
and some. of t h e  c y c l e r s  a r e  shown in-EXHIBITS D-XXI t h r u . D - . X X V I I I .  The f a c i l i t y  
a l s o  inc ludes  t h r e e  mobile and one s t a t i o n a r y  environmental t e s t  chambers with 
temperature c a p a b i l i t i e s  of -40° F t o  +180° F. 



EXHIBIT D-I: NICKEL-ZINC TRI-ELECTRODES (36 AH RATED) 

CYCLES (1100% DODI 



EXHIBIT D-11: NICKEL-ZINC TRI-ELECTRODES (36 AH RATED) 
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EXHIBIT D-111: 300 AH ELECTRIC VEHICLE MODULES 
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EXHIBIT D-V: PEAK POWE3,- .400  AH CELLS ; ; . , E '. : . .  . ,  . ., 
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I Cell 56, 27% KOH 
Average Watts, 5 second pulse 

DOD 

CURRENT 



3XHIBIT D-VI: PEAK POjJER, 400 AH CELLS, LOW KOH 

Cell 56 
Average Watts, 5 s ~ c o n d  pulse 



EXHIBIT D-VII: PEAK POWER, PB220 GOLF CART. 
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0% DOD 

20% DOD 

40% DOD 

10 second Discharge at High Rates 
DOD Achieved at C/3 

REF: HRR. '78 . 
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EXHIBIT D-VIII : PEhK POWER VOLTAGE, PB220 'GOLF CART 

x 20%-DOD 

. . 

O 60% W D  REF: f l R R .  ' 78  ' 

PLUTXI:760122 
80% DOD 
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CURRENT C RMTS 3 



E X H I B I T  D-IX:  PEAK POWER COYZARISON, 0% DOD 

. . 

DISCHARGE CURFENT 



EXHIBIT D-X: PEAK POWER CObLPARISON, 80% DOD 

DISCHARGE CURRENT 



E X H I B I T  D-XI:  SUSTAINED POWER, 400 AH CELLS 

< <. 









EXHIBIT D-XV: BATTIZRY CURRENT AT STEADY STATE VEHICLE SPEED$#- TI 



EXHIBIT D-XVI: BATTERY DISCHARGE CHARAZTERISTICS FOR J-227a/B SCHEH)ULE 
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EXHIBIT D-XVIII: NICIEEL-ZINC ELECTRIC VEHICLE BATTERY TESTS 

I 

TEST INFOlIMATIMl ENERGY CAPACITY RANGE 
-Ibw-Hr- -Ah- 

TYPE - DAtE - TIME - DISCHARGE - CHA7GE -- DISCHARGE C H A M  WILES COmEMS 

Battery bight: 788 Pounds 



SXXIBIT D-XIX8 VEHICLE RANGE'WTTH LEAD-ACID SEMI-TNDUSTRUU, BATTERY 



EXHIBIT D-XX: SPECIFIC AND VOLUMETRIC EIWRGY DENSITIES FOR 
ELECTRIC VEHICLE BATTERY 





EXHIBIT D-XXII 
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EXHIBIT D-XXIY 





EXHIBIT D-XXVI 





EE;IIIB-T D-XXVIII 



TASK E: PROCESS DEVELOPMENT 

Objectives . 
< 

The primary objectives of t h i s  Task are:  1) t o  implement applied research and 
product design 'innovat ions into the manufacturing environment, and evaluate these 
innovations's manufacturabilityl 2 )  es tabl ish effective,  accurate, and 
economical manufacturing quality control techniques; and 3,) develop manufactur- 
ing processes t o  reduce the cost and increase r e l i a b i l i t y  of the f i n a l  product. 
Thus, process development ensures tha t  laboratory developments proceed in to  a 
manufacturing environment wkth a minimum of technical hurdles, 

Sepairator Process Development 

The process development work on separator materials i s  divided irlllo two main 
areas. The f i r s t  is  the manufacture of Gould's microporous separator. The 
second is the techniques and processes involved in  manufacturing separator 
envelopes for the electrodes. 

A process for volume production of Gould's microporous separator was fu l ly  oper- 
a t ional  by the end of April, thus meeting our milestone on target.  Several 500 
foot ree ls  of t h i s  type 'of sepatator were made. Quality t e s t s  on these r ee l s  
of material have shown tha t  they meet specifications i n  terms of bubble prssure, 
i . e . ,  pressure a t  which the f i r s t  hole appears i s  15 t o  20 ps i  (EXHIBIT E-I)  
and e l ec t r i ca l  resistance 0.30 t o  0.5 ohm-cm2. However, opt ical  microscopy 
reveals tha t  the separator coating contains many small c ra ters  which are formed 
during the drying stage of manufacture. The raw material costs for the 
current formulation are l i s t e d  in.EXHIBIT E-11. .From these data ,  it i s  es t i -  
mated tha t  the material cost per square foot isS0.027; with $reduction scale- 
up, the t o t a l  manufacturing cost  should be below the $O.lO/ft target.  

The processes for production of Gould's ELECTROPOROUSTM separator are  reported 
under Task A. 

The i u i t i a l  program of work nn wrappinq electrodes with separator was a l i t e ra -  
ture survey. From th i s  survey it became obvious. tha t  there i s  no "conu~~u~~" way 
t o  wrap electrodes arid the separator-type determines the most appropriate 
technique. Therefore, it was imperative tha t  a part icular  separator system be 
adopted; and hence, a program could be s tar ted on developing the relevant 
machinery. 

For-the separator material presently in  use, the appropriate heat sealer was 
purchased t o  manufacture separator envelopes. Extensive sealing t r i a l s  were 
implemenked t o  de*termine the range of temperature, time, and pressure t o  pro- 
duce an optimum seal.  The "optimum" seal  was determined by both hand and 
machine pu l l  t e s t s .  I t  was found t h a t  ' there are three broad levels  of sea ls  
when the polymer has become transparent i n  the heat zone. Once having estab- 
lished the conditions for  good seal ,  the next step was to  determine how t o  
repeatedly make good seals  since the heat seal  device takes some time t o  reach 
a dynamic equj.libriun. By incorporating some f a i r l y  sophisticated instrumen- 
ta t ion  on the sealer uni t ,  it was possible t o  reproduce good sea ls  a t  a rea- 
sonable production r a t e  for a manually operated machine. A further improvement 
has been achleved.in the separator envelope manufacture i n  tha t  it i s  possible 
to make multi-layer-bags by a single operation. A prototype machine has now 



been b u i l t  and is opera t iona l  i n  t h e  P i l o t  P l a n t  t o  manufacture s ingle- layer  
bags,  t h i s  machine a l s o  incorpora tes  inspect ion  and cu to f f  s t a t i o n s .  

Molding of Negative Electrodes 

The labora tory  process developed f o r  t h e  molding and press ing  of z inc  oxide 
e l e c t r o d e s  i s  a very t i m e  consuming process. Therefore, it was e s s e n t i a l  t h a t  
a f a s t e r  production method be found. Gould has developed a preform/marry con- 
c e p t  based on i t s  dep th  exper t i se  i n  t r a d i t i o n a l  powder me ta l lu rg ica l  mass pro- 
duct ion  techniques,  t h i s  technique has increased the  production r a t e  by a 
f a c t o r  o f  e i g h t  over previous press ing  methods. 

I t  i s  planned t h a t  z inc  e l ec t rodes  be made by f irst  making  two prcfsrms wllic.11 
aro then piysse4 rogether  around a metal c u r r e n t  c o l l e c t o ~ .  This method of 
e l e c t r o d e  manufacture n e c e s s i t a t e s  s p e c i a l  too l ing  which can withstand high 
p ressures ,  Althni~gh t h e  oonccpt of prefo~g/marry i s  simplc, the  ~ ~ c L u a 1  execu- 
t io i l  uT t h e  t ech~ l ique  proved more d i f f i c u l t .  The f i r s t  ind ica t ion  of a problem 
was when the  two preforms were married together  and the  pressure  re leased.  
Tliis r e s u l t e d  i n  l a r g e  b l i s t e r s  occurr ing  i n  t h e  e l ec t rodes ,  p a r t i c u l a r l y  i n  t h e  
"end" typc e lec t rodes .  A thorough i n v e s t i g a t i o n  of  the, problem brought severa l  
important  observat ions  t o  l i g h t .  Probably t h e  most important being t h a t  i n i t i a l  
powder c h a r a c t e r i s t i c s  had t o  be very c l o s e l y  con t ro l l ed ,  e s p e c i a l l y  with the  
new binder which was introduced i n  t h e  e a r l y  s t a g e s  of t h i s  work. 

Several  ba tches  of agglomerated zinc oxide made i n  t h e  "in-house" spray dryer  
were analyzed f o r  binder l e v e l ,  moisture content ,  and agglomerate s i z e  d i s t r i -  
but ion ,  these  r e s u l t s  , a r e  reported i n  EXHIBITS E - I 1 1  t h r a  E - V I .  

The binder contents  of  t;he f i v e  i nd iv idua l  l o t s  ranged from 7 .7  t o  10.3 W/O 
with an average of 8 . 7  W/O, with the moisture contents  from 2.3  t o  3.0 W/O. The 
screen analyses  showed a ,signifi.cant v a r i a t i o n  i n  agglomerate s i z e  d i s t r i b u t i o n .  
The v a r i a t i o n s  g r e a t l y  e f f e c t  t h e  powder d i e f i l l  weight and the  preform expan- 
s ion  r a t e .  Hence, it i s  e s s e n t i a l  t o  blend t h e  small 25 pound l o t s  i n t o  l a r g e r  
200 pound l o t s  t o  produce a uniform negative e l ec t rode  preform* 

Once demonstrated that ' the preform/marry cor~csapt was successful  then s p e c i a l  
preform t o o l i n g  and' powder feed shoe were b u i l t  f o r  the  press .  This q r e a t l y  
improved product-i.nn so  t h a t  it was p s s i b l e  t o  make approximately 2,200 e lec-  
t r o d e s  i n  th ree  weeks. 

Advanced ~ i c k e l  Electrode Moldina 

Porous n icke l  plaques .are c u r r e n t l y  molded i n  the  P i l o t  P lan t  on an individual  
b a s i s .  I n  order  t o  achieve t h e  t a r g e t  c o s t s  f o r  t h i s  component, scale-up to  
mul t ip le  p iece  mnl rling o r  continuous ~nuldincj is e s s e n t i a l .  

The i n i t i a l  program of work was d i r e c t e d  a t  a mul t ip le  process. Early t r i a l s  
ind ica ted  t h a t  t h e  molding and s i n t e r i n g  of a low p r o f i l e  piece caused no g r e a t  
problems, however, the  separa t ion  i n t o  individual  p ieces  was an a r e a  f o r  f u r t h e r  
i n v e s t i g a t i o n ,  both i n  t echn ica l  and economic aspects .  These f u r t h e r  inves t iga-  
t i o n s  were completed and a favorable r o u t e  was handed over t o . t h e  P i l o t  P lant .  



A s  a longer term ob jec t ive  f o r  mass producing n ickel  e l ec t rodes ,  a f u r t h e r  pro- 
gram was i n i t i a t e d  t o  continuously depos i t  .n ickel  powder l aye r s .  

A s e r i e s  o f  t r i a l s  has been completed t o  i n v e s t i g a t e  the  range of powder thick- 
ness  which can be reproducibly deposi ted by t h i s  technique with d i f f e r e n t  n icke l  
powders. The minimum powder th ickness  which maintained good q u a l i t y  surface  was 
0.015". In  genera l ,  t he  su r face  q u a l i t y  improves a s  the  l aye r  th ickness  
decreases.  The 0.5" t o  0.2" t h i c k  l a y e r s  r equ i re  lower b e l t  speeds than t h e  
th inner  layers .  Preliminary weight r ep roduc ib i l i ty  t r i a l s  have been c a r r i e d  out .  
These show the  weight t o  vary +2% from layer-to-layer. 

Posikive Electrode Manufacture 

The major ob jec t ive  of t h i s  e f f o r t  was t o  determine the  cause of the  poor perfor-  
mance o f  t h e  n ickel  electrode-made i n  the  P i l o t  P lant  and implement t h e  required 
improvements t o  r e s t o r e  the  p o s i t i v e  e l ec t rode  t o  the  expected 500 t o  1,000 cycle  
capab i l i ty .  I n i t i a l  work was concentrated on improving t h e  n icke l  plaque p r i o r  
t o  impregnation. The reason f o r  adopting t h i s  l i n e  of a t t a c k  was t h a t  a paper 
a n a l y s i s  of t h e  n icke l  e l ec t rode  manufacturing rou te  indica ted  t h a t  seve ra l  
changes had occurred from the  labora tory  process p r i o r  t o  impregnation. 

I n i t i a l  experiments on the n icke l  plaques p r i o r  t o  impregnation brought about 
only a minor improvement when t h e  e l ec t rodes  were t e s t e d  i n  accelera ted  nickel-  
cadmium t r i - e l ec t rode  c e l l  t e s t s .  

As a r e s u l t  of t h e s e  f ind ings ,  e f f o r t s  were r ed i rec ted  t o  thoroughly examine 
t h e  impregnation process. Two poss ib le  causes of poor e l ec t rode  performance 
were pos tu la ted  a s  a r e s u l t  of improper impregnation. 

Experimental work on the  impregnation loading of n i c k e l  plaques revealed severa l  
important r e s u l t s .  

From a l l  t h e  d a t a  generated, it was poss ib le  t o  design a n icke l  e l e c t r i c  
veh ic le  c e l l  e l ec t rode  which should d e l i v e r  40 AH,. 

A batch  of  n i c k e l  plaques were made, The . s i n t e r i n g  was c a r r i e d  o u t  in a 
cracked anunonia'atmosphere a f t e r  :which the  plaques were subjec ted  t o  t h e  re-  
qui red  impregnation runs. 

The .average d a t a  ' for  t h i s  ba tch  of plaques was a s  follows: 

Nickel Powder Weight 203.2 It: 3.69 
Weight Gain 102.8 f 4.09 
Weight. Gain Capacity 33.7 f 1.1 AH 
Thickness 105.3 It: 1.4 m i l  

I f  a capaci ty  f a c t o r  of 1.2 i s  assumed, then these  e l ec t rodes  w i l l  d e l i v e r  
40.4 AH when cycled i f  they a r e  given a charge of  145% t h a t  of the  weight ga in  
capacity.  

Some of, these  cracked ammonia s i n t e r e d  e lec t rodes  were compared i n  t r i - e l e c t r o d e  
c e l l  t e s t s  t o  i d e n t i c a l  e l ec t rodes  which had been vacuum s in te red .  The vacuum 
s i n t e r e d  e lec t rodes  proved super ior  i n  terms of minimum growth and del ivered  
capaci ty ,  



It was decided tha t  the improved current collector/tab designs be :used t o  improve 
the current d is t r ibut ion  and thermal t ransfer  within the electrodes. These were 
discussed i n  d e t a i l  i n  Task B, 

EXHIBIT E - V I I  shows cadmium tri-electrode cycled nickel electrodes; one .is from 
about s i x  months ea r l i e r  showing a l l  the defects of the "mushy" surface, b l i s t e r -  
ing, edge spalling, and cracks and the other shown i s  a current cracked ammonia 
s intered nickel electrode, the improvement is obvious i n  a l l  respects. 

In view of the  superior qual i ty  of the vacuum sintered nickel electrodes over 
the cracked ammonia sintered electrodes,  it was decided tha t  a program of work 
be carr ied out to  fu l ly  characterize our ntckel plaques t o  ascertain what con- 
s t i t u t e s  a good nickel electrode. 

Tu establ ish a baseline, i n  this programb vacuum clintcred and aao~ullia sintelred 
plaques were compared with respect to  microstructure, transverse rupture 
strength,  surface area,  and pore size. EXHTRTT E-17TTT S ~ O W E  ~ t r o n g t h )  .9r.rl-f&ce 
ared, arid mean pore s i ze  data for these parts .  The r e su l t s  show the vacuum 
sintered baseline pa r t s  a re  substantially stronger and exhibit  lower surface 
area than the ammonia sintered baseline, The mean pore s ize of the vacuum 
sintered par t s  i s  higher than tha t  of ammonia sintered baseline. 

EXHIBITS E-IX and E-X show SEM micrographs of vacuum and ammonia sintered 
plaques. The vacuum sintered pa r t s  exhibit  much smoother par t ic le  surfaces 
and generally appear t o  be bet ter  sintered. 

In order t o  characterize the influence of some sinter ing variables,  several 
s inter ing runs were made with a gr id a t  the base of each sample. The major 
r e s u l t  of these t e s t s  was an observation of the e f fec t  of dewpoint on micor- 
s t ructure of the sintered samples. 

In mid-April, the f ~ r n a c e  1 1 s ~ d  f n r  production a n u ~ o r i i a  s i ~ i L = i i l l y  uf nicke i  
electrodes fa i led .  Tear-down revealed a cracked weld a t  the mid-point of the 
furnace muffle,. The muf.fle was rewelded and re ins ta l led ,  the heating elements 
were rebalanced; several.heating.elements being replacedi and the f i r s t  section 
of the coolirlg jacket was replaced. 

EXHIBIT E-XI shows SEM micrographs of a nickel plaque a f t e r  the furnace repair.  
The surfaces of the nickel a re  quite smooth and the s t ructure closely resembles 
the vacuum sintered product, These r e su l t s  indicate performance of these 
plaques should be comparable to  vacuum sintered plates.  

The post-furnace repair  nickel electrodes tested in  tri-electrode c e l l  t e s t s  
preformed somewhat bet ter  than the pre-furnace repair electrodes1 edge cracks 
were eliminated and surface appearance w a s  superior. Growth was l e s s  than one 
percent for both groups of electrodes. 

A s  another par t  of t h i s  characterization program, the xnorophology of the nickel 
powder was examined. Current practice i s  t o  blend the a6-recdived powder. 
This practice enables the use of constant mold se t t ings ,  i n  sp i t e  of batch-to- 
batch variat ions in  the incoming powder. However,. blending times can be up t o  
one hour duration. Different blending times w i l l  have differ ing influences on 
t h i s  change, The ef fec t  of this variation on sinterirlcj behavior,is  yet t o  be 
determined , 



EXHIBIT E - I :  CHARACTERISTICS OF CONTINUOUS MICROPOROUS SEPARATOR 

mIGHT 
GAIN 

.(G/FT*.) 

,.AVERAGE 
. T H I C r n S S  

(MILS)  

BUBBLE TEST 
PSI OF 

1 S T  HOLE 

. SAMPLE 
NO, 



EXHIBIT E-11: MICROPOROUS SEPARATOR MATERIALS COSTS PER SQUARE FOOT 

Substrate 

Matrix Polymer 

Inorganic Additive 

Pore Former 



EXHIBIT E-111:  AGGLOMERATE SIZE DISTRIBUTION OF VARIOUS LOTS OF SPRAY-DRIED ZnO 
. .  . 

% ' FINER' 

Mesh L o t  L o t  L o t  L o t  
- 1  

L o t  j 

' 3.6 2.6 3 2 5 '  1.2 13.2 1.3 0.6 1.6 0 , 0 . 1 1 .  

% Binder . 10.3 8.3. 9..2 8.3 7.7  '4 .4 6.2 f 8.72 7.74 
-*. 

I 

k j.170 2.5 .3.0 2.5 .2.3 3.0 ' 6.0 4.0 : 2.7 3 .5  

Size ' 1  2 3 4 5 . -- - - . - -  

(-1 20 100 ioo . ,100 loo loo ' 

Idea 1 '6 7 ' - 
$ 9 6 . 1  . 95.7 

1-5 1-7 -- 
loo 98.9 



E X H I B I T  E-IV:  AGGLOMERATE S I Z 3  DISTRIBUTIOM OF VARIOUS ZnO POWDER LOTS SPRAY-LIRIED 

AGGLCMEPATE S I Z E  (MICRONS) C1 
b-' W 0 V1 0 m I D 0  

W .b V1 0 4 w a o  0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0  

KEY - 
LOT % H 0 - I .  

l-' 
I-' 
N 



EXHIBIT E-V: RGGLOMERATE SIZE DISTRIBUTION OF VARIOUS 2nd POWDER LOTS SPRAY-DRIED 

AGGLOMERATE SIZE (ZIICRONS) . . - 



EXHIBIT E-VI: AGGLOMEMTE SIZE DISTRIBUTION 3 F  ZnO POWDER SPRAY-DRIED WITH TWO DIFFERENT BINDERS 

PG-SLOPIERATE S I Z E  ( MICRRDNS ) 



EXHIBIT E-VII: SINTERED NICKEL ELECTRODES 



EXHIBIT E-VIII: BASELINE DATA FOR VACUUM AND NH3 SI-D ELECTRIC 
VEHICLE EIBCTmDES 

NO. OF NO. OF 
VACUUM TESTS NH, TESTS 

Y 

Average Transverse 
Repture Strength (psi) 

Standard Deviation 49 
Transverse Rupture Strength 

Surface Area (m2/g) 

Average Mean Pore Size (p) 16.5 12 8.0 8 

Range of Average Mean 14.0-18.5 
Pore Dizs (p) 



EXHIBIT E-IX: SEM photographs of a vacuum-sintered E,V.  
electrode (654) sintered at Rolling Meadows. 
Note the smooth particle surfaces. 



EXHIBIT D-x: SEM photographs of an NHg-sintered E.V. - 
electrode (N-16) produced in the Harper 
belt furnace before repair. Note the 
roughness sf the particle surfaces. The 
structure is also much more blocky and less 
elongated than the vacuum-sintered base. 



.EXHIBIT - E-XI: - SEM photographs of an NZ-160 electrode sin- 
tered after the Harper furnace repair. Note 
that the smoothness of the particle surfaces 
is comparable t o  that of the vacuum-sintered 
praduct . 



TASK F: PILOT MANUFACTURE 

Qb jectives 

The primary objectives of t h i s  Task ares 1) produce a se r i e s  of improved ce l l s ,  
modules, and ba t t e r i e s  for  Gould internal  and Argonne testing; 2) establ ish 
manufacturing reproducibili ty and forecast manufacturing economics; 3) perform 
a comprehensive materials avai labi l i ty  study; and 4) produce p i l o t  quanti t ies  
of ba t ter ies  f o r  external demonstration. An operational P i lo t  Plant enables 
Gould to  produce quanti t ies  of nickel-zinc hardware under r e a l i s t i c  manufactur- 
ing conditions t o  sa t i s fy  a l l  tes t ing  requirements while simultaneously per- 
forming product and process detrelopments. Furthermore, t h i s  P i lo t  Plant is 
capable of producing ba t t e r i e s  i n  quanti t ies  .to support the e lec t r i c  vehicle 
requirements under the demanstratinn of EL 04-413. cbuld fee ls  stxol~yly Lhat  
pursuing the P i l o t  Plant phase at t h i s  time is coscntial  for  two reatiwls. One, 
t o  auuurdtely evaluate the s t a tus  of technology and its feas ib i l i ty  i n  the 
e l e c t r i c  vehicle environment, the data must be qensratcd i n  rr mrrmif~sr?+~iriiig 
1nMe as apposed t o  one-of-a-kind-laboratory-hand-built operation. Secondly, 
lead time considerations fo r  the acquisit ion and check-out of major capi ta l  
equipment are of the order of two years. Even then, the product made i n  the 
P i l o t  Plant would have to be fu l ly  evaluated- If there were no scale-up 
problems, an invalid assumption, a t  l e a s t  an additional year is required. 
Since it is Gouldls desire  to part icipate i n  the 1981 demonstration program, a 
corporate commitment was made to move immediately in to  the P i lo t  Plant stage. 
Gould i s  well aware t h a t  the  inevitable scale-up problems w i l l  a r i se ;  however, 
it is more expedient and judicious t o  resolve them now than to wait u n t i l  pro- 
duction quanti t ies  of cells/modules/batteries are required. 

P i l o t  Plant Process Implementation 

The major pa r t  of the effort: i n  t h i s  T98k has been aimed at the t ranslat ion 
and implementation of laboratory-scale processes t o  production level  act ivi ty.  
In  addition, e f f o r t  has been directed a t  modifying processes that ,  a t  some 
point,  were production bottlenecks. 

Specifically,  some of the areas that have received at tent ion and problems have 
been solved or al leviated are l i s t e d  along with the actions taken. 

PROBLEM EFFECT SOLUTION COMMENTS 

1) Inadequate Delay i n  instal1.a- Redesiqned and in- 
waste management t ion  of positive s t a l l ed  new, se l f -  
system electrode impreg- contained waste 

nation equipment management system 

2) Unreliable High resistance Improved welding More re l iable  c e l l  
welds because of Welds, poor elec- f ix tures  designed performance 
poor f ixtures trode performance and instal led;  

new Tab bending 
process ins ta l led  



PROBLEM EFFECT SOLUTION COMMENTS 

3) Negative e lec-  Unusable negative Improved spray d ry  Manufacture of  
t rode  (with new e lec t rodes  and p ress ing  good usable 
binder)  b l i s t e r i n g  processes e l ec t rodes  
and delamination 
from cur ren t  
c o l l e c t o r  

4) Limited welding Production b o t t l e -  New welder pur- ' Improved c e l l  pro- 
c a p a b i l i t y  neck chased, i n s t a l l e d ,  duction r a t e  

and.  debugged 

5) P o t e n t i a l  OSHA Poss'ible. s a f e t y  Problem correc ted  ' Removal of  s a f e t y  
problem wi th  f o o t  hazard hazard 
pedal  switch of 
we l d e r  

6) sepa ra to r  bag Separator  bag fab- Severa l  fo ld  in-  +chine enables  QC 
production very  r i c a t i o n  machine c rease  i n  separa- of f i l m  before  bag 
slow; production designed and b u i l t  t o r  bag production .manufacture 
bot t leneck r a t e  

7) Heat s e a l s  i n  Unrel iable c e l l  Study conducted, . Excel lent  s e a l s  
sepa ra to r  bags not  performance new hea t  sea l ing  with mul t ip le  
reproducible system developed l a y e r s  of separa tor  

and i n s t a l l e d  

8) Leaking c e l l  E l e c t r o l y t e  Improved sea. l ing 
cases  a t  the  s p i l l a g e  techniques 
s e a l s  implemented 

9) Nickel plaque Bottleneck i n  4X plaque' molding 
molding too  slow n icke l  e l ec t rode  process  developed 

production and implemented 

10) Nonuniform Unrel iable posi-  Design and i n s t a l -  
n icke l  plaques t i v e  eleckrodes l a t i o n  of  new 
because of non- f i l l i n g  molds 
uniform mold f i l l  

11) Slow t a b  pro- Bottleneck i n  Tab blanking p r e s s  
duct ion  e lec t rode  (posi- f o r  10 and 20 m i l  

Live a d  nega- s tock p u t  i n  
t i v e )  production opera t ion  

Be t t e r  r e l i a b i l i t y ,  
reduction i n  car-  
bonation, improved 
s a f e t y  

Nickel e l e c t r o d e  
production r a t e  in-  
creased by a f a c t o r  
~f f01j.r 

Improved uniformity 
and r e l i a b i l i t y  

Improved e l e c t r o d e  
production r a t e  

12) S in te r ing  Stop n icke l  e lec-  Repair muffle, Resumed production 
furnace in-  t rode  production water jacket ,  and 
opera t iona l  f o r  t w o  weeks heat ing  elements 

I 

13) Design def- Delay of opera t ion  Defficiency Production delay  
f i c i ency  i n  im-  ' of n ibke l  plaque cor rec ted  
pregnatinn impregnation 
equipment equipment 



Overal l ,  t he  P i l o t  P lan t  opera t ion  i s  still p r e t t y  much manual, p r imar i ly  be- 
cause of the d i v e r s i t y  of components t h a t  must be produced t o  accommodate t h e  
e n t i r e  P r o j e c t ;  however, t h e  l ea rn ing  gained i n  t h i s  process i s  abso lu te ly  
invaluable .  And, i n  developing and implementing t h e  opera t ions ,  a reas  of 
mechanization and automation a r e  being i d e n t i f i e d  and pursued vigorously.  This 
i s  something t h a t  cannot be p red ic ted  o r  i d e n t i f i e d  i n  a labora tory  environment 

It i s  t o  be emphasized that, i n  s p i t e  o f  t h e  d i f f i c u l t i e s  and hurdles  associa ted  
w i t h  t h e  s t a r t -up  o f  any new opera t ion  and t h e  opera t ions  and equipment d i f f i -  
c u l t i e s ,  e s p e c i a l l y  wi th  new personnel ,  the  P i l o t  P lan t  has met a l l  t h e  i n t e r n a l  
and ex te rna l  (ANL) production goa l s  on time, and it is  a n t i c i p a t e d  t h a t ,  with 
t h e  v a s t  amount of production knowledge being generated, t h e  e f f i c i e n c y  and 
response t o  production requcist w i l l  i nc rease  draniat ical ly.  

Coll /Battery Production 

Although component and c e l l  and b a t t e r y  production r a t e s  have been s t e a d i l y  
inc reas ing ,  t h e  p r i n c i p a l  h igh l igh t  was the  de l ive ry  ( t o  ANL) of t h e  four-ce l l  
module which incorpora tes  s e v e r a l  new concepts and components developed during 
t h e  previous seve.ral months and produced i n  the  P i l o t  Plant .  Severa l  
thousands of negat ive  and p o s i t i v e  e l e c t r o d e s ,  separa tor  bags, g r i d s ,  t a b s ,  
e t c .  w e r e  f ab r i ca ted  and s e v e r a l  hundreds of f u l l - s i z e  e l e c t r i c  veh ic le  (,400 AH) 
and 50 AH c e l l s  were b u i l t  t o  support  the  o the r  P ro jec t  a c t i v i t i e s  i n  s p i t e  of 
t h e  f a c t  t h a t  t h e  f u l l - s c a l e  impregnation equipment was s t i l l  not  opera t ional  
and t h e  n icke l  plaques being impregnated by t h e  batch process.  Although con- 
s i d e r a b l e  mechanization s t i l l  needs t o  be implemented with t h e  pro- 
cesses ,  the  P i l o t  P lan t  could, meet componcnt p ~ o d u r j t i o l ~  dlld de l ive ry  requi re-  
ments f o r  100 e l e c t r i c  veh ic le  b a t t e r i e s  per  year.  

S i g n i f i c a n t  is  t h e  fact  t h a t  there is  a g r e a t  dea l  of d i v e r s i t y  l u r  c e l l  re- 
quirements n e c e s s i t a t i n g  t h e  use of s e v e r a l  d i f f e r e n t  d i e s  f o r  t h e  f a b r i c a t i o n  
of t h e  z inc  e l e c t r o d e ,  d i f f e r e n t  molds f o r  the  p o s i t i v e  e l ec t rodes ,  while 
s i m u l t a n e o u s l ~  implementing new processes t o  f a b r i c a t e  improved components a s  
they a r e  being developed. In  s p i t e  of t h i s  f a c t ,  production schedules a r e  
beinq met;, 

Mate r i a l s  U t i l i z a t i o n  .-..,.,..&... .- . Study 

This  s tudy was submitted t o  ' ugonne  i n  i-epnrt f ~ r m  on Juno 1 9  I 1370. T l ~ t  Y tuJy 

i nc ludes  a manufacturing flow des ign,  t h e  projec ted  mate r i a l s  usage i s  k i lo -  
~ L ~ I I I S  per  kilowaet-hour, and projec ted  market s i z e  through the  year  2000. 

Manufacturing Economics . .  . 

I n  o rde r  t o  accumulake sound d a t a  from which r e l i a b l e  manufacturing economics 
analyses  can be made, a c o s t  accounting system was i n s t i t u t e d  f o r  the  e n t i r e  
opera t ion .  The system covers v a r i a b l e s  such a s  m a t e r i a l s  c o s t s ,  n i cke l  plaque 
impregnating assembly, sepa ra to r  production,  s i n t e r i n g  c o s t s ,  press ing  c o s t s ,  
stamping, e t c .  Addi t ional ly ,  i n  conjunct ion+with  Gould's Automotive Bat tery  
Division,  d e t a i l e d  breakdown of c o s t  ca tegor ies  common t o  M t h  nickel-zinc and 
automotive b a t t e r y  business has been generated.  A s tandard m a t e r i a l s  c o s t  has 



been generated f o r  t h e  Preliminary Design.ce l1  conf igura t ion  f o r  a 22.4 KWH 
ba t t e ry .  A more d e t a i l e d  a n a l y s i s  fol'lows. 

MANUFACTURING ECONOMICS ANALYSIS 

This p a r t  o f  Task F i s  i n  response t o  t h e  milestone f o r  August r e q u i r i n g  an 
a n a l y s i s  of t h e  manufacturing economics f o r  nickel-zinc e l e c t r i c  veh ic le  
b a t t e r i e s .  

A s  p a r t  of t h e  da ta  requirements of  Contract  No. 31-109-38-4200, e s t ima tes  of  
t h e  c u r r e n t  and projec ted  manufacturing c o s t s a r e r e q u i r e d  each year. The 
fol lowing a n a l y s i s  i s  the  f i r s t  year ly  summary of the  manufacturing economics 
of t h e  Gould nickel-zinc b a t t e r y  and i s  included i n  t h i s  January-July, 1978, 
Progress Report a s  p a r t  of Task F, 

Market R e a l i t i e s  
- 

In  d iscuss ing p resen t  and f u t u r e  manufacturing c o s t s  and s e l l i n g  p r i c e s ,  t h e  
most important f a c t o r  t o  emphasize i s  t h a t  f o r  a given developed product  of 
t h i s  type,  c o s t s  w i l l  be g r e a t l y  dependent upon the  magnitude of market p u l l .  
For nickel-zinc e l e c t r i c  veh ic le  b a t t e r i e s ,  t h e r e  a r e  two major problems. 
F i r s t ,  t h e  product i s  s t i l l  being developed and, the re fo re ,  even cur ren t  and 
d e f i n i t e l y  f u t u r e  c o s t s  a r e  a t  b e s t  g ross  es t imates ,  Second and most important,  
t he re  is no p resen t  o r  short-term market p u l l .  The e l e c t r i c  commuter veh ic le  - 
w i l l  probably not  be c o s t  and performance competitive with the  comparable ICE 
powered v e h i c l e  p r i o r  t o  1990, The e l e c t r i c  powered commercial veh ic le  may be 
c o s t  competitive by 1985, however, i t s  p o t e n t i a l  market i s  a t  l e a s t  an order  of 
magnitude smaller  than commuter vehic les .  Thus, i n  a f r e e  market scenar io ,  
t h e r e  is l i t t l e  incent ive  f o r  Gould o r  o t h e r  b a t t e r y  manufacturers t o  employ 
massive c a p i t a l  i n  t h e  near  term t o  mechanize production and expand capaci ty .  

The f e d e r a l  government may play  a mid-wife r o l e  and provide t h e  needed economic 
incen t ives  during t h i s  subeconomic per iod  of the 1980s. However, t h e  c u r r e n t  
Depar tmnt  of Energy program jn response t o  PL 94-413 i s  i n s u f f i c i e n t  i n  
s t imula t ing  production capaci ty  f o r  e l e c t r i c  vehic le  b a t t e r i e s .  Thus, a t  t h e  
p resen t  time, t h e r e  i s  no t  market p u l l  t o  reduce manufacturing c o s t s  and in -  
c rease  capacity.  This  is r e f l e c t e d  i n  t h e  fol lowing a n a l y s i s  which w i l l  
i n d i c a t e  t h a t  it w i l l  t ake  s i g n i f i c a n t  government a c t i o n  t o  achieve t a r g e t  
manufacturing c o s t s  i n  t h e  1980s. 

Gould P i l o t . P l a n t  

Late i n  1976, Gould decided t o  i n v e s t  over $ 1  mi l l ion  t o  move nickel-zinc from 
labora tory-sca le  t o  p i l o t  p l a n t  production. The purpose i n  e s t a b l i s h i n g  t h i s  
f a c i l i t y  was t h r e e  f d l d ;  f i r s t ,  t o  determine t h e  t r u e  s t a t e  of technology by 
producing reproducible components under r e a l i s t i c  manufacturing condi t ions ;  
second, t o  provide f o r  t h e  l a rge  number of test c e l l s  and b a t t e r i e s  requi red  
f o r  var ious  product development programs inc luding Contract  No. 31-109-38-4200; 
and t h i r d ,  t o  provide information t o  es t imate  c u r r e n t  and f u t u r e  manufacturing 
c o s t s  and process  requirements. The 9,500 f t 2  P i l o t  Plant. has been opera t iona l  
s i n c e  the beginning of  t h i s  con t rac t ;  however, a s  described extens ively  i n  
Tasks E and F of  'this r e p o r t ,  improving p roduc t iv i ty  and reducing m a t e r i a l s  
c o s t s  is  a continuous process. 



Presen t  P i l o t  P lan t  Processes 

The b a s i c  process i n  t h e  manufacture of G o u l d g s . s i n t e r e d  n icke l  e l ec t rode  a r e  
shown jn EXHIBIT F-I. Nickel powder i s  molded onto a g r i d  t o  form a subs t ra t e .  
This s u b s t r a t e  is  s i n t e r e d  under condi t ions  t o  provide the  requi red  poros i ty  i n  
p repara t ion  f o r  impregnation, The physica l  p r o p e r t i e s  of the  s u b s t r a t e  (pore 
s i z e  and d i s t r i b u t i o n ,  p o r o s i t y ,  n i c k e l  powder content ,  s t r eng th )  can be 
d i r e c t l y  control.l.ed and s p e c i f i c  s u b s t r a t e s  can be produced t o  a p a r t i c u l a r  re-  
requirement. The impregnation of a c t i v e  mass (n icke l  hydroxide and add i t ives )  
proceeds d i r e c t l y  i n  the  pores of the  s u b s t r a t e  from a n i c k e l  s o l u t i o n  t h a t  i s  
r e a d i l y  prepared from raw m a t e r i a l s  by s t ra ight forward  techniques. 

The manufacturing processes of  Gould's z inc  e l ec t rode  a r e  shown i n  EXHIBIT C-11. 
The b a s i c  processes  a r e  t h e  p repara t ion  of the  z inc  mass (blending zinc oxide 
and a d d i t i v e s )  and t h e  compaction of t h e  z inc  mass onto  a q r id .  The compactinn 
of t h e  z inc  mass is  genera l ly  accomplished i n  two s t e p s  using mnechanized'powder 
m e t a l l u r q i c a l  paesses.  These nnmpact ion stepc oan bc rnsdiffed L i l i  I i iy l l  vulllrn~! 
dnd l o w  c a s t  production,  

Gould has been developing new separa to r s  f o r  the  nickel-zinc b a t t e r y ,  including 
inorganic/organic microporous types ,  The key s t e p s  i n  the  manufacture of t h i s  
ma te r i a l  a r e  given i n  EXHIBIT FFI I I .  The process involves r e l a t i v e l y  few 
simple opera t ions ,  al though c e r t a i n  s t e p s  (e.g. ,  those  i n  t h e  m a t e r i a l s  formu- 
l a t i o n  and handling) r e q u i r e  t h a t  they be c a r r i e d  ou t  p r e c i s e l y  t o  achieve a 
q u a l i t y  product with t h e  d e s i r e d  phys ica l  p roper t i e s .  The important po in t  i s  
t h a t  t h e  app l i ca t ion  demands a uniform pore  s i z e  s e p a r a t o r ' t o  a s su re  long cycle 
l i f e .  The less complex t h e  process ,  t h e  more r e l i a b l e  the  product  should be i n  
mass production. Other continuous processes  have been developed f o r  the  pro- 
duct ion  of electroporous separa tors .  These a r e  discussed i n  d e t a i l  i n  Task A 
of t h i s  r epor t .  

Ul t imate ly ,  t h e  assembly o r  the  n2ckek-zinc cell pnws np q r s a t e r  o b & t a 0 1 ~ 0  
than o t h e r  volume production b a t t e r i e s  such as. the  automotive lead-acid type 
which can be manufactured a t  low c o s t ,  However, p a s t  b a t t e r y  manufacturing 
experience a t  Gould d i c t a t e s  an evolut ion  of proudct .des ign and manufacturing 
processes.  Due t o  t h e  na ture  of &ny new product ,  chanqes fnthe prndiirt tha t  
could requ i re  modif ica t ions  i n  t h e  asscmhly or ncw processes axe 
i i k e l y  i n  the  e a r l y  years  of production and thus  mechanization of  t h e  o v e r a l l  
assembly process Is lagging the  balance of t h e  P i l o t  P l a n t .  The s e l e c t e d  
e l e c t r o d e  conf igura t ions ,  sepa ra to r  system, c e l l  des ign,  and hardware design 
w i l l  in f luence  the  assembly process. While c e r t a i n  'assembly processes  cannot 
be s p e c i f i c a l l y  def ined a t  present  o r  a r e  i n  t h e  aonceptuel. stage, the fac,L 
t h a t  many process approaches a r e  der ived from Gouldgs knowledge of the  manu- 
f a c t u r e  of b a t t e r i e s  I n  l a r g e  volume (1e.g. , automotive and i n d u s t r i a l  lead- 
a c i d  b a t t e r i e s )  and from our  manufacturing opera t ions  i n  t h e  nickel-cadmium 
and s i lve r -z inc  c e l l s ,  lends  Gould t h e  In-house e x p e r t i s e  t o  so lve  the  a n t i c i -  
pa ted  problems i n  s t a b i l i z i n g  a production process.  

Current  Cost Estimates 

Severa l  thousand of each type  of e l ec t rode  and hundreds of c e l l s  have been 
produced i n  t h e  p i l o t  P lant .  Thf.s experience has permit ted t h e  first calcu- 
l a t i o n  of the  a c t u a l  manufacturTng c o s t ,  These. c o s t s  have been ca lcu la ted  
using a t o t a l l y  dedicated c o s t  ~ccumula t fon  system which accura te ly  inc ludes  



a i l  d i r e c t  l abor  and mate r i a l s  cos t s .  A standard overhaad r a t e  of 150% i s  
assumed which inc ludes  p l a n t  and equlpment depreciat ion.  The r e s u l t s  t o  d a t e  
i n d i c a t e  a cu r ren t  manufacturing c o s t  of  about 3$400/KwH,for t h e  400 AH Prelim- 
ina ry  Design c e l l  produced i n  a four-ce l l  module conf igura t ion .  

Future Cost Estimates 

From t h e  above da ta ,  it is obvious t h a t  t h e  cu r ren t  c o s t s  which rep resen t  t h e  
f i r s t  s t age  p i l o t  production f a r  exceed t h e  estimated, s e l l i n g  p r i c e  t a r g e t  of 
$75/KwH. To achieve the  t a r g e t  s e l l i n g  p r i c e ,  t h e  fol lowing 2tems a r e  . e s sen t i a l :  

1) Heavy investment i n  mechanization t o  reduce the  labor  cos t .  

2 )  Improve process y i e l d  t o  reduce scrap  r a t e  theregy reducing 
mate r i a l s  c o s t , .  

3)  Recycle process sc rap  and used b a t t e r i e s  t o  reduce m a t e r i a l s  
cos t .  

4) Improve mate r i a l s  u t i l i z a t i o n  i n . b o t h  negative and.;positive 
e l ec t rodes  t o  reduce m a t e r i a l s  cos t .  

Gould be l i eves  t h a t  the  t a r g e t  s e l l i n g  p r i c e  can be achieved b u t  it w i l l  t ake  
heavy investment i n  p l a n t  and equipment and process development beyond t h e  scope 
of the cur ren t  cont rac t .  A s  previous ly  discussed,  the re  i s  no market p u l l  t o  
encourage Gould t o  make t h e  necessary investment a t  t h i s  t ime,  so a p ro jec t ion  
of t h e  time t a b l e  t o  achieve t h e  c o s t s ,  i n  a f r e e  market scenar io ,  i s  impossible. 
On the  o ther  hand, i f  t h e  f ede ra l  government decides, t o  s t imula te  t h e  e l e c t r i c  
veh ic le  marketplace through the  1980s by v i r t u e  of s i g n i f i c a n t  funding f o r  pro- 
duct  and process development beyond the  p resen t  c o n t r a c t  and guaranteed b a t t e r y  
purchases, t h e  $75/KwH s e l l i n g  p r i c e  can be  achieved by 1986. This  goal  would 
be achieved by going through t h r e e  s t a g e s  of  p l a n t  expansion requ i r ing  many 
mi l l ions  of d o l l a r s  i n  c a p i t a l .  The very high volume which i s  required  t o  
achieve t h e  t a r g e t  p r i c e  i s  g r e a t l y  dependent upon the  assumption t h a t  t h e  
r ~ t i w - n  nn investment be recovered wi th in  two years ,  This is  required  because 
i n  a subeconomic market, s t imula ted  s o l e l y  by t h e  government, e i t h e r  t h e  
Department of Encrgy o r  Congress can e l imina te  t h e  marketplace a t  w i l l .  



E ~ H I B I T  F-I: MANUFACTURE OF NICKEL ELECTRODE FOR ELECTRIC 
VEHICLE NICKEL-ZINC BATTERY 

COMPLETED  ELECTRODE:^ 
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EXHIEIT F-11: MANUFACTURE OF ZINC ELECTRODE FOR ELECTRIC VEHICLE ' 
NICKEL- ZINC BATTERY 
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EXHIBIT F-111: MANUFACTURE OF FLEXIBLE INORGANIC/ORGANIC COMPOS1,TE 
SEPARATOR 
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TASK G: QUALITY ASSURANCE 

A highly experienced'professional assumed responsibility for Quality Assurance 
for the Project. Toward this end, an initial task was to incorporate the 
quality assurance requirements of the recently revised statement of work into 
the mainstream of &e Project. The initial work was to produce a clarification 
of the specifications of the various electrode types and a series of fixtures 
designed to faci.Zitate consistent grid-tab alignment. In addition, various 
pieces of test'equipment have been ordered and .several qualification tests have 
been evaluated, The parts lrst used in the Cost Control Program was updated 
and simplified. s.0' tcat it could be used as a guide for ordering components 
from the Pilot Plant. 

As part of 'the quality assurance requirements for the Argonne Contract: and as 
a necessary starting point in the materials availability study, a complete 'man- 
ufacturing flow diagram was constructed. Part of the diagram consists of a 
numbered sequence of the documents required in the manufacturing process. 
These documents cover raw material specifications, manufacturing work instruc- 
tions, test/inspection procedures, and packing/shipping instructions where 
appropriate. 

The Quality Assurance Plan, which. forms part of the Quality Assurance Manual 
for the Argonne Contract, was completed. Also, all the necessary changes were 
made to the Gould Research-New Business Quality Assurance Manual to personalize 
it for the Nickel-Zinc/Electric Vehicle Project. 
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