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The Viking Lander spacecraf t  required the  use of a heat  s t e r i l i z a b l e  

ba t te ry  t o  meet the b i o l o g i c a l  c l e a n l i n e s s  requirements imposed on 

a spacecraf t  landing on the  Mars surface.  The design,  development, 

f ab r i ca t ion ,  q u a l i f i c a t i o n ,  tes t ,  and f l i g h t  performance of t he  bat-  

t e r y  developed t o  meet t h i s  requirement are presented he re in .  

The b a t t e r y  c o n s i s t s  of twenty-:our , 8-ampere-hour saa led  

nickel-cadmium c e l l s  t h a t  were q u a l i f i e d  t o  withstand up t o  200 

hours of hea t  a t  a temperature of 125OC i n  a discharged open c i r c u i t  

condition. 

Two batteries are packaged i n  one assembly and two assemblies are 

flown on a spacecraf t .  

Nonwoven polypropylene w a s  t h e  separa tor  material used. 

Bat tery charging is accomplished normally at r a t e s  of C/15 , 
C/7 .5 ,  and Cl5. 

during the  c r u i s e  por t ion  of t h e  mission. During t h e  en l ry  and 

landing phase, t he  b a t t e r i e s  are discharged t o  70% of the  name- 

p l a t e  capaci ty .  After  landing the  b a t t e r i e s  pwform a load level-  

ing function and are used whenever the load exceeds the  radioisotope 

thermoelectr ic  generator (RTG) power c a p a b i l i t y .  During b a t t e r y  

recharging operat ions,  t h ree  b a t t e r i e s  are used t o  supply t h e  peak 

loads while t h e  remaining ba t te ry  is charged. 

Tr ick le  charge rates of C/40 and C/160 are used 
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I. 

?'he Viking mission t o  search f o r  l i f e  on t h e  Mars sur face  

presented some formidable problems relative t o  the  aevelopment 

of an energy s to rage  system f o r  the  spacec ra f t .  

requirements developed f o r  t he  spacecraf t  included a requirement 

f o r  s t e r i l i z a t i o n  t o  in su re  t h a t  a b i o l o g i c a l l y  c lean  spacecraf t  

will land on the  Mars surface.  

t o  t he  development of a h e a t  s t e r i l i z a b l e  b a t t e r y .  

The environmental 

This requirement u l t imate ly  led 

The spacecraf t  design developed f o r  t h e  mission consis ted 

of two separa te  vehic les  joined together  during t h e  long journey 

t o  Mars. 

Lander. The Orbi ter  remains i n  Mars o r b i t  acquir ing and relay-  

i ng  d a t a  t o  Earth a f t e r  t he  Lander separa tes  and descends t o  Mars 

t o  perform its 90-day mission of analyzing t h e  Mars surface.  

t h e  Lander and i t s  components required s t e r i l i z a t i o n  before t h e  

launch. 

The two vehic les  were designated t h e  Orbi te r  and t h e  

Only 

This r e p o r t  p resents  t h e  ce l l  s e i e c t i o n  process,  design 

development, manufacture, tes t ,  and i n i t i a l  f l i g h t  performance 

of t h e  b a t t e r y  system f o r  t h e  Viking Lander spacecraf t  power 

system. The power subsystem contains  four  eight-ampere-hour (A-h) 

heat  s t e r i l i z a b l e ,  nickel-cadmium b a t t e r i e s  packaged in two sep- 

arate assemblies. The b a t t e r y  system was required t o  have a min- 
imum beginning of l i f e  c a p a b i l i t y  of 1140 watt-hours (W-h). 

The r epor t  is divided i n t o  seven major s ec t ions  descr ib ing  

t h e  program requirements, ce l l  evaluat ion t e s t i n g ,  c e l l  design 

and manufacturing, b a t t e r y  design,  s y s t e m  i n t e g r a t i o n  t e s t i n g ,  

engineering evaluat ion t e s t i n g ,  and i d t i a l  f l i g h t  performance. 
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The Viking Lander was the  f i r s t  spacecraf t  t o  f l y  a s t e r i l i z e d  

nickel-cadmium b a t t e r y  on a missio,. -0 explore  the  sur face  or' a 

p l a n e t .  This r e p o r t  documents t h e  s i g n i f i c a n t  r e s u l t s  of t he  b a t t z r y  

development program f r a n  i t s  incept ion  through the  design,  manufac- 

t u r e ,  and tes t  of t h e  f l i g h t  b a t t e r i e s  which were flown on the  two 

Lander spacecrafc.  The f l i g h t  performance during the  e a r l y  phase of 

the  mission i s  ais? presented. 

A .  DESIGN CONSIDEEGi,ION 

The bas i c  mission requirements were as follows: 

1) A 11-month c ru i se  from Ear th  t o  Mars; 

2 )  Orbi t ing  Mars f o r  up t o  80 days before landing; 

3 )  Operating f o r  90 d;'.ys on t h e  Mars sur face ;  

4 )  Provide a b i o l o t i c a i l y  c lean  spacecraf t .  

Based on these  mission requirements, t he  fal lowing key ba t t e ry  

design requirements were derived: 

The b a t t e r i e s  s h a l l  be capable of being hea t  s t e r i l i z e d  a t  

temperatures up t o  135OC. 

The b a t t e r y  s h a l l  b e  capable of operat ing a f t e r  11 months of 

d i s charged open c i r cu i t  stand. 

The ba t t e r i e s  s h a l l  be capable of operat ing a f t e r  t r i c k l e  

charging a t  a C / 1 6 U  ra te  f o r  80 days while approaching and i n  

Mars o r b i t .  

During en t ry  and landing, t h e  b a t t e r i e s  s h a l l  be capable of 

being discharged t o  70% of t h e i r  r a t ed  cL2acity. 

The ba t te r ies  s h a l l  provide up t o  200 cyc le s  at. a 50% depth- 

of-discharge during the landed operat ions.  

The ba t te r ies  F ~ I ,  . l  be capable of being charged over a tempera- 

t u r e  range from 4 t o  32 C. 
0 
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3 . DEVELOPMEVI ZEST PROCRAM 

The i n i t i a l  development e f f o r t  was concentrated i n  developing 

.i sealed 40A-h s i l v e r - z i n c  (Ag-Zn) cel l  due to  its hl:h energy 

dens i ty  capab i l i t y .  This approach w a s  abandoned due to problems 

which could n o t  be solved wi th in  t h e  schedule and c o s t  a l l o c a t i o n s .  

The problems encountered included: 

Loss of capaci ty  a f t e r  s t e r i l i z a t i a n ;  1)  
2? Case leaks after s t e r i l i z a t i o n ;  

3) Terminal t o  case seals; 

4) Outgassing and degradation of case material. 

A backup nickel-cadmium (Ni-Cd) c e l l  development prograz was 

--ni t ia ted i n  1971 when i t  became apparent t h a t  t he re  were s i g n i f i c a n t  

problems connected with t h e  s i lver -z inc  development program. When 

t h e  major problem with t h e  nickel-cadnium development were solved, 

the s i l ve r - z inc  program was phased out. 

An 8 A-h 1. -Cd cell  was se l ec t ed .  This s i z e  was d i c t a t e d  l a r g e l y  

by t h e  low power capabi l i ty  of t he  raGir-,isot 3pe thermoelectr ic  genera- 

t o r s  on the  Lander. Load analyses  am! mwer margin assessment 

predicted a maximum charge rate of 1.5 amperes with a n  average rate 

between 0.8 and 1.0 amperes.  To n e e t  the redundancy requirements, 

f o u r  24-cell  s a t t e r i e s  were used LC ecL.i spacecraf t .  

Two nickel-cadmium c e l l  manufacti I x s ,  Eagle Picher,  and General 

I:lectr i c  were involved i n  the n i c i c  t -  .imium deve lopr,ent program. 

Their major t a sks  were to:  

1) Qualify a separator  material ti; Lke s t e r i l i z a t i o n  requireme I ~ S ;  

2 )  Determine adequacy of ce l l  manul'acturing processes t o  meet t h e  

s t e r i l i z a t i o n  requirement; 

3) Develop inspection c r i t e r i a ,  prucedures, and tests f o t  producing 

high r e l i a b i l i t y  c e l l ;  

4)  Design, f a b r i c a t e ,  t e s t ,  and q u a l i f y  candidate ce l l s  to t he  

Viking acceptance c r i t e r i a .  
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The s i g n i f i c a n t  obs tac les  to  overcome included t h e  s e l e c t i o n  

of a separator  material and developing procedures that minimize 
degradation in performance characteristics during s t e r i l i z a t i o n .  

Polypropylene separator m a t e r i a l  was found to  be ccrmpatible with 

t h e  s te r i l i za t ion  temperatures by both  vendors. However, its hydro- 

phobic characteristic introduced t h e  problem of hov to  provide an 
adequate amount of e l e c t r o l y t e  ard sti l l  maintain an adequate oxygen 

recombination rate and prevent a n  e a r l y  separator dryart. 

Electric developed a d  introduced a h e a t  t reatment  process dur ing  

f a b r i c a t i o n  which improved t h e  s e p a r a t c r  w e t t a b i l i t y .  This process 

penidtted an increase i n  t h e  e l e c t r o l y t e  q u a n t i t y  fran 1.5 to  2 cc 

over t h e  quant i ty  supplied i n  nonheat t r e a t e d  cells, while s t i l l  

avoiding t h e  excessive pressure during overcharge. Bssed on their 

success, GE was se l ec t ed  t o  supply t h e  cells for t h e  Viking develop- 

ment and f l i g h t  test program. 

General 

The cells fabr ica ted  by Eagle Picher developed high pressures 

during charge due t o  an inadequate oxygen recombination rate which 

w a s  found t o  be due to  excessive e l e c t r o l y t e .  Eagle Picher later 

solved t h i s  prcblem and they were designated as a second source f o r  

t h e  Lander b a t t e r y  cells. 

An extensive development program :?as undertaken a t  Martin khrietta 

Aerosyce  t o  evaluate  the  vendor designs and t o  develop techniques and 

procedures f o r  s t e r i l i z i n g  and determining t h e  cel! and b a t t e r y  p e r -  

formance c h a r a c t e r i s t i c s .  X method f o r  s t e r i l i z i n g  t h e  cel ls  was 

developed which introduced l i t t l e  or  no degradation i n  c e l l  performance. 

Befcre s t e r i l i z a t i o n  thc: cel ls  were discharged at a C l 2  rate t o  

1.0 V followed by the appl ica t ion  of a one-ohm load t o  each ce l l  f o r  

24 hr .  

condition. 

capaci ty  loss and i n  s m e  cases physical d3mage. 

IXlring exposure t o  hea t ,  t he  ce l l s  were kept  i n  an open c i r c u i t  

Cells s t e r i l i z e d  i n  any o the r  conditiol. suffered extensive 
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The e f f e c t  of long dura t ion  t r i c k l e  charging a t  a C!160 rste 

t o  rPaintain the b a t t e r i e s  in a charged condi t ion during p o r t i a i s  

of the 11-month in t e rp l ane ta ry  c r u i s e  t o  Hats vere evaluated.  This 

evaluat ion shoved that tl.. -aCtuAes  a d d  be maintained a: c b  -r 

r a t e d  capac i ty  (8  A-h); haever, t h e r e  was a s i g n i f i c a n t  d e g r d a t i o n  

i n  the cell voi tage  during t i e  f i r s t  discharge after removal of the 

t r i c k l e  charge. 

erased after cycling t h e  cells a f e w  times. 
It was found tha t  this vo l t age  degrada t im can be 

The thermal d i s s i p a t i o n  c h a r a c t e r i s t i c s  of the  cells were 

determined for various opera t ing  condi t ions using -,he calor imetry 

t ichnique developed by Har t in  Yarietta. 

predict the  ba t t e ry  and Lander i n t e r n a l  temperatur2 for the v a r i m s  

b a t t e r y  operat ing modes. 

These d a t a  were used t o  

C. FLIGHT CELL AND BATTERY DESXGN, FABRICATION, AND TESTUG 

The cell  design that evalved as a r e s u l t  of the  development 

program provided a cell with t h e  following c h a r a c t e r i s t i c s :  

Capacity: 8 A-h (nameplate) 

Weight: 373 gn ( l o t  average) 

Dimensions : 7.5? c m  x 2.26 cm x 8.64 c m  

Care Material: 3C1L s t b i n l e s s  steel 

Terminal  Seal: General Electric - a l l  n i cke i  b raze  

Plates: ii pos i t i ve  

12 negat ive 

inc hiding terminals 

Separator : Tolypropylene (nonwoven) 

Elec t ro ly te :  34% potassium hydroxide 

The cells were matched i n  watt-hour capac i ty  a f t e r  experiencing 

64 cycles of charge and d i s iha rge  using C / 1 5 ,  C/10, and C/7.5  charge 

rates and a C/2 discharge t c  a 1.0 V cutoff  i n  a 2 1  C t empera tu re  0 
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D. 

cont ro l led  environment. 
3% of the average cell capacity w a s  achieved for the f l i g h t  b a t t e r i e s  

and sparer. 
The cells were q u a l i f i e d  t o  withstand both a s t e r i l i z a t i o n  tem- 

perakue of 13S°C for  40 or and 110°C f o r  54 hr in a discharged open 

c i r c u i t  ccmditi  0111. 

Watt-hour capac i ty  matching betseen 1.5 t o  

Ihae t o  t h e  l i d t e d  space a d  volume a v a i l a b l e  ap the Lander, tuc, 

2 4 - c e l l b a t t e r i e u  were pactragcd in one assembly. 

fran the b a t t e r y  t o  the Lander s t r u c t u r e  was through a center  p l a t e  

which divided t h e  two b a t t e r i e s  and the base p la te .  

weighed 22.9 
b a t t e r y  had separate power and instrumentat ion connectors. 

instrumentation connector was used during labora tory  t e s t i n g  t o  provide 

access t o  each of t h e  b a t t e r y  cells for vol tage  monitoring. 

5 t  rejection 

Each assembly 

and required a m o u n t i q  area of 30.48~20.32 (cm. 

The 

Each 

The b a t t e r i e s  were subjected t o  electrical checkout tests after 
assembly and then s t e r i l i z e d  a t  an acceptance level temrperature of 
121OC f o r  54 hours. Environmental acceptance tests c o n s i s t -  of 

s inusoida l  and randan vibrat icm in each of t h e  three axes of the  

b a t t e r y  assembly. 

Two b a t t e r y  assemblies were mounted side by s ide  on each Lander EO 

A t o t a l  insure  that dach assembly was exposed t o  rhe same environnent. 

of 13 b a t t e r y  assemblies were fabr ica ted  t o  support  t h e  prototype, 

development, and Lander ground test programs. Eight  b a t t e r i e s  were 
b u i l t  f o r  t he  a g h t  tes t  program of which four  were a l loca ted  f o r  the 

tvo Landers. Four spare b a t t e r i e s  were provided. 

SYSTEM INTEGRATION AND TESTING 

Lander system tests a t  the f ac to ry  and the  launch site were per- 

formed with tes t  support  batteries. One b a t t e r y  f a i l u r e  involving 

high i n t e r n a l  cel l  impedance was observed during the fac tory  t e s t ing .  
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F a i l u r e  ana lys i s  of the cells i n  t h i s  b a t t e r y  revealed t h a t  t he  

most probable -mse of t h i s  w a s  the improper ba t t e ry  operat ion 

during tests i n  which the  ba t t e ry  was l e f t  i n  a charged condi t ion  

for  long periods of time wi th  high impedance instrumentat ion loads 

connected. le slow discharge rates during these  per iods led t o  

the d e v e l o p n t  of large CdOH c r y s t a l s  on the negat ive plate with 

2 corresponding increase i n  p l a t e  porosi ty .  

:his i nc reas  i n  negat ive p l a t e  po ros i ty  a long  with the  t y p i c a l  

increase  of pos i t i ve  p la te  t5.tckness r e s u l t e d  i n  t h e  e l e c t r o l y t e  

migrating from the separator  i n t o  t h e  p l a t e s .  

ou t  was the  p r i m a r y  cause of the cells developing h igh  i n t e r n a i  

impedances. This  f a i l u r e  i l l u s t r a t c j  t h e  need f o r  adequate 

b a t t e r y  operat ing and maintenance procedure t o  ln su re  that the  

b a t t e r i e s  are used properly. 

It was theorized that 

me separa tor  dry- 

L i f e  cyc le  tests are i n  progress on t w o  b a t t e r i e s  made up of 

spare Viking cells. Over 11,000 cyc les  have been achieved a t  

var '  u s  recharge f r a c t i o n s  a t  several  temperatures,  of which 4,000 

zycles were perfanned a t  25% depth-of -discharge i n  a temperature 

environment between 40 and 50 C. 
0 

INITIAL FLIGHT PERFORMANCE .. 
I )  . 

h - r i n g  t h e  early phase of the mission, t he  b a t t e r i e s  were 

k r g e d  and used t o  support the  i a - f '  ight  checkout of t h e  Lander 

subsystems. 
temperature compensated cutoff  vvita,<:"' was reached. 

recharged once during t h e  test  and aGain a t  t h e  completion of t h e  

checkoil: sequences. 

A l l  b a t t e r i e s  were c!izi, -d a t  t he  C/lJ rate u n t i l  the  

They were 

One of t h e  four  b a t t e r i e s  on each Lander was placed -on a C / 4 0  

t r ick le  charge f o r  the durat ion of t h e  c r u i s e  t o  Nars. The o the r  

th ree  b a t t e r i e s  were each disctiarged i n t o  a teLemetry i s o l a t i o n  



r e s i s t o r  (10.3 kilo-ohm). The th ree  b a t t e r i e s  no t  on t r i c k l e  charge 
were allowed t o  d ischarge  as low as 2.5 Vdc i n t o  a f ixed  19.3 k i l o -  

ohm r e s i s t o r .  

vo l tage  due t o  over discharge.  

subsequent b a t t e r y  pxfonnance  2nd proved t o  be a n  e f f e c t i v e  recondi- 

t i  oning method . 

This  r e s u l t e d  i n  seve ra l  cells  developing a r eve r se  

This had no de t r imenta l  e f f e c t  an 

The b a t t e r i e s  on t r i c k l e  charge reached a temperature of 3loc 

and remained the re  f o r  the  d u r a t i o n  of t h e  c ru i se .  The b a t t e r i e s  

were recharged successfu l ly  and used during t h e  Orbiter-Lander p re -  

separa t ion  checkout. A t  t h o  canple t ion  of t h i s  checkout, a l l  fou r  

b a t t e r i e s  were placed on t h e  C/160 t r i c k l e  charge while awai t ing  the 

s e l e c t i o n  of an acceptable landing site. 
A l l  b a t t e r i e s  performed s a t i s f a c t o r i l y  during t h e  M r s  landing 

phase and operation on Mars surface.  
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The s i n g l e  most critical requirement of t h e  Viking b a t t e r y  

development program was t o  meet t h e  s t e r i l i z a t i o n  requirement. 

Twenty-one b a t t e r i e s  containing over 1,000 cells were subjected 

t o  t h i s  requirement without a f a i l u r e .  The cells have demonstrated 

t h e  c a p a b i l i t y  of being t r i c k l e  charged a t  a C/40 rate a t  a temper- 

a t u r e  of 3 l o C  f o r  over s ix  months and s t i l l  meet t h e  performance 

requirements. 

A h e a t  treatment process w a s  developed f o r  t h e  cells t o  

improve t h e  separa tor  wet tab i  l i t y  and consequently increase  t h e  

quan t i ty  of e l e c t r o l y t e  supplied t o  t h e  c e l l .  This  process should 

be considered f o r  cel ls  marwfactured with polypropylene sepa ra to r s  

r ega rd le s s  of whether a s t e r i l i z a t i o n  requirement exists. 

increase  i n  t h e  e l e c t r o l y t e  q u a n t i t y  w i l l  tend t o  prevent premature 

separa tor  dryout thus  extending t h e  ce l l  l i f e .  

The 

The design of a nickel-cadmium cell  using polypropylene 

separa tor  material r equ i r e s  close c o n t r o l  of t h e  e l e c t r o l y t e  quan t i ty  

t o  i n s a r e  a n  adequate oxygen recombination rate. However, inadequate 

e l e c t r o l y t e  can a l s o  lead t o  p r e u a t u r e  separa tor  dryout  and subse- 

quent f a i l u r e .  Since t h e  margin between t h e  two limits i s  small, it 

is reconmended t h a t  a lower l i m i t  be e s t ab l i shed  f o r  t he  e l e c t r o l y t e  

quant i ty .  I f  an  adequate oxygen recanbina t ion  rate camot  be achieved 

with t h i s  minimum allowable e l e c t r o l y t e ,  t h e  cel l  must b e  r e j ec t ed .  

A carbonate reduction process was incorporated i n t o  the  c e l l  

manufacturing processes beginning with t h e  f l i g h t  ce l l  production. 

A comparison of test da t a  on c e l l s  b u i l t  with and without the carbon- 

ate reduct ion  process leads t o  the  conclusion t h a t  a d e f i n i t e  

improvement i n  c e l l  c h a r a c t e r i s t i c s  was obtained. Cell vo l tages  

during the  c e l l  matching tests were t y p i c a l l y  5 t o  10 mV lower during 

charge and a corresponding increase  i n  vol tage  during d ischarge  was 

noted. 
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A decrease i n  t h e  end-of-charge vol tage spread among t h e  cells  was 
a l s o  observed. 

cell i n t e r n a l  impedance had been achieved. 

t h i s  process be considered f o r  new des igns  for improving e x i s t i n g  

designs.  

I n  general ,  it was concluded that a reduct ion in t h e  

It is recatxnended that 

A ba t t e ry  f a i l u r e  occurred during t h e  prototype spacec ra f t  

test program. This f a i l u r e  was a t t r i b u t e d  t o  improper b a t t e r y  usage 

i n  which t h e  b a t t e r y  was allowed t o  remain mostly i n  charged open 

c i r c u i t  condition with i n t e r m i t t e n t  charging f o r  long per iods 

without cycling. 

t h i s  problem was that an adequate con t ro l  of b a t t e r y  maintenance and 

operat ion i s  required during spacecraf t  tes t i l rq .  

that a b a t t e r y  maintenance and opera t ing  criteria document be pre- 

pared and used t o  support  spacecraf t  testing, e spec ia l ly  i f  f l i g h t  

b a t t e r i e s  are used. 

The conclusion reached i n  t h e  inves t iga t ion  of 

It  i s  recommended 

A change was incorpora&ed i n t o  the  cells on t h e  type of cell  
terminal af ter  the  prototype cell  program. This change was made a t  

the  recommendation of t h e  cell  manufacturer and was due t o  numerous 

indus t ry  r e p o r t s  of seal f a i l u r e s .  The new terminal was developed by 

General E l e c t r i c  and used on a l l  n i cke l  braze. It was f e l t  that t h i s  

terminal had a b e t t e r  chance of surviving t h e  r i g o r s  of s t e r i l i z a t i o n  

than  the  o r i g i n a l  terminal design. 

n icke l  braze had no seal f a i l u r e .  Over 1,000 of these  c e l l s  were 
s t e r i l i z e d .  

terminal design be considered f o r  any new c e l l  procurement. 

b a t t e r i e s  was based on the  wat t -hr  capaci ty  a t  the  end of 64 charge/ 

discharge cycles.  

C j l S ,  C/10 and C l 7 . 5  rates. 

c e l l  vol tage of one v o l t .  

from 1.4 t o  1.6. 

Over 1,200 cells b u i l t  with a l l  

Based on t h i s  record,  i t  i s  recanmended t h a t  t he  selected 

The ce l l  matching procedure f o r  the  test  support  and f l i g h t  

During the  64 cyc les  the  c e l l s  were charged a t  

Each discharge was a t  a C / 2  rate t o  a 

The charge/discharge A-h r a t i o  var ied 
0 A l l  testinn was performed a t  21.1 C. Both watt-hr 
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and ampere-hr d a t a  was obtained for  t he  last seve ra l  cycles.  
c e l l s  were ranked and se l ec t ed  based on t h e  watt-hr capac i ty  on the  

64th cycle.  

A-h capacity.  A ce l l  matching percentage of 1.5 t o  3% was a t t a ined  

f o r  the  f l i g h t  b a t t e r i e s .  
c e l l s  is recanmended whenever the requirement f o r  a high depth of 

discharge exists. 

The 

Equivalent r e s u l t s  could have been obtained using the  

This method f o r  t e s t i n g  and matching 

The l i fe  cyc le  testing has  proven that the  cells  with polypro- 

pylene separators have a high cyc le  l i f e  c a p a b i l i t y  and are s u i t a b l e  

for cons idera t ion  on low e a r t h  and synchronous o r b i t  type missions. 

The concept of maintaining t h e  b a t t e r i e s  i n  discharged state 
during f l i g h t  and then  charging them j u s t  before  t h e i r  required usage 

was proven t o  be acceptable.  

launch, recharged j u s t  before  the in- f  l ight-checkout discharged a f t e r  

t he  checkout, ani f i n a l l y  recharged severa l  months later i n  prepara- 

t i o n  f o r  Mars o r b i t  i n s e r t i o n  and landing. 

Since the  batteries were discharged a t  

Reconditioning was accomplished on t h e  Lander b a t t e r i e s  by 

discharging each b a t t e r y  i n t o  a 19.3-ohm load bank t o  approximately 

1.1 V p e r  ce l l  during t h e  f i n a l  phases of t h e  launch and then allow,- 

ing t h e  telemetry i s o l a t i o n  r e s i s t o r  (19.3 k&?) t o  slowly d r a i n  t h e  

b a t t e r y  during f l i g h t  t o  Mars. 
t h e  mission, once imnediately after launch and aga in  a f t e r  the in -  

f l i g h t  checkout. 

laboratory eva lua t ion  tests. However, the discharge  cu r ren t  was not  

s u f f i c i e n t  to produce any [ r e s s u r e  and no apparent degradation i n  c e l l  

performance was observed during subsequent operation. This r e c o n d i t i -  

oning method involving t h e  use  of a f ixed  r e s i s t o r  deserves considera- 

t i o n  f o r  app l i ca t ion  on t h e  o ther  planetary o r  Ear th-orb i t ing  missions. 

This technique was used twice during 

Cell vo l tage  p o l a r i t y  r e v e r s a l s  were observed during 

During the  course of inspec t ion  and a n a l y s i s  of f a i l e d  cells, 

several plates were found with manufacturing d e f e c t s  which d i d  not 

meet t h e  c e l l  spec i f i ca t ion .  Examples of these  d e f e c t s  are severe 

b l i s t e r i n g  along one s i d e ,  no coining along one edge but with a double 

width coinir,g on t h e  opposite edge, r u s t  spots  on t h e  p o s i t i v e  plate 
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edges i n  one cell, and a lump of s i l i c o n  grease between the p l a t e  

packand case. Considering the  l imited number of cells t h a t  were 

d issec ted ,  it was concluded t h a t  an improvement i n  the q u a l i t y  

assurance a t  themacufac turer  was required i f  t he  goa ls  of the  

high r e l i a b i l i t y  cel l  spec i f i ca t ions  are t o  be achieved. 
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A. MISSION AND SYSTEM CONSIDERATIONS 

During the  i n i t i a l  phases of t he  development program, numerous 

analyses  and t r ade  s t u d i e s  were performed t o  develop design cri- 
teria and select candidate  subsystems and components. 

more s i g n i f i c a n t  f a c t o r s  considered were derived from the  mission 

sequence and objec t ives .  The planned Viking mission sequence included 

an  ll-month in te rp lane tary  c r u i s e  fran Earth t o  Mars, up t o  80 days 

of Mars o r b i t a l  opera t ions ,  2 t o  6 h r  of deo rb i t  coas t  followed by 

a 10- t o  15-min terminal  descent phase t o  the  Mars sur face ,  and 

f i n a l l y  a 90-day opera t iona l  per iod  on the  Mars su r face  acqui r ing ,  

analyzing, and t ransmi t t ing  s c i e n t i f i c  d a t a  back t o  Earth.  A 
p i c t o r i a l  representa t ion  of t h e  mission p r o f i l e  is shown i n  Figure 

IV-1. 

Some of t h e  

The Viking spacec ra f t  cons i s t s  of a two-stage vehic le .  The 

Orb i t e r  s t age  remains i n  a Mars o r b i t  performing s c i e n t i f i c  ex- 
periments and re lay ing  d a t a  received from the  Lander s t age  back 

t o  ea r th .  

system. During the c r u i s e  phase, the  Orbi te r  electrical  power 

system is used t o  power the Lander subsystem. 

The Orb i t e r  is powered by a s o l a r  a r r ay /ba t t e ry  power 

The Lander s t age  was designed t o  separa te  from the  Orb i t e r  

while i n  Mars o r b i t  and land on the  Mars su r face  us ing  a combi- 

na t ion  of a parachute and retropropuls ion t o  achieve a s o f t  land- 

ing. As a consequence of the landing requirement, t he  Lander and 

its components were required t o  be s t e r i l i z e d  t o  prevent contami- 

na t ion  of the Mars sur face .  

The design t h a t  evolved as a r e s u l t  of the  s t e r i l i z a t i o n  re- 
quirement consis ted of a spacecraf t  t h a t  was completely enclosed 

i n  a b iosh ie ld .  

i n  a steri le condi t ion after s t e r i l i z a t i o n .  Figure IV-2 shows the  

general  configurat ion of the Lander vehic le  as it is packaged i n  

the  t i m e  of launch. 

the spacecraf t  i s  placed i n  the  in t e rp l ane ta ry  c r u i s e  t r a j e c t o r y .  

The b iosh ie ld ' s  purpose was t o  maintain the Lander 

The b iosh ie ld  cap is j e t t i s o n e d  s h o r t l y  a f te r  
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The following paragraphs descr ibe how each of t hese  mission 

phases contr ibuted t a  t he  a;?lection of a power system and energy 

s torage  components. 

1. In terp lane tary  C r u i E  
The long term (11 months) in te rp lane tary  c r u i s e  i n  e s s e n t i a l l y  

a dormant condi t ion posed the  problem of how t o  s t o r e  t h e  b a t t e r -  

ies during t h i s  time per iod.  Because of t h e  thermal problems as- 

soc ia ted  with opera t ing  t h e  Lander RTGs with t h e  b iosh ie ld  cover 

and a v o s h e l l  i n  p l ace ,  t h e  Lander electrical  power requirements 

during c r u i s e  were suppl ied by t h e  Viking Orb i t e r .  

per iod,  the RTGs were s to red  i n  a shorted Condition t o  prevent 

thermal degradation during c r u i s e .  

During t h i s  

An evaluat ion of the var ious b a t t e r y  s torage  methods including 

t r i c k l e  charging, charged open c i r c u i t  s t and ,  and t o t a l .  discharge 

s tand  was made t o  select the  method o f f e r i n g  t h e  least r i s k  and 

performance degradation. It was decided t o  discharge t h e  b a t t e r i e s  

before launch and keep them discharged u n t i l  j u s t  before  Mars o r b i t  

i n se r t ion .  

cycles  t o  prepare them f o r  use during t h e  subsequent operations.  

A t  t h a t  time :he b a t t e r i e s  were t o  b e  subjected t o  1% 

?. Mars O r b i t a l  Operation 

Once t h e  Viking spacecraf t  was i n  a Mars o r b i t ,  t h e  landing 

sites would be surveyed and the  f i n a l  s e l e c t i o n  of a s u i t a b l e  

landing si te would be made. During t h i s  period which could l as t  
f o r  up t o  50 days, t h e  b a t t e r i e s  are maintained i n  a f u l l y  charged 

s t a t e  i n  preparat ion f o r  an Orbiter-lander preseparat ion c: eckout 

and the  subsequent deorb i t  coas t  and landing operat ions.  
method se lec ted  f o r  keeping the  b a t t e r i e s  i n  a f u l l y  charged s ta te  

was t o  apply a low rate t r i c k l e  charge. 
found acceptable  f o r  maintaii..ng the  b a t t e r i e s  charged without 

overheating the components. 

The 

A C/160 charge rate bas 

IV-4  



3. 

4. 

B. 

Deorbit Coast and Landing 
A variable entry and landing windaw period ranging from 2.5 

to  6 hr  i n  duration was programaPd for  t h i s  phase. 

of t h i s  period was &pendent upon the t h  required t o  ge t  from 

o rb i t  t o  the selected landing si te and land. Using the maximum 

duration allowable of six hours, the projected bat tery capacity 

required was determined to  be 24 A-h. 

posed the maxi- paver demand cn the batteries and therefore 

bi r tery s iz ing was based on these requir-nts. 

Landed Operation 

The length 

This part icular  phase im- 

The environmental conditions predicted fo r  the surface of 

Mars introduced the primary constraints on thb select ion of a 

power source fo r  the Lande-. 

cluded the use of so lar  arrays as a source of the p w e r  required. 

Radioisotope thermoelectric generators (RTGs) were the only 

competitive power source available when other factors  such as 

weight and mission duration w e r e  considered. 

Blowing sand and dust storms pre- 

RTGs ale typically low-power law-voltage devices. Their 

limited power capabili ty led to  a requirement t o  provide an 

energy storage capabili ty which could be used to  supply power 

during peak demand perio<is. 

consists of two 35-W (end-of-mission) uni t s  connected i n  series 
to  provide a t o t a l  capabili ty of 70 W a t  8.8 Vdc. 

the power remaining a f t e r  the lander subsystem requirements 
were met w a s  available for  battery charging, the 70 W of avail- 

able RTG power a l so  res t r ic ted  the battery recharge capabili ty.  

The RTC configuration selected 

Since only 

BATTERY DESIGN AND PERFORMANCE CONSIDERATIONS 

The cell s ize ,  number of ce l l s ,  number o f  ba t te r ies ,  and 

packaging configuration were determined from the Lander pcwer 

requirements, r e l i a b i l i t -  

ment conditions, and the Lacdcr Z J i i f i v  *-+ixt. 

id redundancy considerations, environ- 
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The bus voltage and the  b a t t e r y  vol tage  w e r e  set a t  a ~olai-1 

28 V. This dec is ion  was inf luenced by the  requi reaea t  to provide 
power condi t ioning of  the RTC output  and t he  a:ailability of c<w- 

m - e n t s  and subsystems designed €or 28-I’dc operation. A L i n i t  of 
75% depth-of-discharge was imposed on t h e  batteries t o  in su re  811 

adequate s a f e t y  pargin against cell overdischa-ge and voltage re- 
versals. 

total  b a t t e r y  capac i ty  of 32 A-h based Q I ~  the 24 A-h required 

dur ing  en t ry .  

This 75% depth-of-discherge l e d  to  a requir-t €or a 

1. Battery Charginq 

Two RTGs and fou r  chargers were provided. h r i n g  the time that 

t he  Orb i t e r  and Lander are ntated, t h e  Orb i t e r  power system supp l i e s  

t h e  necessary paver t o  redundant chargers  on the Lander. 

separa t icn ,  t h e  Lander RTGs supply t h e  power to  another set of char- 

gers.  
inc?uding b a t t e r y  chargi%, t h e  charge rate varies as a func t ion  of 

t h e  Lander subsystem power demands. A load a n a l y s i s  based on t h e  

planned opera t iona l  setpences for the Lander- subsystems indica ted  

tha t  t h e  chargicg wwld  occur i n  t h e  0.8- t o  1.5-A range. 

canputer-generated load p r o f i l e  f o r  t h e  landing phase and a t y p i c a l  

day on the Mars su r face  are shown i n  Figures  IV-3 and IV-4.  

f i gu res  also show t h e  energy a v a i l a b l e  from t h e  batteries. 

energy i n  excess of t he  Lander requirements is  a v a i l a b l e  f o r  

recharging the  b a t t e r i e s .  

requirements exceed t h e  R E  capabili t ies,  t he  b a t t e r i e s  supply the  

required energy. 

A f t e r  

Since the  RTGs supply a l l  t h e  power requirePPents of the Lander, 

A 

These 

The RTG 

During per iods when t h e  U n d e r  power 

The low charge rate capab i l i t y  of the  RTC;s along with the 

32-A-h b a t t e r y  requirements r e s u l t s  i n  a low charge e f f ic iency .  

the  power-limited condi t ion of landed operat ion,  it was deemed 

des i r ab le  t o  improve the  b a t t e r y  charge e f f ic iency .  This was accom- 
pl ished by d iv id ing  t h e  32 A-h capac i ty  requirement i n t o  four  

b a t t e r i e s ,  each using 8 A-h cells. This  provided a C/10 charge rate 

r e s u l t i n g  i n  an acceptable  charge e f f ic iency .  

I n  
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The s e l e c t i o n  of a n  8 A-h cel l  along with t h e  l imited charge 

rates a v a i l a b l e  from the  R E S  led t o  an opera t iona l  sequence i n  

which three of t h e  fou r  b a t t e r i e s  were connected t o  the  Lander 

d i s t r i b u t i o n  buses while t he  f o u r t h  b a t t e r y  was switched t o  the  

charge bus. 

The t h r e e  b a t t e r i e s  that are connected t o  the load bus perform 

a load l eve l ing  funct ion.  They supply power only when the  demand 

exceeds the  R E  capab i l i t y .  

whatever power is  ava i l ab le  from the RTGs. 

uses  a combination of vo l tage  and temperature or t i m e  t o  con t ro l  t he  

end-of-charge. A t i m e  span of one hour was se lec ted  f o r  t h e  sequen- 

t i a l  charge regime. I f  the  ba t t e ry  reached the  vuitagz-temperature 

end of charge cri teria during t h i s  time span, t h e  charge was termin- 

a ted.  Houever, t h e  b a t t e r y  remained connected t o  the  charge bus 

u n t i l  t h e  end of the  one-hour period. A t  t h a t  t i m e ,  the cauputer 

switched the  b a t t e r y  t o  the  load bus and replaced it with one of t h e  

three tha t  were, feeding t h e  load bus. I n  t h i s  manner each b a t t e r y  

was connected t o  the load bus f o r  t h ree  hours and then switched t o  

the  charge bus f o r  one hour ( i f  required)  for recharging. The upper 

curve i n  Figures  I V - 3  and N-4 shows t h e  v a r i a t i o n  i n  ba t t e ry  energy 

a v a i l a b l e  during t h e  landing phase and f o r  a typ ica l  day on the  

Mars surface.  

are required t o  cmpleze ly  recharge t h e  batteries a f t e r  heavy load 

periods.  

Redundancy 

The fourth b a t t e r y  is charged using 

The recharge sequence 

It can be seen from t h i s  da t a  t h a t  severa l  cyc les  

A redundancy ana lys i s  was made t o  determine the impact on the  

mission Capab i l i t i e s  due t o  the  loss of b a t t e r y  capaci ty .  

r e s u l t s  of t h i s  ana lys i s  were used i n  s e l e c t i n g  the  number of 

b a t t e r i e s .  The i n i t i a l  load ana lys i s  defined a requirement €or  

24 A-h. (32 A-h with 75% depth-of-discharge t o  meet t he  worst- 

case mission requirements which occurs during deorb i t  coas t  and 

terminal  descent . )  

t o  2 . 5  h r  (nominal mission) the  mission ob jec t ives  could be m e t  

with 18 A-h of capaci ty  while s t i l l  maintaining the  75% depth-of- 

I V - 8  
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discharge l imi t a t ion .  

divided i n t o  four 8 A-h b a t t e r i e s ,  the Mars lending could be  accom- 

plished and t h e  90 days of landed opera t ion  c m p l e t e d  vLth the loss 
of one ba t t e ry .  

of an 8 A-h cell based on the  charge rates a v a i l a b l e  from t he  RTGs. 

Thio ind ica ted  that i f  the  32 A-h were 

This a n a l y s i s  w a s  cons i s t en t  with t h e  se l ec t ion  

3. Sterilization 

Heat s t e r i l i z a t i o n  of t he  components and L?e assembled Lander 

vehic le  a f t e r  ground checkouts were completed and the veh ic l e  w a s  

ready f o r  i n s t a l l a t i o n  on the  launch pad w a s  requi red .  

i z a t i o n  a t  temperatures between 111.6 and 123.3OC with exposures 

ranging from 40 t o  54 h r  w a s  required f o r  the  Lander and its com- 

ponents. 

purpose w a s  t o  eva lua te  var ious  electrochemical  couples and mate- 

rials and f i n a l l y  select one f o r  use i n  t h e  Lander b a t t e r i e s .  

S t e r i l -  

This requirement l ed  LJ a development program whose 

4.  Environmental Constraints  

The b a t t e r y  s torage  and opera t ing  temperature extremes were 

derived from the earth-induced environments, i n t e rp l ane ta ry  space 

environments, and f i n a l l y  Mars o r b i t a l  and su r face  environments. 

Temperature extremes of 0 t o  4OoC were es t ab l i shed  t o  cover the  

var ious mission phases. 

a composite environment which included the  launch, Mars en t ry ,  

and t h e  landing phase. 

given i n  Sect ion V, Table V-5 and Figures V-39 th ru  V-41. 

Dynamic environments were der ived using 

The environmental test requirements are 

5. Spacecraf t  Physical  Cons t ra in ts  

The b a t t e r y  configurat ion was determined from the  space ava i l -  

ab l e  on the Lander f o r  i n s t a l l a t i o n  and the  method used t o  d i s s i -  

pa te  the  h e a t  produced during charge and discharge.  

ava i l ab le  f o r  i n s t a l l i n g  b a t t e r i e s  w a s  2.86 x l o4  cm3 (1750 in .  3 ) .  

The i n s t a l l a t i o n  area w a s  loca ted  i n  a compartment thermally 

i s o l a t e d  from space. Heat losses during charge o r  discharge could 

not  be d i s s ipa t ed  i n t o  space but  had t o  be conducted i n t o  the  

Lander s t r u c t u r e .  

heat  produced during charge and discharge could be conducted 

through the  b a t t e r y  case i n t o  the  mounting s t ruc tu re .  

The volume 

This d i c t a t e d  a packaging design i n  which the  
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6 .  

C. 

Battery Requirements 

The b a t t e r y  requirements, t h a t  were developed as a r e s u l t  of 

the mission c o n s t r a i n t s  and Lander requirements discussed i n  t h e  

previous paragraphs are summarized as follows. 

Energy : 944 W-h 

Capacity : 32 A-h 

Depth-of-Discharge : 75% maximum 

Charge Rate: C/10 nominal 

Thermal Control: Passive-heat conduction i n t o  

C e l l  Size:  8 A-h 

the  Lander s t r u c t u r e  . 
PROGRAM SCHEDULE AND MILESTONES 

Figure IV-5 shows the Viking program span with the  schedule 

of key milestones t h a t  s i g n i f i c a n t l y  influenced b a t t e r y  develop- 

ment. The schedule shows the  start d a t e  f o r  the Ag-Zn c e l l  

development e f f o r t ,  t he  i n i t i a t i o n  of a backup nickel-cadmium c e l l  

as the  prime candidate when the  mission w a s  rescheduled t o  a 

1976 landing. Bat te ry  f a b r i c a t i o n  and de l ive ry  requirements t o  

support  the  Lander acceptance test schedule and t o  meet the  

September-October 1975 launch windows were as shown. 

Major NIl*sron*s 1969 

Sllver-Zlnc Crl! Evaluation - 
Nlckcl-Cadmium Cell Ev. luat lm 

Prototvpe T e a r  P r o a r m  (Cell and Battery) 

Deslqn bve lopment  Trsts tccll end Rsrtcry) 

Test Support  Battrrles 

Cell Y r t r h l n (  

Rat tery  rabrlcacton 

Fllght B a t t e r y  

Cel l  Mdlchlng 

Batterv Fabr tca t lnn  and Acccptmce  Tent 

In~tallrtian and Te*t 

Laiin'h 

In-F1 l g h l  1 h e < k n u t  

narq q'rbtr  and E n t r v  

Mars 5uri.gc e U p e r a r l o n . i  

Miss ion  clrmilatlon R a t t e r v  T C * ~ I ~ #  

l C l l  l w l l , e 7 l e "  

1970 - 
Ccl 
- 1911 1972 1973 197b 1975 1976 

11 CnR 

Figure IV-5 B a t t e r y  Pr0g:wm ScheduZe 
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A. CELL CANDIDATES AW EARLY DEVELOPMENT EFFORT 

This sec t ion  presents  a summary of t he  i n i t i a l  development 

e f f o r t s  Martin Marietta made t o  evaluate electrochemical  sources  

f o r  poss ib l e  use 03 t he  Viking Lander. 

t o  subs t an t i a t e  t h e  f i n a l  s e l e c t i o n  of the  nickel-cadmium cel l  

f o r  t h e  Lander ba t t e ry .  

Rat ionale  are presented 

1. Silver-Zinc C e l l  Development 

The i n i t i a l  b a t t e r y  cell development e f f o r t  cons is ted  of a 
program t o  design, f a b r i c a t e ,  and test sea led  h e a t - s t e r i l i z a b l e  

s i lver -z inc  (Ag-Zn) cells. This program w a s  awarded t o  Electric 

Storage Bat tery Incorporated (ESB) i n  1969. ESB w a s  required 

t o  f a b r i c a t e  and test 180 cells and t o  supply 100 cells t o  

Martic Marietta f o r  t e s t ing .  

was i n i t i a t e d  because of the  severe weight l i m i t a t i o n  f o r  t he  

Lander electrical power system. 

The AgZn ce l l  development program 

The i n i t i a l  ESB design cons is ted  of a 30 A-h sea led  ce l l  (Model 

No. 387) which used s ix  p o s i t i v e  and seven negat ive plates. 

cel l  case and covers were fab r i ca t ed  from polyphenlene oxide. Furane 
Epocast 31B with 9216 c a t a l y s t  was used t o  seal the  cover and ex- 

t e r i o r  "0" r i n g s  on the  terminals. 

the  cell  terminals were f i l l e d  with Isochem 911B/91lA epoxy. 
rad ia ted  polypropylene w a s  used as a p o s i t i v e  p l a t e  absorber. 

When the mission dura t ion  was extended and the  cells  were re- 
quired t o  meet a 22-month s e r v i c e  l i f e ,  a manganese-dioxide treat- 

ment was given t o  the  separa tor  material t o  f i l l  the  overs ize  pores 

t o  reduce the s i l v e r  migration rate. 
manganese-dioxide treatment were designated Model 390 cells. 

The 

The i n t e r i o r  recesses f o r  

Ir- 

The cel ls  t h a t  received the  
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The th ree  major areas of concern assoc ia ted  wi th  t h i s  program 

were : 
Cycling and Li fe  Capct?<Zity - The i n i t i a l  b a t t e r y  requirements 

included s ix  cyc les  a t  70% depth-of -discharge dur ing  checkout 

be fo re  Mars landing and 100 cycles a t  20% depth-of-discharge 

a f t e r  landing. 

b a t t e r y  s to rage  and 11 months of prelaunch checkout and inter- 

p lane tary  c ru i se .  

Landed opera t ion  occurs a f t e r  two months of 

Ster i l i za t ion  - The cel ls  w e r e  prepared f o r  s t e r i l i z a t i o . 1  

by discharging u n t i l  an open c i r c u i t  vo l t age  of 0.2 t o  0.9 V 
was reached. 

of up t o  180 h r  w a s  performed during t h e  eva lua t ion  t e s t i n g .  

S t e r i l i z a t i o n  a t  temperatures of 135OC f o r  per iods  

Development Program - A l imi t ed  t i m e  span f o r  a development 

program ex i s t ed  s i n c e  t h e  Electrical Power System Design review 

w a s  i n i t i a l l y  scheduled f o r  June of 1971 when a dec i s ion  on t h e  

s e l e c t i o n  of a b a t t e r y  ce l l  was required.  

The major problems t h a t  were encountered dur ing  the  develop- 

ment program were as follows: 

Leaks - Numerous problems were encountered with developing 

r e l i a b l e  seals between the  cell  l i d s ,  case, and terminals.  Leaks 

were experienced both before  and a f t e r  s t e r i l i z a t i o n .  

Pressure  - Excessive pressure  was experienced when t h e  b a t t e r i e s  

Pressures  ranging from 344 t o  were charged following a t e r i l i z a t i o n .  

413 kPa (50 t o  60 psig) were developed dur ing  t h e  formation charge 
following t h e  140 h r  exposure t o  135OC temperature. 

t h i s  pressure included: 

1) 

2) 

Sources fo r  

Gassing of r e s i d u a l  amines f r a n  epoxies; 

Procedural problems during t h e  bakeout cyc le  a t  t h e  ce l l  manu- 

f a c t u r e r  during f ab r i ca t ion ;  and 

3)  Fundamental degradation of c e l l  materials ( separa tor ,  case, e t c )  . 
Weight Loss - C e l l  weights before  and a f t e r  s t e r i l i z a t i o n  

were compared. This comparison showed a t y p i c a l  loss of four 

grams during s t e r i l i z a t i o n .  This was a t t r i b u t e d  t o  the  po ros i ty  
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of the  polyphenylene-oxide c e l l  cases, and r e s u l t e d  i n  water 

l o s s  through the case material during high temperature exposure. 

2.  - Nick.el-Cadmium C e l l  Development 

Due t o  the  problems encountered wi th  the  development of  t he  

Ag-Zn c e l l ,  a backup program w a s  i n i t i a t e d  t o  develop a s t e r i l i z a b l e  

nickel-cadmium C P ~ .  

s t a t u s  when the  program was redefined and t h e  launch d a t e  changed 

from 1973 to 1975. The major f a c t o r  considered i n  t h i s  dec i s ion  

was the i n a b i l i t y  of t h e  Ag-Zn c e l l  t o  perform s a t i s f a c t o r i l y  

a f t e r  s t e r i l i z a t i o n ;  however, t he  program r e d e f i n i t i o n  a l s o  

increased the  operat ing l i f e  requirement of t he  b a t t e r i e s  from 

14 t o  22 m n t h s .  The longer l i f e  requirement r a i s e d  some doubt 

as t o  whether the Ag-Zn c e l l s  could b e  q u a l i f i e d  t o  meet t h i s  re- 

quirement. 

i n  September of 1971. 

Two supp l i e r s  (General E lec t r ic  and Eagle Picher)  were placed on 

The nickel-cadmium c e l l  was given primary 

The Xg-Zn ce l l  development e f f o r t  w a s  f i n a l l y  cancel led 

cont rac t  t o  perform the  following nickel-cadmium ce l l  development 

t a sks  : 

1 )  

2) Perform eva lua t ion  tests and cvnfirm the  c a p a b i l i t y  of t h e i r  

Evaiuatz and select a separa tor  material; 

designs t o  perform s a t i s f a c t o r i l y  a f t e r  s t e r i l i z a t i o n ;  and 

3) Manufacture and de l ive r  188 cel ls  t o  Martin Marietta 

f o r  ev i lua t ion  i n  a prototype tes t  program. 

The nickel-cadmium c e l l  development. program was or ien ted  

toward developing a hea t - s t e r i l i zab le  c e l l  t h a t  would meet the  

requirements discussed i n  the  previous sec t ions .  

Both ce l l  manufacturers performed eva lua t ion  tests on candidate  

separator  materials. 

the  prototype cel l .  General Elecltric later qua l i f i ed  WEX1242 which 

was produced by t h e  General Ani l ine  Film Corporation (GAT) as a back- 

up separator  material. However, no c*.ells were fab r i ca t ed  using t h i s  

material f o r  t he  prototype tes t  program. 

Both manufacturers se lec ted  Pe l lon ' s  FT2 140 f o r  

Separator s e l ec t ion  c r i t e r i a  genera l ly  consisteci of determining 

whether the material would survive the high temperature exposure 

required and s t i l l  r e t a i n  the  proper t ies  neceqsary t o  a c t  a s  an accep- 

t a b l e  separa tor .  Some of the mure s i g n i f i c a n t  proper t ies  evaluated 
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were w e t t a b i l i t y ,  dimensional s t a b i l i t y ,  and degradation i n  a 
potassium hydroxide environment a t  e levated temperatures (135OC) 
for long dura t ions  (200 h r ) .  

"he vendors performed nuuerous tests t o  optimize the  ce l l  de- 

s ign.  

evaluat ion were oxygen recombination rates, negat ive precharge 

adjustment, and t h e  quant i ty  of e l e c t r o l y t e  permissible .  

General Electric d e t e r L  ,,, i t h a t  a ,ieat treatment increa:. i 

Three of t h e  i n t e r r e l a t e d  parameters t h a t  required 

t h e  w e t t a b i l i t y  c h a r a c t e r i s t i c  of polypropylene separa tor  

mater ia l .  They modified t h e i r  c e l l  manufacturing process se- 

quence t o  take advantage of t h i s  c h a r a c t e r i s t i c .  A special heat  

treatment process cons is t ing  of subjec t ing  the  cells t o  a 

temperature of 125OC f o r  20 h r  w a s  added during the f i n a l  s t a g e s  

of assembly and test. 

Following the hea t  treatment,  t he  cel ls  were overcharged 

and the f i n a l  e l e c t r o l y t e  quar.tit:r adjustment made. ?he negat ive 

precharge adjustment was then -de and the  cells were prepared for 

f i n a l  acceptance t e s t i n g .  An a d d i t i o n a l  b e n e f i t  was obtained 

from t h e  hea t  treaLsent process.  It was found t h a t  t h e  allowable 

quant i ty  of e l e c t r o l y t e  was increased by 1.5 t o  2 ccs. 

The e f f e c t s  of s t e r i l i z a t i o n  were evaluated f o r  t he  following 

ce l l  conditions:  (1) discharged and shorted,  ( 2 )  open c i r c u i t  

discharged, and (3) charged. 

was eliminated due t o  the  lax-,.;. of l o s s  i n  capaci ty  and physical  
damage t o  the  p l a t e s .  Eagle i'lcher reported a 15 tc 20% l o s s  

i n  capaci ty  when cells were s . - r i l i z e d  i n  the  discharged shorted 

condition. L i t t l e  o r  no capa:Lty loss was experience? when eacn 

c e l l  was t o t a l l y  discharged with a one-ohm load p e r  c e l l  for 

24 hr and then s t e r i l i z e d  i n  r l . :  open c i r c u i t  condi t ion.  I n  

some cases,  a small increase if; capaci ty  was obtained a f t e r  

s t e r i l i z a t i o n .  This increase  %..IS p a r t i a l l y  a t t r i b u t e d  to  t h e  

reconditioning (deep dischargt. I before  s t e r i l i z a t i o n .  T h e  c e l l s  

exhibi ted an elevated charge v;i tage p r o f i l e  during the f i r s t  

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

ra te  LV prevent excessively hi;.h vol tages .  The charge r a t e  was 

increased to  a C / l O  r a t e  a s  ti:e c e l l  design parameters ( i . e . ,  

e l e c t r o l y t e  quant i ty  and precl!.irge l e v e l )  were developed. 

I. t e r i l i  z a t i o n  of chargtzd c e l l s  

E - r l y  charging was done a t  a C f 1 5  

The 
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B. 

high vol tage condi t ion a f t e r  s t e r i l i z a t i o n  was a t t r i b u t e d  t o  changes 

i n  the  e l e c t r o l y t e  d i s t r i b u t i o n ,  which were caused by t h e  high t e m -  

peratures .  Cycling gradual ly  corrected t h i s  condi t ion  and t h e  cel l  

perf onnance rever ted  t o  normal. 

Based on t h e  vendor t es t  r e s u l t s ,  t h e  deep discharge open c i r c u i t  

condi t ion was selected f o r  t he  b a t t e r y  s t e r i l i z a t i o n  procedures. 

PROTOTYPE CELL AND BATTERY TEST PROGRAM 

The cel ls  t h a t  were del ivered by each vendor were placed i n  a 

prototype ce l l  and b a t t e r y  evaluat ion program. 

summarized i n  Figures  V-1 and V-2. 

gram were as follows: 

1 )  

Test  plans are 
The basiL g o a l s  of t h e  t es t  pro- 

Evaluate vendor designs and select a suppl ie r  f o r  t he  sabsequent 

production bu i ld ;  

Determine procedures and techniques necessary t o  sterili:?e 

nickel-cadmium cel ls  and b a t t e r i e s ;  

Deterniine performance c h a r a c t e r i s t i c s  before  and a f t e r  s teri l i-  

za t ion ;  

2) 

3) 

4>, Determine c a p a b i l i t )  of cells  t o  survive dynamic environmental 

exposures ; 

5) Evaluate c a p a b i l i t y  of ce l l s  t o  accept f l o a t  ( t r i c k l e )  charging 

a t  low rates; 

6) Deternine thermal c k a r a c t e r i s t i c s ;  

7) Determine c a p a b i l i t y  f o r  prov4ding 200 50% depth-of-discharge 

cycles  a t  both 4.4 and 26.7OC; and 

Evaluate prototype t s t t e r y  design during nxposure t o  s t e r i l i -  

z a t i o n  and dynamic tnvironments. 
8) 

/ 

e .  . 
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lo Cycles Tr i ck le  Charge 
80 days - C/160 
26.7OC b 

loo% M)D 

b 
Discharged 
Stand 5 months 
21. 1 ° C  

lo + b loox c1n 

c 
100% WD S ter  i l i z a t  tor! 80 days - C160 

200 hr 
10 Cycle 125OC 

; 

Conditioning S t e r i l i z a t i o  
Charge + 

10 Cycles 
100% WD + 6o hr 50 Cells 125°C 

Discharged 
Stand 6 manths 
21.1"c 

P 

c * 
Discharged 

L+ 100% DOD 
b A 

2oo Cyc1es? Note: DOD = depth-of- 
50% DOD j I] discharge  Stand 8 months 

2 1 . 1 O C  4 and 27'C 

Figure V-1 Prototype Cell  Test Plm 

1. 

'The following paragraphs smmarize the  s i g n i f i c a n t  r e s u l t s  

of t h i s  program. 

Eagle Picher Cell  Evaluation 

The Eagle Picher prototype ce l l  ezpbrienced high end-of-charge 

vol tages  and pressure buildup. 

t h a t  t he  c e l l s  must Le capable of accept ing charge a t  a C / t O  rate 

for  15  hr before s t e r i l i z a t i o n ;  however, the  c e l l  vol tages  

increased r a p i d l y  i n  the 11.5- t o  1 2 . 5  h r  t i m e  range t o  g rea t e r  

The c e l l  s p e c i f i c a t i o n  required 
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than  1.5 V. C e l l  cases  began t o  bulge and pressures  exceeded t h e  

capab i l i t y  of the  pressure  gages (1.1 MPa) . Vendor tes ts  showed 

that the  a c t u a l  presbure was i n  the range of 4.1 MPa (600 ps ig) .  

This  pressure decayed t o  zero during t h e  subsequent open c i r c u i t  

stand (24 t o  48 hr ) .  

9 

10 Cycles 
100% DOD 

Fabr ica te  One ' 
48-Cell Bat tery I, 60 h r  a t  I, 

125°C 

64 Cells 
Matching T e s t  -b . . 

4 

10 Cycle8 
100% DOD 

Discharged 10 Cycles Stand 5 months -b ,,OD 
a t  21.1"C 

- 
r m c  

Discharged Cycles D i s c k r g e d  
Stand 6 months + Stand 8 months 100% DOD * 

- .  

Note: DOD = depth-of-discharge 
10 Cycles Eavironmen t a l  
100% DOD Tes t s  

20C Cycles 
50% Do3 
21. 1 ° C  

Figure V-2 Prototype B a t b r y  Test; P l a n  

21.1OC 21. 1 ° C  i 3  A 

The pressure decay indicated t h a t  oxypen was the  gas  .generated 

and over a period of time the gas recombined a t  t he  negative plates. 

The f a c t  t h a t  t h e  oxygen d i d  not recombine r ap id ly  was a t t r i b u t e d  

t o  too  much e l e c t r o l y t e  i n  the  cells.  

supported by the  high vol tage a t  the  end-of-charge which i s  t y p i c a l  

of flooded vented cells  where the cadmium e l e r t r o d e  is  reaching f u l l  

This conclusion was a l s o  

charge. v-7  

10 Cykles 
100% DOD 

48 ce118 
Fabricate  One + 
Battery Assembly 

S t e r i l i z e  S t e r i l i z e  
lo -b 200 h r  a t  100% DOD 

60 h r  a t  -b -, 
125°C 135OC 

h i  
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The ce l l s  were subjected t o  t h e  60-hr s t e r i l i z a t i o n  a t  125OC and 

then charged t o  determine i f  s t e r i l i z a t i o n  had any e f f e c t  on the  

end-of-charge vol tage  and oxygen recombination rate, The charge 

after s t e r i l i z a t i o n  was t c r d n a t e d  e a r l y  due t o  high vol tages .  

was decided t o  continue w i t h  t h e  200-hr s t e r i l i z a t i o n  a t  135°C t o  

determine i f  t he  a d d i t i o n a l  high temperature exposure would fac i l i t a te  

improved e l e c t r o l y t e  absorpt ion and d i s t r i b u c i o n  and would improve 

oxygen recombination. 

cell performance. A t  t h i s  po in t  t h e  Eagle Picher ce l l  t e s t i n g  was 

terminated u n t i l  new cells could be fabr ica ted  with less e l e c t r o l y t e .  

Ir. 

This  a d d i t i o n a l  exposure f a i l e d  t o  improve t h e  

Concurrent with t h e  cell  testing, two prototype b a t t e r y  assemblies 

were fabr ica ted  using t h e  Eagle Picher cells .  

was scheduled f o r  s t e r i l i z a t i o n  followed by dynamic environmental 

t e s t i n g .  The o ther  was placed i n  electrical charac te r iza t ion ,  s t - T i -  

l i z a t i o n ,  and l i f c  test  program. 

The s t e r i l i z a t i o n  por t ion  of t he  test program was completed but  the 

One b a t t e r y  n,ssembly 

following problems were noted. 

1) The b a t t e r y  assembly base p l a t e  wr.rped during exposure t o  heat. 

This probl:m w i l l  be discussed i n  subsequent paragraphs LA: t h i s  

sect ion;  

Similar problems with high pressures  and vol tages  a t  t h e  end-of- 

charge were experienced :crith the  b a t t e r i e s  as nich t h e  cel ls .  

As a r e s u l t  of thece pri!.-lems, t he  Eagle Picher ce l l  evaluat ion 

2) 

was te rmina ted  and t h e  prototype tes t  program continued with only the 

General Electric cells .  Eap ie Pichar continued a n  in-house devel:.~,:.nient 

e f f o r t  on t h e  nickel-cadmiur:. c e l l  t o  provide a second source f o r  t h e  

Viking program. 

Picher t o  determine an optir*,.:.. quant i ty  of e l e c t r o l y t e  and t o  e l iminate  

the  pressure problems. This e f f o r t  was successful ly  concluded by 

Eagle Picher and they were d,*aignated a s  a second source f o r  the b a c t e r y  

c e l l s .  

Addit ional  n e l l s  were fabr ica ted  and t e s t ed  by Eagle 
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2. General E l e c t r i c  C e l l  Evalutiaa 
One signif icant  a n a l y  vu i d e n t i f i d  hrhg the electrical 

cycling and s t e r i l i z a t i o n  testisg of Geaeral E l e c t r i c  prototype 

cellr~. After the 200-lar s t e r i l i z a t i o n  a t  13S°C, o ~ t  cell d i b i t e d  

high voltage i d h t e l y  upon start-of-chaqp, 
n-lly before ami after sterilirrrtioa for 60 

high voltage during charge i p d i u t e d  an increase in internal cell 
impeairnce vhich suggested an abnormal internrl cell dryms8, A 
c&ricel leak check conflraed tbat the crll had exper&& QO 

e lec t ro ly te  leakge. 

The cell was returned t o  General E l e c t r i c  t o  detemine the nature 
of tbe problem. A small hole was d r i l l e d  near to the top of the cell 
a d  a small quantity of e lec t ro ly te  was introduced. Subsequent elec- 
trical performance of the cell was n o m l .  This confirmed that-the 

quantity of e lec t ro ly te  of t l d s  cell was marginal, 

me cell perfoamed 
a t  ~ZS'C. =e 

General Electric caaducted an e lec t ro ly te  quantity investigation 

of a l l  cells that had been delivered. A camparison was made of dry 

el l  migh t  and w e t  cell weight to  deternine e lec t ro ly te  quantity. 

Fourteen cells were ident i f ied  as having a lau e lec t ro ly te  quantity; 

hawever, of the 14 cells only one exhibited any abnoxmal cbaracter- 
istics during tes t ing  at Wattin Harietta. 

The cause f a r  the low e lec t ro ly te  quantity was traced t o  a pro- 

cedure in which the e lec t ro ly te  quantity is either added or removed 

t o  adjust  the operating pressure t o  a nominal 137.9 kPa (20 psig) 

during overchargc, In t h i s  case, too m c h  e lec t ro ly te  was removed. 

As a r e z u l t  of this investigation, the min-m allowable e lec t ro ly te  

quantity was set a t  27.93 grams of 34% KOH. Cells with less than 
27.93 grams were to  be rejected. 

3. Electrica 1 Characteristics 
I n  addition t o  the  s t e r i l i za t ion ,  t r i ck le  charge and l i fe  tests 

were performed t o  fur ther  cL-aracterize the prototype cell e l e c t r i c a l  

performance a t  various charge and discharge rates over the  predicted 
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where 

VOC YBS the cell open circuit volt.ge. 

VL w a s  the cell voltage a t  8 10 A load. 

The ESR was f d  t o  be nearly constant at  0,005 obs up t o  8oX depth- 

of-discharge a d  also only s l i g h t l y  depcldent on teqerature. 
The -in objective of the electrical c h r r c t e r i z r t i a n  tests was 

t o  es tab l i sh  the ed-of-charge voltage versus temperature cutoff 

a i te r ia  over a tesperature range from 4 t o  32OC. These data were 
obtained by subjecting two 24-cell  prototype batteries to 8 series 
of charge-discharge cycles using an end-of-charge voltage that varied 

froat 33.5 t o  36.5 V, Data were obtained at 10 d i f f e ren t  voltages 

over this raqge. Charging was performed a t  C/40, C / U ,  C/10, C/7.2, 

and C/5.3) f o r  each of the 10 end of charge voltage limits. 

discharb. t o  a end-of-discharge voltage of 27 V was used t o  determine 

t h e  state of charge achieved f o r  each test condition. 
charge voltage versus temperature criteria is shown in Figure V-8 
f o r  a charge rate between C/10 and C/7.5. 

A C/2 

The e d - o f -  

4. Trickle Charging 

Trickle charging was proposed fo r  the t ime during Mars orb i t a l  

operation when the ba t t e r i e s  must be maintained in a charged condition. 

Thus, the e f f ec t s  of t r icker  charging on cell capacity were evaluated. 
v- 10 
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The primary concern with the  trickle charge d e - o f - o p e r a t i o n  

was t h e  loss in ava i l ab le  capac i ty  due to  a depressed vol tage  

(secoad plateau)  during discharge.  

capable of supplying energy to a 75% depth-of-discharge during 

t h e  en t ry  and landing phase, the l o s s  in capaci ty  due to extended 

per iods of f l o a t  charging vas a major concern i n  p red ic t ing  

t h e  ava i l ab le  energy. 

Since t h e  b a t t e r i e s  must be 

Trickle charging at  rates between C160 and C140 hod been 

evaluated by the aerospace indus t ry  t o  support  synchronous o r b i t  

operat ions;  however, the i n a b i l i t y  to  reject l a r g e  amounts of 

hea t  from the  i n t e r i o r  of t h e  Lander prohib i ted  the use of these  

rates and l e d  to t h e  selection of a Duch laver C1160 trickle 
charge rate. 

Two groups of cells were placed on trickle charging af te r -be-  

ing charged and discharged to determine t h e i r  init ial  char- 

a c t e r i s t i c s .  The two sets of cells were t e s t ed  as follows: 

S e t  1, T e s t  A) 

Se t  2, TQst  A) 
Se t  1, T e s t  B) 

10 cells at (21.loC), C/160 (50 mA) charge rate; 
10 cells a t  (26.7OC), C/160 (50 m4) charge rate; 

10 cells a t  (21.1"C), C/60 (130 mA) charge rate. 

T e s t  B f o r  the f i r s t  set of cells vas performed a f t e r  T e s t  A. 

test dura t ion  w a s  set at  80 days. 

Mars o r b i t  and 30 days before  Mars o r b i t  i n se r t ion .  

t i o n  of each of the  t r i c k l e  charging tests, *he cells were d i s -  

charged t o  1.16 V per  c e l l  (Lander lower bus vol tage  l i m i t )  t o  

determine the  amount of ava i l ab le  capac i ty .  Several  cyc le s  of 

C / l O  charge f o r  16 h r  followed by a C / 2  discharge t o  approxi- 

mately 1.16 V were performed to  i d e n t i f y  changes in the  c e l l  

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

on the  sixth cycle  a f t e r  t r i c k l e  charge t e s t i n g  t o  determine i f  a 

second plateau ex is ted  and t o  recondi t ion the  c e l l s .  

The 

This w a s  based on 50 days i n  

A t  t h e  comple- 

The cells i n  T e s t  A were discharged t o  0.6 V 

Individual  cell  vol tages  were measured near the  end of each of 
t h e  t r i c k l e  charges t o  determine t h e  spread i n  vol tage among 
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each group of 10  cells. These 

d a t a  show t h a t  the  comparable cell vol tages  were obtained from the 

C/60 and Cll60 trickle charge tesw a t  t h e  21.1.C test temperature. 

The average c e l l  voltage a t  t h e  26.7"C f l o a t  temperature w a s  
0.03 V lower than t h e  test data obtained from t h e  21.1.C test. 

These data are shown i n  Table V-1. 

Typical charge-discharge curves are shown in Figures V-9 

through V-14 to illustrate how t h e  cel i  electrical c h a r a c t e r i s t i c s  

changed as a result of t h e  trickle charge f o r  80 days. 

charge vol tage  d a t a  i n  Figure V-9 show a f i w - a r i l l i v o l t  reduc- 

t i o n  in voltage a f t e r  the trickle charging as compared to t h e  

p r e f l o a t  test data. The discharge c u m 8  in Figure V-10 show 
approximately a 2O-mV reduct ion i n  discharge vol tage  f o r  t he  f i r s t  

discharge a f t e r  t h e  f l o a t  charging. Howemr, t h e  t h i r d  dis- 

charge a f t e r  f l o a t  shows that t h e  vol tage  recovered to  the pre-  

f?-oat l e v e l  f o r  the f i r s t  half of t h e  discharge dura t ion  and 

then exhibi ted a lower vol tage  claracteristic f o r  t he  ramainder 

of t h e  discharge. 

vol tage of 0.6 V t o  recondi t ion  them and t o  i d e n t i f y  t h e  ex ten t  of 

t h e  second plateau. 

ampere-hour capaci ty  and discharge vol tage  a f t e r  t h e  recondi t ioning 

discharge. 

was obtained. 

m i l l i v o l t s  over t he  p r e f l o a t  test level and t y  10  to 15 mV above 

t h e  vol tage on discharge immediately a f t e r  f l o a t .  

d a t a  i n  Figure V-9 show a corresponding increase  i n  charge t i m e  

before  t h e  overcharge condi t ion w a s  reached f o r  t h e  charges a f t e r  

reconditioning. 

The 

This discharge w a s  continued down t o  a cell 

The cells exhibi ted an increase i n  both 

Approximately one ampere-hour of add i t iona l  capac i ty  

The c e l l  vo l tage  increased by approximately f i v e  

The charge vol tage 

The i n i t i a l  discharge a f t e r  t h e  f l o a t  period f o r  t h e  26.7OC 

test (Fig. V-11) a t  a C/160 rate provided a capaci ty  of 11 
A-h. 

The f i r s t  discharge was a t  a depressed vol tage  which recovered 

on subsequent discharges.  During t h e  f i r s t  charge a f t e r  f l o a t  

(Fig. V-12). t he  c e l l s  exhibi ted a roducsd vol tage p r o f i l e ;  

however, t he  subsequent charges were t y p i c a l  of nickel-cadmium 

c e l l s .  

t h e  capaci ty  obtained from the  cells a f t e r  t h e  recondi t ioning 

that was performed as a p a r t  of t he  21.1OC t e a t .  

Subsequent discharges provided only 10.4 and 10.1 A-h. 

The capaci ty  a f t e r  t h e  f l o a t  test was comparable t o  
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The (C/60)  t r i c k l e  charge test (Fig. V-13) produced the  l a r g e s t  

capaci ty  (11.5 A-h) during t h e  first discharge af ter .  t r i c k e l  charg- 

ing; however, t h e  C/60 test a t  26.7OC provided a a i i g h t l y  lower 
capaci ty  with a lower discharge voltage.  5 c  increased capaci ty  

was a t t r i b u t e d  t o  the recondi t ioning performed on t h e  cells before 

t h e  start of t he  C/60 float test. 

It w a s  concluded as a result of these  tests, that t h e  C/160 

trickle charge rate w a s  adequate t o  keep t h e  b a t t e r i e s  f u l l y  

charged over a temperature range of 21.6 to  26.7OC. 

5. C e l l  S t e r i l i z a t i o n  

As shown i n  Figure V-1, s t e r i l i z a t i o n  tests at the cell l e v e l  

The initial test w a s  performed on 
Following t h e  hea t  exposure, t he  

were performed i n  two s teps .  

50 cells a t  125OC f o r  60 h r .  

c e l l s  were charged and discharged f o r  10 cycles  using a 100% 

depth-of-discharge (discharge terminated a t  a cell vol tage  of 

1.0 V) to i d e n t i f y  any changes to  the  cell c h a r a c t e r i s t i c s  

and t o  determine i f  t h e  changes were permanent o r  sub jec t  t o  

changes by cycling. Following the  60-hr hea t  exposure, t h e  

c e l l s  were divided i n t o  groups of 20 and 30 cells. 
group was s t e r i l i z e d  f o r  200 hr  a t  125OC.  

was s t e r i l i z e d  f o r  200 h r  a t  135OC.  After  s t e r i l i z a t i o n ,  t h e  

c e l l s  were aga in  cycled t e n  times using a C/10 charge rate f o r  

16 h r  and a C/2  discharge rate t o  a c e l l  vo l tage  of 1.0 V. 

Figure V-15 contains  t h e  charge vol tage  p r o f i l e  f o r  t he  pre- 

s t e r i l i z a t i o n  charge and the  charge a f t e r  each of t h e  s t e r i l i z a t i o n s .  

Figure V-16 shows similar da ta  f o r  t h e  discharges.  

show some l o s s  i n  capab i l i t y  t o  accept  a charge as shown by 

the  reduction i n  t i m e  required t o  reach an overcharge condi t ion 

An increaoe i n  vol tage,  especially at the  end-of-charge a l s o  

indicated t h a t  the  c e l l  impedance had increased. A gradual 

recovery from the  high vol tage condition8 was evident a f t e r  

repeated cyc l ing  which suggested t h a t  t he  problem may have been 
ZaUSed by a change to  the e l e c t r o l y t e  d i s t r i b u t i o n  which was 
corrected by cycl ing the c e l l s .  

The 20-cell 

The 30-cell group 

These d a t a  
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The conclusion reached as a r e e u l t  of the  ce l l  s t e r i l i z a t i o n  

t + ts ,  was t h a t  no s i g n i f i c a n t  degradation i n  capaci ty  was induced 

as a r e s u l t  of t he  260 h r  of exposure t o  the  high temperatures. 

Temporary increases  i n  vol tage  during charge were produced; how- 

ever ,  these vol tages  decreased gradual ly  a f t e r  cycl ing.  

It was concluded that the  o r i g i n a l  r e s t r i c t i o n  t o  a low rate 
(C/15) condi t ioning charge appl ied only a f t e r  t he  cells had been 

allowed t o  s tand i n  an i n a c t i v e  discharged condi t ion f o r  a long 

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

A C/10 charge rate could be used immediately 

The r e s u l t s  of these  tests, which included e t e r i l i z a t i o n  

dura t ions  fa r  i n  excess of that required f o r  t he  f l i g h t  hard- 

ware, proved t h a t  sealed nickel-cadmium cells b u i l t  wi th poly- 

propylene sepa ra to r s  would meet the Viking program s t e r i l i z a t i o n  

and performance requirements. 
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6 .  - Battery S t e r i l i z a t i o n  

Both t h e  General E l e c t r i c  and Eagle Picher b a t t e r i e s  were 

subjected t o  s t e r i l i z a t i o n  tests t o  eva lua te  the  b a t t e r y  design 

and materials. 

c h a r a c t e r i s t i c s  before  and a f t e r  s t e r i l i z a t i o n .  As shown i n  
Figure V-17,  t he re  is a s i g n i f i c a n t  increase. i n  the  c e l l  vo l tage  

during charging as compared t o  the  p r e s t e r i l i z a t i o n  charge da ta .  

This same z h a r a c t e r i s t i c  was noted during the  c e l l  s t e r i l i z a t i o n  

tests. 

discharge cyc les  a r e  accumulated on t h e  c e l l  during subsequent 

t e s t i n g .  

Figures V-17 and V-18 show t h e  b a t t e r y  e l e c t r i c a l  

This phenomenon tends t o  diminish as add i t iona l  charge/ 

The Eagle Picher b a t t e r y  exhib i ted  an abnnrmally nigh vol tage  

a f t e r  only 10 of t h e  16 h r  programmed f o r  charge during t h e  

f i r s t  charge a f t e r  t h e  GO-hr s t e r i l i z a t i o n  a t  125°C ( see  Fig. 

V-19). 

excessive cel l  pressure  was generated during charge. 

i n  bulging cases and deformed covers. 

Further tes t i r lg  on t h i s  b a t t e r y  was terminated because 

This r e su l t ed  
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7. Thermal Eff ic iency  Tes t s  
The design and material changes, such as t h e  use  of polypropp- 

l a n t  separator material and &e l imi ted  e l e c t r o l y t e  quant i ty ,  t h a t  

were made t o  accmmtdate the heat s t e r i l i z a t i o n  requirements of t h e  

Viking program resu l t ed  in changes t o  the cell electrical cbarac- 

teristics and e f f i c i e n c i e s  as compared t o  conventional sealed 

nickel-cadmium cells. 
posed b a t t e r y  design and the Lander s t r u c t u r e  were limited; therefore ,  

an accura te  asses-nt of the h e a t  l o s ses  produced during charge and 
discharge opera t ions  was required t o  provide t h e  capab i l i t y  t o  

accura te ly  p red ic t  the b a t t e r y  and Lander temperatures. 

progras was i n i t i a t e d  t o  eva lua te  the ins tan tanears  charge and d i s -  

charge thermal output and b c c  thermal and electrical e f f i c i ency  over 
a range of temperatures and charge rates. 
var ious  charge rates and temperatures f o r  t h e  test program. 

The hea t  r e j e c t i o n  c a p a b i l i t i e s  of t h e  pro- 

A test 

Table V - 2  sramnarizes t h e  

1 Discharge 
I Rate 

Tab2.e V-2  Teat Cmditions for Thermal Efficiency Tests 

End-o f -Charge 
Voltage, Vdc 

1.430 

1 . 4 3 1  

1.418 

1.428 

1 .469 

1 : 4 4 1  

1 .482 

1 .489 

1 .472 

c / 2  

c / 2  

c / 2  

c / 2 2  

c / 2  

c ;2  

c/ 2 

c / 1 0  

c / 2  
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The leathod se lec ted  f o r  performing the thermal e f f i c i ency  

tests d i f f e r s  from the conventional ca lo r ime t r i c  approach. 

s t ead  of allowing the  cell temperature to vary during the 

test (introducing a v a r i a t i o n  in e f f i c i ency) ,  t h e  test method 

used maintains t he  cell temperature to within rl°C by varying the  

rate at  vhich hea t  is renmvd o r  added to the cell during t h e  test. 
The r e s u l t i n g  data are then independent of temperature changes 

and represent  e f f i c i e n c i e s  f o r  a p a r t i c u l a r  test temperature 

throughout the  charge-discharge cycle.  

In- 

The data obtained are not t y p i c a l  of t he  usual performance 

condi t ions a nickel-cadmium b a t t e r y  is subjected to. 

are use fu l  in predic t ing  t h e  operat ing e f f i c i ency  i f  t h e  temperature 

and approximate state-of-charge is known. 
to  develop a thermal model of t h e  b a t t e r y  which was used i n  a 
computer program t o  p red ic t  t h e  Lander temperatures f o r  t h e  

var ious opera t iona l  modes. 

These d a t a  

These data were used 

Figure V-20 shows t h e  test conf igura t ion  which illustrates 

how t he  hea t  flow w a s  measured during t h e  charge-discharge phases. 

The tests were performed in a vacuum of 10’’ t o r r  t o  minimize 

conduction losses .  

H e a t  :low t o  or from t h e  test cell w a s  measured using hea t  

f l u x  sensors  which were ca l ib ra t ed  i n  b t u  f t 2  -hr. 

recorded on s t r i p c h a r t  recorders  and time co r re l a t ed  t o  t h e  

charge and discharge phases t o  f a c i l i t a t e  r e l a t i n g  t h e  measured 

hea t  l o s s  t o  the  state-of-charge of t h e  cell. 

Data were 

The system w a s  c a l i b r a t e d  by supplying a known quant i ty  of 

hea t  t o  the  cell and measuring t h e  hea t  flow through t h e  f l u x  

sensor’s while  maintaining t h e  cell temperature constant. Ac- 

curac ies  of 4% i n  e f f i c i ency  were obtained during the  t e s t i n g .  

During the  charge phase, oxygen is produced a t  the  

p o s i t i v e  e lec t rode .  

e l ec t rode  i t  eventual ly  chemically recombines w i t h  t h e  cadmium 

metal producing -(OH)* and heat.  

When t h i s  oxygen reaches t h e  negat ive 

The oxygen recombination re- 

ac t ion  continues a f t e r  t he  charge has been terminated due t o  

r e s i d u a l  oxygen gas i n  the  cell.  During the  thermal e f f i c i ency  
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t a s t i n g ,  a period of t i m e  was a l loca ted  after the charging vas 
completed to  -sure t h e  h e a t  produced by the oxygem recombination 

reaction and t h e  h e a t  s t o r e d  in the cell mass. 
hea t  vas added t o  the  losses during charging f o r  c a l c u l a t i n g  

the charge e f f i c i ency .  

This a u a n t i t y  of 

1- Note: 2 . T c - T h e d 7  1. T = Thermocouples. I 
Support Coim 

a l i b r a t i o n  Heater 

Nickel-Cadmium 

\ I  
Heat Flux Sensors \ 

Cold Plate 

F ~ g u r e  V-20 T h e m 1  E f f i d e r r c y  Test C o n f i g u r u t h n  

The d a t a  shown i n  Figures V-21 through V-24 are examples of 

the r e l a t ionsh ip  between the  hea t  l o s s e s  and the  ce l l  vol tage  dur- 

ing the  charge and discharge tests. 

for charge rates of C/7.5, C/10, and C/15 .  

the  charge rates were performed a t  th ree  temperatures (18.3, 26.7 ,  

and 3 2 . 2 % ) .  The discharges were performed a t  C/2  and C / l O  rates. 
Only one discharge f i g u r e  w a s  included due t o  s i m i l a r i t y  of dis -  

charge da t a  a t  the  th ree  temperatures.  

p red ic t  ba t t e ry  lo s ses  and temperature p r o f i l e  during charge and 

discharge.  

These da t a  include hea t  l o s s e s  

Tests at each of 

These da t a  were used t o  
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Figures V-25 through V-27 illustrate haw the thermal losses 

vary f o r  s eve ra l  test temperatures and each of t he  f ixed  charge 

rates. 
The computed instantaneous watt-hour charge aad discharge 

eff ic ie tncies  for each of the t h r e e  charge rates are s h a M  in 
Figures  V-28 through V-30. 
c u m e  was shown f o r  each f i g u r e  since the test results showed t h a t  

t h e  d ischarge  e f f i c i e n c i e s  va r i ed  by only 3% and aost of the 

v a r i a t i o n  was a t  depths-of-discharge over 75%. 

100% f o r  a s i g n i f i c a n t  por t ion  of the charge period. 

t o  t h e  endothermic r e a c t i o n  of t h e  cells dur ing  charge when hea t  

is absorbed from the  surroundings. 

t h i s  hea t  absorp t ion  during charge and as long as the n e t  heat 

flow is negat ive (heat flow i n t o  the cell) t h e  instantaneous W - 8  

e f f i c i ency  shows a value g r e a t e r  than 100%. 
n a l  l o s ses  exceed t h e  endothermic r eac t ion ,  t h e  instantaneous 

watt-hour e f f i c i e n c y  w i l l  f a l l  belt.. tOO%. I n  t h e  equat ion shown 

below, t h e  va lue  of % is negat ive duri .4  the  endothermic por t ion  

of t h e  charge s ince  hea t  is  being absorbed by t h e  cell  ins tead  of  

being re jec ted .  

only one discharge watt-hour e f f i c i ency  

The e f f i c i ency  data s h a m  i n  F igures  V-28 through V-30 exceed 

This i s  due 

‘he hea t  f lux sensors  measured 

As soon as t h e - i n t e r -  

8 .  

and 
is  the  watt-hour charge e f f i c i ency  i n  percent .  

‘C (W-h) 
Wc is t h e  watt-hours suppl ied during charge. 

W is t he  watt-hours d i s s ipa t ed  or absorbed during charge. L 
C e l l  Environmental Tes t ing  

Four of the  General Electric prototype cells were subjected 

t o  dynamic environmental tests t o  eva lua te  t h e i r  c a p a b i l i t y  t o  

func t ion  i n  the predicted environments, 

tests performed were shock, s i n e  v ib ra t ion ,  and random vibra t ion .  

The shock tests consis ted of both a pyrotechnic induced shock and 

a Mars landing simulated shock. 

The th ree  c l a s s e s  of 

The shock frequency response 
V-29 
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curves are shown i n  Figures  V-31 and V-32. The shock impulses 
ware appl ied th ree  t i m e n  f o r  each of t he  p o s i t i v e  and negat ive  

axes and repeated f o r  each of the  t h r e e  ax i s .  %able  V-3 contains  

a breakdown of t h e  s inusoida l  v i b r a t i o n  spectrums t h a t  were used. 

The f i r s t  tests used a high l e v e l  of 75 g while  t h e  second l e v e l  

w a s  at 15  g. 

This  v ib ra t ion  spectrum was a l s o  appl ied t o  each of t he  t h r e e  axis 

The random v ib ra t ion  spectrum is shown i n  Figure V-33. 

- 

Displacement: 1.016 c m  DA* 5 t o  27 Hz 
Level: 15 g 27 t o  250 Hz 
Duration: 11 min/axis 

Sweeprate: 1 o c t a v e h i n  

of t he  cell .  
Y'abZe V-3 Sinusoidal Vibration T6st Levels 

I n i t i a l  Test Level 

Displacement Frequency Range 

1.016 c m  DA* 5 t o  50 Hz 
0.712 c m  DA* ,CO t o  70 Hz 
Level: 75 g 70 t o  250 Hz 
Duration: 11 m h / a x i s  

Sweep Rate: 1 octave/min 

+Y 

/ 

L*DA = Double Amplitude 

SinuooidaZ Vibration - A ce l l  f a i l u r e  occurred during the  

high l e v e l  (75 g) s inusoida l  test. Both ce l l  terminals f a i l e d  on 

the  downsweep of the Y a x i s  (3rd a x i s  t e s t ed )  a t  a frequency of 

about 120 Hz. Both terminals  broke loose from the c e l l  cover 

and p l a t e  weld tabs .  The s inusoida l  v ib ra t ion  test was repeated 

on another c e l l  using a reduced (15 g) l e v e l  from 27 t o  250 Hz 
with no f a i l u r e .  

t i o n  ampl i f ica t ion  of 2 Q while the  75-g l e v e l  represented an 

ampl i f ica t ion  of 10 Q .  The f a i l u r e  a t  the 75-g l e v e l  ind ica ted  

tha t  a s i g n i f i c a n t  v ib ra t ion  l e v e l  reduct ion was necessary t o  

insure  the  i n t e g r i t y  of t he  c e l l .  Vibrat ion t e s t i n g  a t  the b a t t e r y  

l e v e l  showed tha t  t he  predicted ampl i f ica t ion  of 10 Q was excessive 

and t h e  15 g v ib ra t ion  t e s t  l eve l  was adequate. The Q f a c t o r  discus-  

sed herein is the amount of ampl i f ica t ion  t o  the  envirocment t e s t  

l eve l  due t o  the  resonant e f f e c t s  of t he  c e l l  components. 
v-34 
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Random Vibration - Several f a i l u r e s  occwred  t o  the ce l l  t h a t  

was subjected t o  the  randan v i b r a t i o n  t e s t ing .  

included: (1) an e l e c t r o l y t e  leak developed a t  t he  ceramic-metal 

i n t e r f ace  of the  negative terminal ,  (2) a high impedance s h o r t  

developed i n  t h e  cel l ,  and (3) ce l l  teardown showed 12 plate tabs 

had broken away from the  t e rn ina l s  and the  remaining tabs  were 

severely s t ressed .  The t ab  breakage occurred a t  t h e  beginning of 

t h e  Y.axis tes t  (3rd axis t e s t e d ) .  

These f a i l u r e s  

Figures  V-34 through V-35 *.low the cel l  damage as a resul t  of 

t he  f a i  lcres. 
During the  environmental t e s t i n g ,  t he  cel l  . :$ere monitored using 

t h e  c i r c u i t  configurat ion shown i n  Figure V-37. 

a t e s t ,  t he  ce l l s  were charged and discharged t o  e s t a b l i s h  t h e i r  

performance c h a r a c t e r i s t i c .  They were then recharged f o r  the  t es t .  

Before the  s tar t  of 

Shock - No problems were discovered during the  shock t e s t i n g  

and no f a i l u r e s  were detected.  

V-36 







Table V - 4  presents  a sutmary o f  the  environmental tests pe r -  

formed on the  prototype b a t t e r i e s  as w e l l  as the var ious vther  

categories of b a t t e r i e s  b u i l t .  The randan v ib ra t ion ,  landing shock,  

and pyrotechnic shock spectrums and l e v e l s  are s h w n  i n  Figures  

V-38 through V-40. 

During the  i n i t i a l  resonant  survey test on t h e  two prototype 

b a t t e r i e s  t o  determine their ampl i f ica t ion  f a c t o r  (Q) ,  i t  was 

discovered that t h e  ba t t e ry  base plate had warped causing a perman- 

e n t  d e f l e c t i o n  of 0.127 t o  0.152 cm. Brass shims were used t o  

b o l t  t he  b a t t e r y  t o  the  test  f i x t u r e s  t o  circumvent t h i s  problem 

and al low t e s t i n g  t o  continue. Analysis  and tests indicated t h a t  

the warpage vas due to  a l o s s  i n  s t r eng th  by t h e  base p l a t e  

material due t o  the  high temperature experienced dur ing  steri  l i za -  

t ion .  

a l l o y  was made and the  thickness  increased from 1.11 t o  1.27 cm. 

This  material change was incorporated i n t o  the  des ign  beginning 

with the design development test  b a t t e r i e s .  

were encountered with the ba t t e ry  case materials a f t e r  t h i s  design 

change. 

A change i n  material from AZ31B-H24 t o  Hi(3LA-H24 magilesium 

No f u r t h e r  problems 

During the  environment tests, t h e  b a t t e r i e s  were i n  a p a r t i a l l y  

charged nonoperating mode. 

b a t t e r i e s  were given a chargeldischarge cyc le  t o  determine i f  t he  

electrical  performance had degraded. 

General Electric b a t t e r y  e lectr ical  discharge c h a r a c t e r i s t i c s  as 

the  var ious  prototype tests were completed. 

Bat tery Thermal Tes t ing  

Af te r  each type of envi roment  t h e  

Figure V - 4 1  shows the  

The t:lermal c h a r a c t e r i s t i c s  of t he  ba t te ry  assembly were 

evaluated by means of a t e s t  i n  which the  b a t t e r y  was wrapped with 

15.2 cm .of f i b e r g l a s  in su la t ion  and placed i n  a thermally cont ro l -  

led chamber t o  simulate the space environment. Once the b a t t e r y  

temperature had s t ab i l i zed  a t  the  desired tes t  temperature, the 

chamber temperature con t ro l s  were turned off  and the ba t t e ry  

v-3s 
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T e s t  Type 

Sine 
Vibration 

Randon 
Vibration 

Landing 
Shock 

I 

Prototype T e s t  

1.016 cm DA*, 5 t o  
19 Hz; 7.5 g, 19 t o  
250 Hz and back a t  
2 octaveslmin 

Level: 10 grms, 
+3 dB/octave rise 
from 20 to 250 Hz. 
Flat from 250 t o  
1000 Ht, -6 dB/ 
octave decay from 
1000 to 2000 Hz. 
Duration: 5 min/ 
a x i s  

30-g peak, 4 s i n e  
pulse,  22 msec 
dura t ion  

I *DA - r m b l e  Amplitude 

~~ - ~~ 

Design Development 
Test (Qua l i f i ca t ion )  

1.016 cm DA*, 5 t o  
19 Ht; 7.5 g, 19 t o  
250 Hz and back a t  
2 octaveslmin 

Level: 10 grms, 
+3 dbloctave rise 
Erom 20  t o  250 Ht. 
F l a t  from 250 t o  
1000 Hz, -6 dB/ 
octave decay from 
1000 t o  2000 Hz. 
Duration: 5 min/ 
a x i s  

30-g peak, % s i n e  
pulse,  22 msec 
dura t ion  

~ ~ 

Environment a1 
Acceptance T e s t  

1.016 cm DA*, 5 t o  
15.5 Hz; 5-g peak, 
15.5 to 250 Hz and 
back a t  4 octaves/min 

Level: 6 grms, 
+3 dB/octave rise 
from 2 0  t o  250 Hz. 
F l a t  from 250 t o  
1000 Hz, -6 dB/octave 
from 1000 to 2000 Hz. 
Duration: 1 minlaxis 
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charged and discharged. Bat tery temperatures were recorded through- 

o u t  t h e  test. Figures  V - 4 3  and V - 4 4  show the b a t t e r y  temperature 

p r o f i l e  f o r  each of t he  test condi t ions.  

t h e  higher charge rate t h e  temperature rise w a s  very s m a l l .  

was a t t r i b u t e d  t o  the highe. charge e f f i c i e n c y  and the f a c t  t h a t  t h e  

b a t t e r y  was only charged for nine hours which d i d  not r e s u l t  i n  any 

s i g n i f i c a n t  amount of overcharge. 

The d a t a  showed t h a t  a t  

This 

33 
Legend : 

---- P r e s t e r i l i z a t i o n  

1 
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Figure V-41 Prototype Batter.. >ischar,-e Characteristics 

The low r a t e  charge (C/15 r a t e )  produced a s i g n i f i c a n t  t e m -  

pera ture  rise near t h e  end of t h e  charge. 

started i n  an ambient temperature of 2 1 . 1 O C  was continued f o r  

an addi t iona l  four hours beyond the normal charge termination 

t i m e  (24 hr )  and r e su l t ed  i n  a b a t t e r y  temperature approaching 

4 9 O C .  

The charge t h a t  was 

V - 4 2  
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C. 

11. 

It w a s  concluded as a r e s u l t  of t h i s  test t h a t  t he  b a t t e r y  

temperature (when i n s t a l l e d  i n  the lander) w i l l  not  rise appreciably 

during charge u n t i l  t h e  ba t t e ry  approaches a f u l l  state-pf-charge. 

A t  that t i m e ,  the  charge e f f ic ieacybegins  to drop and a l a rge r  per- 

centage of the charging energy goes i n t o  losses. 

DESIGN DEVELOPMENT TEST PROGRAM 

The purpose of t he  design development test program w a s  t o  con- 

f i r m  the  r e s u l t s  obtained from the  prototype test program using cells  

t h a t  were b u i l t  t o  t he  requirements of the  Procurement Spec i f ica t ion .  

I n  most cases, t h e  tests performed were a r e p e t i t i o n  of t he  

prototype tests and consequently the  same r e s u l t s  and d a t a  were 

obtained. 

and batteries. The levels f o r  each of t he  environment tests are 

shown is Table V-4.  

Table V-5 presents  the  test program f o r  bo th  the  cel ls  

The following paragraphs summarize the  f e a t u r e s  of the design 

development tes t  program. 

S t  er i 1 iza ti on 

One b a t t e r y  was subjected t o  th ree  s t e r i l i z a t i o n  hea t  cyc les .  

This The first exposure was a t  a temperature of l l l ° C  f o r  54 hr .  

test was designated as the  component l eve i  s t e r i l i z a t i o n .  The 

second s t e r i l i z a t i o n  was a t  a temperature of 123OC f o r  40 h r  and 

was designated as  the  Lander vehic le  s t e r i l i z a t i o n .  

s t e r i ' - i za t ion  was repeated once t o  ver i€y  t h e  c a p a b i l i t y  of being 

r e s t e r i l i z e d  i n  case of a problem cn t h e  Lander a f t e r  the  i n i t i a l  

S t e r i l i z a t i o n .  The e lectr ical  cycles following s t e r i l i z a t i o n  

showed the  t y p i c a l  e levated vol tage  during the  f i r s t  charge. 

There was a reduct ion i n  capaci ty  of 0.26 A-h as a result of the  

q u a l i f i c a t i o n  l eve l  s t e r i l i z a t i o n  tests. 

The Lander 

v -44 



Tabte V - 5  Design Development CeZZ and Battery Test Summary 

Test 
Quanti t ies  

60 Cells 

1 B a t t e r y  
Ass emb 1 y 

Test 
Type 

L i fe  

Environmental 

OCV - Open C i r c u i t  Voltage 

DOD - Depth of Discharge 

Test 
Descr ipt ion 

Heat Compatibil i ty 
Sea l  Test 
4 months Prelaunch 
1 3  months In te rp lane tary  
Cruise  
80 days Mars Orbi t  
90 days Landed Operation 

Sea l  Test 
Heat Compatibil i ty 
Entry Acceleration 
Descent Vibration 
Landing Shock 

Operational 
Conditions 

Discharged 
Discharged 
OCV Stand (Dfscharged) 
OCV Stand (Discharged) 

Tr ick le  Charge 50 mA 
2 cyclesfday - 30% DOD 

Nonoperating 

Nonoper a t  i ng  

2 .  L i f e  Test ing 

The l i f e  t e s t i n g  w a s  intended t o  prove t h a t  t h e  nickel-  

cadmium c e l l s  would survlve t h e  long dura t ion  cruise t o  

Hars i n  a discharged c o d i t i o n  and then m e e t  t he  e n t r y  landing 

and postlanding cyc le  resuirement,. Since an a c t u a l  simulation 

would take near ly  a year ,  t he  program evolved i n t o  a s h o r t  term 

discharge stand test of < o u r  months which r an  concurrently with 

a long  t e r m  (8-month disc;,arged s tand)  test. The s h o r t  term 

t e s t  was included to  provide inter im da ta  of a q u a l i t a t i v e  

nature  s ince  the program schedule could not stand the  delay of 

an eight-month t e s t .  T l i ~  lite test  and the subsequent 180 

cycles  a t  a 30A depth-of-clischdrgc were completed with a l l  test 

objec t ives  met. 
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3.  

The ex ten t  of t he  t e s t i n g  performed t o  v e r i f y  t h a t  the b a t t e r y  

and cells meet the  q u a l i f i c a t i o n  and the  mission requirements is 

shown i n  Table V-6. 

tests) shows the  degree t o  which the  b a t t e r y  usage on the  Lander 

This matrix ( including the  system l e v e l  

w a s  evaluated. 

9 n a m i c  Environment Tes t ing  

One of t he  ob jec t ives  of t he  Design Development program was 
t o  subjec t  a b a t t e r y  b u i l t  t o  engineering drawings and processes  

and procedures, t o  t h e  dynamic environments required f o r  q u a l i f i -  

ca t ion .  These tests were intended t o  i d e n t i f y  any problems 

e a r l y  enough i n  t h e  program t o  p e r d t  any required redesign 

and retest without a schedule impact. 

The dynamic environmental tests required f o r  q u a l i f i c a t i o n  

included s i n e  v ib ra t ion ,  random vibrar ion ,  and landing shock. 

The levels were the  same as used during the  prototype b a t t e r y  

environmental tests as shown i n  Table V-4. This e n t i r e  design 
development environmental t e s t  program was completed with no 

test f a i l u r e s .  A recamendat ion was made t o  NASA t o  d e l e t e  the 

formal ba t t e ry  q u a l i f i c a t i o n  test program based on the  results 

of t he  developne3t t e s t  program. 

t i o n  and the  q u a l i f i c a t i  cn test @ragran was dele ted .  

NASA accepted t h i s  recomnenda- 
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A *  CELL DESCRIPTION 

I n  outward appearances the eight-A-h nicke 1-cadmium cell selected 

f o r  the Viking Lander ba t t e r i e s  i s  similar t o  many other cells manu- 

factured by General Electric f o r  aerospace applications. The signi- 

f i can t  differences lie internal  t o  the  cell and include: 

1) Use of polypropylene separator material; 

2) Incorporate heat treatment t o  improve separator wet tabi l i ty;  

3) Perform f inal  e lec t ro ly te  quantity adjustment a f t e r  heat  
treatment ; 

4) Pla te  carbonate reduction process. 

The distinguishing features  of the  cell  and the acceptance tes t ing  

are described in  the following paragraphs. 

cell  manufacturing sequences, processess and tes t ing  used by General 

Electric during the production of the f l i g h t  cells i s  included in  

Appendix C. 

A description of the 

Capacity - 1. 

The program requirements dictated the design of a c e l l  with 

an end-of-mission capacity of eight ampere-hours. 

the requirement fo r  an acceptance test or beginning of l i f e  capa- 

c i t y  of 9.5  A-h. 
ampere-hour (nameplate capacity) cell .  

Case 

This led t o  

However, the cel l  is ident i f led as an eight- 

- 2. 

A conventional s ta in less  steel prismatic case was selected for 

The dimensions of the case, including tenninals, the Viking cel l .  

are shown in  Figure V I - 1 .  

frun 304L s ta in less  steel with a wall thickness of 0.043 t o  0.053 cm 
The side,  bottan and cover Beams are he l ia rc  welded. 

type cells were fabricated using Cerameaseal c e l l  terminals; however, 

Both the case and cover are fabricated 

Early proto- 
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7.589 f 0.0381 cm , 
(2.988 f 0.015 i n . )  i- 

4.44 f 0.10 cm 

t 
2.263 f 0.038 cm 

I 
(0.891 2 0.015 in.) 0 

1 

LO 0.248 cm - 
1.27 f 0,012 cm 

- t  (0.5 f 0.005 in.) 

0.965 cm Maximum 

t 
1.58 2 0.025 cn 
(0.625 f 0.01 in.) 

1 

' N E G  Term 

Weight: 
Wall Thickness: 

273 gm Nominal, 280 gm Maximum. 
0.432 to 0.533 mn (0.017 t o  0.021 i n . ) .  

Figure V I - 1  8-A-h N&?k%l-C&um CezZ Dimension 
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the  ce l l s  b u i l t  t o  the  procurement s p e c i f i c a t i o n  requ’renents used 

insu la ted  terminals  wi th  an a l l  nickel-braze ceramic t o  metal s e a i .  

This  change was made due t o  r epor t s  of leakage pzoblems by var ious 

m i r i t a r y  m d  NASA agencies.  

( 5  C rate). 

however, dn improvement i n  r e l i a b i l i t y  was achieved since no leaks 

were detected i n  t e s t i n .  over 1200 cel ls .  

rhe terminals  were r a t ed  a t  40 A 

These terminals increased the  c e l l  weight by 5.7 grams; 

3. P l a t e s  

The s u b s t r a t e  s e l ec t ed  f o r  the  p l a t e s  c o n s i s t s  of a 0.101 mm 

steel shee t .  This s u b s t r a t e  i s  per fora ted  with 2.03 nun holes  and 

n i cke l  p la ted  before  plaque production. 

a f t e r  s i n t e r i n g  along t h e  four edges before  blanking t o  minimize 

the  p o s s i b i l i t y  of the  s i n t e r  cracking cind f lak ing .  The coining 

width w a s  se t  t o  0.20 c m  and the  depth t o  15% of the minimum 

p i a t e  thickness.  The same s i z e  d i e s  are used t o  blank out  the 

p o s i t i v e  and negat ive;  however, the weld t ab  cont igura t ion  on 

t h e  negat ive p l a t e s  were a l t e r e d  by  triiiuriing the width on the  

ear ly  cel ls  snd c u t t i n g  a corner a t  an angle  on flight cells t,, 

provide a means of i den t i fy ing  the pos i t i ves  from the negat ives .  

The p la te  dimensions are given i n  Figure VI-2. 

The p l a t e s  are coined 

Beginning with the  l o t  6 production [cel ls  used t o  f a b r i c a t e  

the f l i g h t  hardware) the  ce l l  plates  were given a carbonate re- 

duct ion process*. Cells b u i l t  with t h i s  process exhibi ted both a 

lower end of charge vol tage ( I b  t o  i 5  mV) and a reduced vtjltage spread. 

These ce l l s  a l s o  del ivered approxii1:;itely 0.5 A - h  more ttian the pre- 

v ious ly  accepted cel ls .  Since tties-? changes occurred d u r i n g  t h e  f i n a l  

production phase, no attempt was made t o  determine i f  the  carbonate 

reduct ion process was the  cause fur  the increased capaci ty  and improved 

c h a r a c t e r i s t i c s .  
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?.O 2 0.030 em 
(2.756 f 0.012 in.)- + 1.575 f 0.051 ca 

(0.62 5 0.02 in.) 

1 I 
7- 1.013 2 0.030 cui 

(0.398 2 0.C11 in.) 

-8 Pcjitive Plate 

0.127 k 0.051 c1 - i  I-- 
(0 5 f 0.2 in.) 

r 4.905 z 0.030 ~1 

(1.931 f 0.012 in.) L 
k 0 . 2 0 3  f 0.101 cm 

(0.08 f 0.06 in.) 
4 Edges 

0.066 c9 (0.026)1n. *Posit lvr.  Plate - 0.071 0.028 

*Ne& . -  ?!ate - 0.081 0.032 
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Eleven positive and 12 negative p la tes  w e r e  used in the cell  to 

provide the desired capacity and p la t e  cutrat density. 
4. Separator 

The posi t ive and negative plates  are insulated from each other 

usins a nominal (0.216 111) thick nonwoven polypropyleae separator 
w h i a  was fabricated in to  bags and slipped over each posit ive 

Plate. An additional layer  of polypropylene separator w a s  placed 
around the outside of the p la t e  pack to prevent the outside nega- 

t i ve  plates  from drying out. 
case by mans of a 0.127 are so l id  sheet of polypropylene. 

Separator charactenization tests were required by the C e l l  

procurement specification. These tests included: (a) electro- 
l y t e  absorption, (b) e lec t ro ly te  retention, (c) porosity, (d) 

dimensional changes when w e t ,  (e) wet tabi l i ty ,  (f)  tensile 

strength,  (g) extractable organic content, (hj  inorganic content, 

and (i) thickness variations.  The method used in performing 
each test is described in the  procurement specification data 

included in Appendix A. 

The p l a t e  pack is insulated from the 

These data are sumsarized in Table VI-1. 

5. Electrolyte 
The quantity of e lec t ro ly te  used i n  each cell ranged f r m  21.5 

t o  23.5 and vas closely controlled t o  prevent premature cell dryout 

due t o  inadequate e lec t ro ly te  or conversely t o  prevent an inadequate 

oxygen rectmbination rate due t o  excessive electrolyte. 
The concentrat ion of potassium hydroxide (KOH) e lec t ro ly te  is  34% 

by weight. 
impwities. The quantity of potassium carbonate (K2C03) allowed i n  

the electrolyte ,  before f i l l i n g ,  is limited t o  two grams p e r  liter. 
Burets were used t o  f i l l  the cells thus fur ther  l imit ing the exposure 

of the e lec t ro ly te  t o  the atmosphere and contamination by carbon 

dioxide (CO2). 

Due t o  the incorporr. :ion of a heat treatment during the f i n a l  

manufacturing tests ( ju s t  before the acceptance t e s t s )  whicn im2roved 

the s e p a r a t o r  wet tabi l i ty ,  a change was made t o  the proc.?duro. to  add 

Rigid controls were imposed t o  limit the introdc-ction of 

V I - 5  



Supplier : 
Material : Polypropylene 
Supplier's P a r t  No.: 162A808OAB-153 
Supplhr 's  ut #a. : 2140-00 

Pellon Corporation, Lowell, X4assachusettes 

Wetting Agents: No- o 

Impurities a f t e r  Wash. 
Inorganics 0.35% ASH 
Organics 0.242 b t h y l e n e  Chloride Extract 

Thickness: 
Noriaal: 0.0216 cm 
Ma-: 0.0254 c m  
Minimum: 0.0178 c m  

Sample Size: 
2.5 by 6.5 cm 

2 Weight, gm/ m :  
Sample 1: 61.54 
SaGle 2: 62.15 
Sample 3: 55.38 

Dimensional Channe 

Length, ca Width, ca Thickness, cm 
W e t  Sample Dry a!!!!% !a - 

1 6.53 6.52 2.50 2.50 0.0136 0.0142 
2 6.33 6.52 2.50 2.50 0.0144 0.0144 
3 6.53 6.53 2.50 2.50 0.0119 0.0125 

2 Electro'yte Absorption, 16.25 c m  area 
Samle 

1 
2 
3 
4 
5 
6 

Electrolyte Absorbed, gm 

0.801 
0.768 
0.653 
0.748 
0.707 
0.767 
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Electrolyte Retained 

%!!!e!? 
1 
2 
3 
4 
5 
6 

Porosity : 

Sanrple 
1 
2 
3 

Electrolyte Retained. 2 
92.6 
99.0 
98.6 
98.4 
98.0 
97.0 

Percent Porosity 
59.2 
59.0 
59.0 

'U - 'D 
vu x P Definition: X porosity = 

Ww = Wet Ueight of Separator, gm 

WD = Dry Weight of ScGarator, gm 

Vu = Wet Volume of Separator, cc 

P = Density of Absorbed Electrolyte 

Separator Resistance: 

Sample Specific Res2t iv i ty .  n cm 
1 27.48 
2 35.48 
3 30.08 

Tensile Strength: 
Tensile Strength 

Sample a t  Break, N/cm2 

192.5 
280.5 
207.3 
186.8 
136.8 
185.0 

V I - 7  



TabtS VI-1 (coPu.?~) 

Thiclarrtss Variations: 

Thick~~ss variations taken from 10 readings on 5 separate 
samples gave a variation of 0.0889 mm (0.0035 in . ) .  

I horganic Contents: 

Element 

Zn 
N i  
Ti 
CL 
CO3* 

si02 

M 3 f  

Sample 1% 

0.031 
0.029 
0.0004 
0.0058 
0.015 

0.001 
10-6 

2 I *Grams of K2C03/dm 

Sample 2. X 
0.032 
0.032 
0.0017 
0.0142 
0.002 

0.001 
10-6 

Sample 3, X 

0.041 
0. O X  
0.0029 
0.0155 
0.002 

0.001 
10-6 

2 
Wgm KN03/dm I 
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add i t iona l  ele!ctrolpte Over t h e  initial quant i ty  supplied. This was 

accomplished during a 48 hr C/lO overcharge test. 
lyte w a s  added to  r m c h  a naminal pressure  of 137.9 kPa (20 psig).  

This test is a part of the f i n a l  manufacturing tests which are 
performed j u s t  p r io r  to  the  f i na l  acceptance tests. 

Suf f i c i en t  electro- 

6, C e l l  Assembly 

A desc r ip t ion  of t he  cell assembly is given in Appendix C, A 

of t h e  cell c h a r a c t e r i s t i c s  and parts desc r ip t ion  is  shown 

i n  Table VI-2 herein.  

Typical  vendor test data f o r  the cells used in the l lunsfacturing 

of t he  f l i g h t  batteries is  included in Tables V'-3 through VI-6. 

Table VI-3 presents  t h e  r e s u l t s  of t h e  electrochemical cleaning and 

t e s t i n g  (Em) of t h e  p l a t e s  f o r  l o t s  7 and 8 from which the  cells f o r  

some of t h e  f l i g h t  b a t t e r i e s  were fabr ica ted .  

flooded test of temporary cells. 

to -pos i t i ve  capac i ty  r a t i o  of 1.54 f o r  l o t  7 and 1.53 f o r  l o t  8, 

The n i t r a t e  and carbonate content  of these  plates is given i n  Table 

V I - 4 ,  

shown i n  Table VI-5. 

l o t  is shown i n  Table V I - 6 ,  

The ECT test is  a 
These data show an average negative- 

The e lec t rode  capaci ty  d a t a  f o r  saniple cells f r a n  each lo t  are 

The acceptance test capaci ty  range f o r  each 
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C e l l  Capacity 

C e l l  Weight 

C a l l  S i z e  

Case Material 
Case Wall Thickness 

Insula ted  Terminals 

Terminal Type 

Auxil iary Electrode 

Seqarator Material 

Sc 'Jarator Thickness 

P l a t e  Pack Wrap 

Case Liner 

E l e c t r o l y t e  

8 A-h (Rated) 
273 gm - Lot Average 
7.589 cm x 2.27 cm x 8.651 c m  ( including 

304L Stainless S t e e l  

0.48 f 0.05 

P o s i t i v e  and Negative 

Nickel Post  with Ceramic Insulator 

None 

Pe l lon  FT2140 Nonvoven Polypropylene 

0.216 am 

Pel lon  FT2140 Nonwoven Polypropylene 

0.127 rmn Sol id  Polypropylene Sheet 

KOK 

terminals) 

GE - a l l  Nickel-Braze 

Electrolyte Concentration 34% 

ELectrolyte Quant i ty  

P l a t e  Subs t ra te  0.101mm Perforated S t e e l  Sheet 

S i n t e r  Poros i ty  80% Nominal 

Number of PJotes  POS 11 

MEC 12  

21.5 to 23.5 cc 

P l a t e  S ize  7.0 -C 0.03 x 4.9 -+ 0.03 cm 

Plat ,  Thickness POS 0.066 t o  0.071 crn 

NEC 0.078 t o  0.081 c m  



Lot Posit ive Capacity 

7 10.5 A-h average 
10.1 A-h minimum 

8 10.7 A-h average 
10.2 A-h minimum 
11.7 A-h maximum 

10.8 A-h maximum 

Table V I 4  
Nitrate and Carbonate Content for Plate Lots 7, 8, and 10 

Negative Capacity 

16.2 A-h average 
15.8 A-h minimum 

16.4 A-h average 
15.3 A-h minimum 
17.1 A-h -xi- 

16.7 A-h m a x i m  

lLot 7 I Lot 8 1 Lot 10 I 

Nitrate Content mg/g* 

Carbonate Content mg/g* 

Neg Pos Neg Pos Neg Pos 

<10 34 <lo 26 <lo 96 

2345 4769 2345 3568 2662 4954 

Table VI-5  
Eiectrode Capacity Test Data for  Sampl~s from b t s  7 and 8 

Lot 

7 
8 

Full Full Discharged 
Precharge, Positive, Negative, Excess Negative, 
A-h A-h A-h A-h 

1.e1 11.47 17.60 4.32 
1.34 10.93 17.67 5.40 
2.44 10.67 20.60 7.49 

11.37 16.67 3.11 2.29 - 

Lot 

7 

VI-11 

No Cells Minimum A-h Average A-h Maximum A-h 

60 10.1 10.7 11.0 
9.86 10.3 
9.5 10 5 

11.0 
10.9 



C. RECEIVING INSPECTION 

1. 

2. 

3.  

Receiving inspec t ion  w a s  performed as the  cells were received 

from the  supp l i e r  and before  cell matching tests. 

included a physical  inspec t ion  and weighing of each cell, an 
e l e c t r o l y t e  leakage test, measuring the ac impedance of t he  cell ,  
and f i n a l l y  performing a high impedance leakage test. Once these 

tests were completed, t h e  cells w e r e  subjec ted  t o  cha rac t e r i za t ion  

and capac i ty  tests f o r  matching and assembly i n t o  b a t t e r i e s .  

Surplus cells bypassed the  receiving inspec t ion  and were placed 

d i r e c t l y  i n t o  s torage .  

Inspect ion and Weighing 

These tests 

Each c e l l  as i t  w a s  removed from t h e  shipping conta iner  w a s  

inspected f o r  bent  terminals ,  dents ,  n icks ,  and scra tches .  The 

shor t ing  w i r e  w a s  removed and the  cel l  w a s  weighed on a Mettler 

laboratory scale to t he  nea res t  0.1 gram. These d a t a  were com- 

pared t o  the  d a t a  suppl ied by the  vendor. 

- Elec t ro ly t e  Leakage 

Before performing the  chenica l  l eak  test, the  cells  we-e 

washed i n  deior.ized water and dr ied  by i m e r s i o n  i n  acetone t o  

remove any external contamination. The cells were then placed 

i n  a vacuum chamber and subjec ted  to  a vacuum of 635 4 127 mm of 

mercury f o r  10 min. 

of phenolphthalein f o r  a minimum of 15 sec and observed f o r  traces 

of pink color  around the  ce l l  terminals ,  f i l l  tube,  and welded 

seam. 

c e l l  terminals ,  were t e s t ed  f o r  leaks without a f a i l u r e .  

AC Impedance 

The cells were then immersed i n  a so lu t ion  

Over 1200 cells,  b u i l t  with the General Electric-designed 

An ac impedance test  was performed by applying a 60-cycle cur- 

r en t  of 100 ? 5 mA f o r  60 sec t o  the cel l  terminals.  A schematic 

of the  test c i r c u i t  is shown i n  Figure V I - 3 .  

vol tage  allowed was 0.0013 V .  

which is four millohms. 

test . 

The maximum c e l l  

Typical values  recorded were 0.0004 v 
No c e l l  f a i l u r e s  were found during t h i s  
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509 
110 Vac 

6<''-- 0 t o  100 d ac 

figure VI-3 Cell ac Impedance Test C i r c u i t  

'cell 

4. High Impedance Leakage T e s t  

Rather than repea t  t h e  same vo l t age  r e t e n t i o n  test the  supplie:  

performed during acceptance tests, a v a r i a t i o n  i n  t h e  test  method 

was se l ec t ed  t o  eva lua te  t h e  i n s u l a t i o n  or impedance between the  

ce l l  p l a t e s .  The test procedure used cons is ted  of charging the  

c e l l s  a t  a C/10 rate for f i v e  minutes from t h e  f u l l y  discharged 

condition as received from the  vendor. The cells were then 

allowed t o  s t and  i n  an  open c i r c u i t  condi t ion  for 24 h r  at which 

t i m e  t h e  cell vol tage  was measured. 

quired t o  be 1.16 V or g r e a t e r .  

as a r e s u l t  of t h i s  test. 

The cell  vol tages  were re- 

No test f a i l u r e s  were recorded 

CELL MATCHING 

The Vikin;: b a t t e r y  mission p r o f i l e  involves numerous modes of 

operation inc luding  open c i r c u i t  charged s t and ,  open c i r c u i t  d i s -  

charged s tand ,  t r i c k l e  charging and cyc l ing  t o  a 70% and then 50% 

depth-af-discharge during Mars atmospheric pene t ra t ion  and p lane tary  

operation. Because of t hese  requirements and combined with t h e  use 
of polypropylene separa tor  material, which has a low w e t t e b i l f t y  

characteristic, and t h e  high temperature s t e r i l i z a t i o n  requirement, 

cells i n  a b a t t e r y  were matched t o  with in  1% of tne avcrr;a&u cull 

capacity. 
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The p o s s i b i l i t y  t h a t  a d ispers ion  i n  cel l  capac i t i e s  due t o  

usage, which could r e s u l t  i n  completely discharging and revers ing  

some cells, would then be minimized. 

C e l l  Matching Program 

Rather than select cells with the  same A-h capac i ty  from cell  

acceptance test data obtained a t  the  cell  manufacturer's f a c i l i t y ,  

a test  program was devised which would sub jec t  t he  cells to  a 

number of charge discharge cyc les  a t  var ious  rates t o  induce the  

capaci ty  d ispers ion  which occurs during t h e  i n i t i a l  phases of 

c y c l i c  usage. 

c i t y  t h a t  ex i s t ed  a f t e r  t he  cell  c h a r a c t e r i s t i c s  had s t a b i l i z e d .  

Cells with abnormal electrical c h a r a c t e r i s t i c s  and low capac i ty  

would be i d e n t i f i a b l e  during these  c y c l i c  tests and r e j ec t ed .  

The cells would then be matched based on the  capa- 

Test ing performed during the  development phase had shown t h a t  

the  rate of change of t he  cel l  electrical Charac t e r i s t i c s  and 

capac i t i e s  decreases s i g n i f i c a n t l y  by the  t i m e  the  cells have 

been exposed t o  60 t o  70 charge-discharge cycles (see Fig. VI-4). 
Capacity l o s s  a f t e r  these  cycles  would be mii.imal and would occur 

over several hundred c y c l i c  operations.  

Based cn the test durat ion required and the  an t i c ipa t ed  sta- 
b i l i t y  i n  cel l  c h a r a c t e r i s t i c s ,  64 charge discharge cyc les  were 

se l ec t ed  f o r  t he  cel l  matching program. 

experience charge r a t e s  t h a t  could vary from a C/40 up t o  a 

C/7.5 rate, the 64 cycles  were divided up i n t o  seve ra l  s epa ra t e  
tests using C/15,  C/10 and C l 7 . 5  charge rates t o  eva lua te  t h e i r  

c h a r a c t e r i s t i c s .  Constant cu r ren t  charging t o  a time cutof f  

was used for a l l  t h e  charge phases. 
t o  a c e l l  vol tage of ! 0 V was se lec ted  f o r  a l l  the  discharges t o  

provide uniformity i n  evaluat ing the  c e l l  capac i t i e s  and discharge 

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

C / 2  r a t e  with a regulated power supply operat ing I n  a constant  

, u r r en t  mode. The various t e s t  condi t ions f o r  t he  matching tests 

a r e  summarized in Table VI-7. 

Since the  cells would 

A standard C / 2  discharge 

The c e l l s  were power d f x h a r g e d  a t  the  

1. 
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C / 1 0  Charge 
11.2 Cycles 

10.4 

Condi t ioning 
10.0 Cycles (2) 

4 e 

I Note: All discharges a t  C/2 I -  rate t o  1.0 V. 
I I 

-C//rO Charge- 

A-h Capacity 
Spread at  
Matching f o r  
128 Cells 

rl 

8.8 

8 . 4  
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 

Number of Charge-Discharge Cycles 

Figure VI-4 Capacity Va24ation L k n g  Ce 1l Matcning Cycle Yes t f h d  

The test sequences (;t:e Table VI-7) subjected t h e  cel ls  t o  both 

overcharging and deep dibcharging t o  induce a s: c.,riificant level of 

stress and degradation. Ce l l  temperatures were cont ro l led  by pe r -  

forming the t e s t i n g  i n  tenperature  cont ro l led  chambers ' h forced 

a i r  c i r c u l a t i o n  which was maintained a t  2 1 . 1  5 1 . 6 O C .  



Table V I - 7  CelZ Matchirty Test Matrix 

Charge End of 
Test No. Charge Duration, Discharge Discharge 
Step Cycles Rate, A h r  Rate, A i 'oltage, V 

1 2 CIlS 30 4.0 1.0 

2 20 c110 16 4.0 1 .o 
3 20 c l 7 . 5  10.5 4.0 1.0 

4 24 c110 16 4 ,!I 1.0 

5 3 C / l O  13.5 4.0 1 .o 
-. 

I 

7 

8 
* 

Thermal ana lys i s  had predic ted  t h a t  the  b a t t e r i e s  would opera te  

f o r  rhe majority of the  rime a t  around 2 1 1 - C .  Therefore,  t h i s  tetll- 

pe ra tu re  was se l ec t ed  f o r  performing the c e l l  matching cyc le  tests. 

The f i r s t  two charges were made a t  a C/15 charge rate (0.53 A) 

which w a s  the in- f l igh t  condi t ioning ch?rge rate provided f rom the  

Orbi te r  power system. This low rate  o r  charg2 w a s  s e l ec t ed  be- 

cause of the  long term (9 t o  10 month::, s torage  i n  a t o t a l l y  dis- 

charged co9di t ion.  Previous tests shourtd t h a t  cells i n  an in-- 

a c t i v e  state f o r  long periods of time t : q d  t o  opera te  a t  higher 

v->ltages than normal during t h e  f i r s t  L:liarc.e, Using a low charge 
r a t e  f o r  t he  f i r s t  charge prevtn ts  the rlavslopment of high vol tages .  

1 C I l 5  24 4.0 1.0 
2 c l 7 . 5  10 4.0 1 .0  
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The d a t a  obtained f r a n  the last th rec  cyc le s  of step 4 w a s  used 

i n  matching t h e  cells. 

Three charge-discharge cyc les  ( t e s t  step 5 )  werl performed t o  

eva lua te  t h e  charge acceptance d ispers ion  among the  cells .  

p a r t i a l  charge a t  a C/10 rate f o r  13.5 h r  was followed by a C / 2  

discharge t o  one v o l t .  

f o r  a partial  recharge would have a lower capaci ty  when 

however, r e a u l t s  of t h i s  t es t  showed t h a t  the charge e f f i c i e n c y  

v a r i a t i o n s ,  whe:i canparing t h e  partial  charge capacity of the cel ls  

t o  t h e  x p a c i t y  obtained with overcharging, was i n s i g n i f i  . n t .  

A 

Cells that had a lower charge acceptance 

'>a;.ged; 

I n  numertws ins tances  during these tests, a group of c e l l s  would 

reach the 1.0 V end-of-charge cutoff  blmultaneously and overload the 

computer. This  r e s u l t e d  i n  t h e  discharge be.ng terminated t o  prevent 

cel l  r e v e r s a l ,  

observed when t h e  cel ls  were so r t ed  i n  order of decreasing capacity 

f o r  both t h e  par t ia l  charge and overcharge casi?s. 

L i t t l e  v a r i a t i o n  i n  cel l  capaci ty  ranking was 

2. Cell Matching Procedure 

The ce l l  matching parameters were based on watt-hour capaci ty ,  

ampere-hour c a i a c i t y ,  and ce l l  vo l tage  c h a r a c c e r i s t i c s  a t  +he 

end-of-charge and during discharge i n  t h a t  order .  

i t y  was s e l e c t e d  as t h e  primary evaluat ion parameter f o r  c e l l  

matching s i n c e  t h e  ce l l  ool tage c h a r a c t e r i s t i c s  are included i n  i t s  

ca l cu la t ion .  

highest  energy densi ty .  

and test syst:m (see Appendix B) i sed  during the  Le11 matching test  

program pro, ided t h e  c a p a b i l i t y  f o r  d a t a  reduction using computer 

programs t o  c a l c u l a t e  t h e  watt -hour c a p x i t i e s  during both charge 

and discharge.  The conputer program als o r t ed  the  capaci ty  da t a  

and ranked czach c e l l  i n  order  of e i t h e r  decreasing watt-hour ur 

ampere-hocr capaci t y  . 

Watt-hour capac- 

Cells s e l e c t e d  using t h i s  parameter would have the  

The computer-controlled d a t a  a c q u i s i t i o n  

Thu cells were matched by preparing l i s t ;  of c e l l s  i n  order of  

decre.asing watt-hour and ampere-hour capaci ty  and then comparing 

the  r e l a t i v e  Location of cel ls  on each ranking. Cells t h a t  had 
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s i g n i f i c a n t  ranking d i f f e rences  between the ampere-hour and w a t t -  

hour listings were subjec ted  t o  f u r t h e r  a n a l y s i s  by examining t h e  

chsrge and c''a:harge vol tage  p r o f i l e s .  

var ied  from tne  t y p i c a l  cell c h a r a c t e r i s t i c s  w e r e  removed from the 

ma--hing lists. 

C e l l s  whose characteristics 

A c t u a l  cell selecticr cnns is ted  of t h e  s e l e c t e d  24 cells 

from t h e  watt-hour capac i ty  list wi th  a minimum spread in 
watt-hour capacity.  

A quant i ty  of 32 cells w a s  procured f o r  each ba t t e ry .  Since 

two b a t t e r i e s  were packaged i n  one assembly, a minimum of 64 cells 

were placed 09 test a t  any one t i m e .  

groups of 24 cells were se l ec t ed .  

w a s  t o  ob ta in  t h e  lowest spread i n  watt-hour capac i ty  f o r  t h e  

cel l  group from the  quan t i ty  of cells ava i l ab le .  

higher capac i ty  cells were r e j e c t e d  because a closer matching 

capac i ty  could be  achieved by using cells wi th  a laver capac i ty .  

From these  64 cells, two 

The actual matching criteria 

I n  many cases, 

Figure VI-4 shows t h e  spread i n  capac i ty  of 128 cells t h a t  

were placed i n  t h e  cell  matching test program a t  t h e  same time. 

Cells for four  24 ce l l  b a t t e r i e s  were s e l e c t e d  from t h i s  group 

of cells. 

A-h t o  a high of 11.38 A-h. A t  t h e  end of the matching cyc les ,  

the capacity had decayed t o  a low of 8.4 and a high of 9.8 A-h. 

The spread i n  capac i ty  had increased from 0.92 A-h t o  1.4 A-h 

and the  capacity had decayed by approximately 1.6 A-h. 

observed tbt the  low capac i ty  c e l l s  had a high rate of capac i ty  

l o s s  over t he  f i r s t  twenty cyc les  while t he  high capac i ty  cel ls  

had a lower rate of capac i ty  l o s s .  

The i n i t i a l  cel l  c a p a c i t i e s  ranged from a law t o  10.46 

It was 

The actual spread i n  ampere-hour capac i ty  f o r  each of t h e  

four b a t t e r i e s  is shown i n  Figure VI-4 for t h e  last matching cycle. 

The cells a t  the  upper and lower ends of t h e  capac i ty  d i s t r i -  

bution were re j ec t ed  s i n c e  they were a t  t h e  extralles of t h e  d i s -  

t r i b u t i o n .  

matching percentage. 

Their use would have r e su l t ed  i n  a higher capac i ty  
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Figures VI-: and VI-6 show the  spread in ampere-hwr capaci ty  

a t  the  last cyc le  f o r  four  b a t t e r y  groups as p l o t t e d  on p robab i l i t y  

graph paper. 

to the  spread i n  cell c a p a c i t i e s  and the  percentage of cells wi th in  

certain capac i ty  ranges. The data on t he  two f igu res  w e r e  obtained 

by selecting four  groups of 24 cells from t h e  128 cells processed 

beginning at  the  high end of t h e  cell c a p a c i t i e s  and working to t h e  

low end. 
cell  matching percentage which resulted i n  rejecting cells a t  t h e  

high and low ends of t h e  capac i ty  spread. As an example, Figure 

V I -  6 shows t h a t  f o r  b a t t e r y  group number 4, t he  lower 50% of t h e  

cells w e r e  between 8.7 and 8.79 A-A wi th  a spread of 0.09 A-h while  

t he  upper 501 were between 8.8 and 8.85 A-h with a spread of 0.05 A-h. 

Variat ions between the  cell ampere-hour and watt-hour rankings 

This method of presenta t ion  provides information as 

Several s e l e c t i o n  iterations were made to optimize the  

were minimal. 

used with the  same r e s u l t s ;  ha-very the  watt-hour method w a s  pre- 

f e r r ed  s ince  it takes i n t o  account the  cell vol tage  charac te r i s -  

tics. 

capaci ty  f o r  30 of the  cells t h a t  were t e s t ed  i n  one group. 

cells were combined wi th  98 o the r  cal ls  a t  matching. 

Ei ther  method of sel c t i n g  the  cells could have been 

Table VI-8 shows the spread i n  watt-hours and ampere-hours 

These 

The capaci ty  d i s t r i t u t i o n  p l o t s  shown i n  Figures  V I - 5  and VI-6 
were obtained using cells matched t o  between 1.57 t o  2.14% i n  A-h 

capaci ty .  

r e l a t ed  t o  the number of cells  a v a i l a b l e  t o  choose from. 

of 128 cells were processed a t  t b  same t i m e .  matching accuracies  of 

between 1.5 t o  2.5% were obta inable ;  however, when groups of 64 cells 

were processed the  ce l l  matching rhrlged between 2.0 t o  3.5%. 

The cel l  capaci ty  matching accuracy w a s  found t o  be 

When groups 

Af te r  completing the  matching cyc les  ( s t ep  4) and charge accep- 

tance test ( s t ep  5 ) ,  t he  cells were each deep discharged with a 

one-ohm load f o r  24 t o  48 h r .  An evaluat ion tes t  was then per- 

formed to  obta in  performance d a t a  using the  condi t ioning charge-dis- 

charge cycle and the recharge t h a t  was scheduled during the  i n t e r -  

planetary cruise jnase of the  mission. This information was placed 
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F i g m  VI-5 Celt Matching Capocity Spmad (Batteries 1 and 2) 
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i n  a da ta  bank f o r  later ana lys is  i f  t1.e need arose.  This t e s t  

w a s  i n se r t ed  i n  the  c e l l  matching procedure t o  take advantage 

of t h e  e x i s t i n g  test setup which could r ead i ly  acconmhodate the  

test requirements. 

load f o r  24 h r  a f t e r  t he  t e s t i n g ,  and removed from t h e  test s e t u p  

i n  preparat ion f o r  assembly i n t o  b a t t e r i e s .  

assembly operat ions,  t he  cells were i n  an open c i r c u i t  condi t ion.  

The cells were discharged with a one-ohm 

During b a t t e r y  

The r e s u l t s  of t he  cell matching program were considered ex- 
c e l l e n t  b s e d  on t h e  performance of t h e  b a t t e r y  during postmanu- 

f ac tu r ing  assembly tests and again a f t e r  t h e  b a t t e r y  component 

s t e r i l i z a t i o n .  Discharge at  a C / 2  rate could e a s i l y  be accom- 

pl ished t o  a 27 V cutoff  with some capaci ty  remaining before  a 

c e l l  r eve r sa l  would occur. 

ing,  t he  cells exhibi ted a very c lose  capaci ty  range. 

b a t t e r i e s  were del ivered with a capaci ty  exceeding 10.0 A-h a t  

the beginning of l i fe .  

ing  capaci ty  due t o  seve ra l  recondi t ioning cycles t h e  c e l l s  re- 

ceived before  assembly i n  a b a t t e r y  and as a p r e r e q u i s i t e  t o  

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

During par t ia l  charging and discharg- 

A l l  f l i g h t  

Battery capaci ty  exceeded the cell match- 
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A. BATTERY DESCRIPTION 

The Viking b a t t e r y  uses  24 eight-ampere-hour cells t o  provide 

a bus vo l t age  range from 27 t o  34 V. 

Two b a t t e r i e s  were packaged i n t o  one assembly pr imar i ly  due 

t o  t h e  limited space a v a i l a b l e  in t h e  Lander. 

sembly conf igura t ion  is s h a m  i n  Figure VII-1. 

top, s i d e  p l a t e s ,  r e s t r a i n i n g  bars ,  and connector bracket  of 

the assembly w e r e  f ab r i ca t ed  from HK3lA-H24 magnesium a l loy .  

This material w a s  s e l ec t ed  based on its weight and c a p a b i l i t y  

t o  withstand high temperature s t e r i l i z a t i o n .  

shows an exploded view of t he  b a t t e r y  case. 

The b a t t e r y  as- 
The bottom, 

Figure VII-2 

Figure VII-3 shows a p a r t i a l l y  assembled prototype b a t t e r y  

with a few cells i n  place.  

i n  t h r e e  stacks of e i g h t  cells each. 

comprised the  cells f o r  one b a t t e r y  were placed on one side of 
t he  d iv ide r  s h e l f .  

opposi te  s i d e  of t h e  s h e l f .  

The 24 cells pe r  b a t t e r y  were arrange, 

The t h r e e  stacks that 

The second b a t t e r y  was assembled on the  

Thermal con t ro l  was achieved by using the  cen te r  she l f  as 

the  hea t  flow pa th  t o  conduct t h e  hea t  from the  cell  bases  t o  

the  assembly base p l a t e  from which i t  w a s  conducted i n t o  the  

Lander s t ruc tu re .  

Three platinum r e s i s t a n c e  temperature sensors  were provided 

f o r  each ba t t e ry .  

f i f t h  ce l l  i n  each of the  e igh t - ce l l  s tacks .  

had 1 5 0 0 4  element3 and were used t o  supply a temperature c o w  

pensation vol tage  f o r  use by the  charger con t ro l  log ic .  

They were i n s t a l l e d  between the  fou r th  and 

Two of the  sensors  

The 
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charge control logic used the temperature data to generate a 

temperature-compensated end-of-charge voltage for the charge 

termination. The third sensor (a 1 5 0 4  unit,) was used by 

the data acquisition system to acquire battery temperature data 

for transmittal back to ttz ground station via the telemetry 

system. 

Separate power and checkout connectors were provided for each 
battery in the assembly. 

carrying conductors were connected from the battery terminals 
to the power connectors; however, only one was used because. a 

later requirement minimized weight on the landers. The power 

connectors also provided access to the platinum temperature sen- 

sor s . 

Redundant positive and negative power- 

Individual cell voltage monitor circuits were provided to 

the connector. 

test and data acquisition system to monitor the cell voltages 

during the postmanufacturing acceptance tests. 

was also used for access to the cells to discharge them with 

one-ohm loads as required during the batter, testing. During 

flight, this connector was not used and only the battery voltage 
and temperature were available for monitoring. 

A structural analysis was performed on the redesigned battery 

The connector was used by the computer-controlled 

This connector 

assembly because the prototype ha-dware failed to withstand the 

sterilization temperature and the material was subsequently changed 
from AZ31B to a HK31A magnesium alloy. 
identify the margin-of-safety in the design. 
it was determined that the worst-case conditions were: 

1) 

This analysis was made to 

During this analysis, 

Pressure loads during sterilization that are accompanied by 

a degradation in material properties at the elevated 

temperatures; and 
Combined dynamic and preloading during Martian entry when 

the battery temperature is between 32.2 to 37.8OC. 
2) 
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Based on these condi t ions,  a 413.7 kPa ce l l  pressure and 75 g 

(75 g ,  Q = 10) i n e r t i a l  loading were used f o r  the design loads. 

The t h r e e  f a c t o r s  we analyzed during t h e  s tudy a re :  

Material proper t ies  a t  s t e r i l i z a t i o n  temperatures; 1) 
2) Adequacy of load paths;  and 

3) A b i l i t y  of f a s t e n e r s  t o  transmit induced loading. 

B .  BATTERY ASSEMBLY AND HANDLING 

The sequence of operat ions f -t assembling t h e  b a t t e r y  begins 

a f t e r  t h e  c e l l  matching process is complete and 48 cells (24 cells 

per b a t t e r y )  have been selected.  

Before assembly operation, an aluminum shim was epoxied i n  the 
cavi ty  a t  t h e  base of each ce l l  using Dow Corning DC93-076 epoxy. 

This shim provided a h e a t  t r a n s f e r  path through t h e  ce l l  base i n t o  

t h e  b a t t e r y  assembly s t ruc tu re .  A 0.127-mn th i ck  sheet  of Kapton 

was c u t  t o  s i z e  and wrapped around the ce l l  s i d e  wal l s  t o  provide 

e l e c t r i c a l  i s o l a t i o n  between adjacent  cel ls  and from t h e  assembly 

s t ruc tu re .  Dow Corning DC93-076 was used t o  glue the Kapton t o  

the ce l l  h t  the overlapping seam along one of t h e  narrow edges. 

Once the  kapton i n s u l a t i o n  was i n s t a l l e d ,  t h e  e i g h t  cel ls  i n  

each s t a c k  along with t h e  temperature sensor spacer were stacked 

i n  a pressure  preload t o o l  and preloaded t o  a pressure of 241 

kPa (45 p s i ) .  

t o  measure t h e  d e f l e c t i o n  of a stack of e i g h t  cells  when subjected 

t o  pressures  from 0 t o  482.6 kPa (0 t o  70 p s i ) .  Figure VII-4 

shows how the  d e f l e c t i o n  var ied  as a funct ion of t h e  pressure.  

The 244 kPa (35 p s i )  pressure was se lec ted  based on the  c e l l  s t a c k  

d e f l e c t i o n  and the  b a t t e r y  c h a s s i s  design considerat ions.  Figure 

VII-5 shows the  too l  with e i g h t  cel ls  i n  pos i t ion  ready f o r  

t h e  preload. The d i a l  i nd ica to r  on  t h e  t o o l  provides a d i r e c t  

readout of t h e  shim thickness -t::,uired. The d is tance  t h a t  the 

ce l l  s t ack  moved from a referent height  ( t h e  height  of t h e  bat-  

This pressure was based on t h e  r e s u l t s  of a test 
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t e r y  assembly s h e l f )  was measured and used t o  s e l e c t  t he  thick- 

ness  for an aluminum shim. 

s t ack  before  torquing t h e  cover b o l t s  and r e su l t ed  i n  each 

cell s t ack  being preloaded to the  required pressure.  

This shim was placed on the  c e l l  

The assembly sequence consis ted of: ( b o l t i n g  the  center  

she l f  t o  the  base p h t e ,  (2) loose ly  b o l t i n g  the  two end p l a t e s  

t o  the  base p l a t e  and center  s h e l f ,  (3) coat ing one s i d e  of t h e  

center  she l f  with a t h i n  layer  of Daw Corning DC6-1104 epoxy. 

(This epoxy provided both electrical i n s u l a t i o n  and a heat  

t r ans fe r  path from t h e  ce'h t o  the  she l f  .) and (4) placing 

the  c e i l s  from one of t h e  th ree  s tacks  i n  pos i t i on  and sea t ing  

them agains t  t h e  epoxy and center  she l f .  

This process was repeated f o r  t h e  remaining cell stacks u n t i l  

all si: s tacks  were in place.  Teflon spacer  s t r i p s  were placed 

between the  adjacent  cell stacks and between the  cell  s t ack  and 

s i d e  p l a t e s .  

t o  t he  center  she l f  were tightened. 

p l a t e ,  t he  c e l l  o r i en ta t ion  was inspected t o  in su re  that the  

co r rec t  p o l a r i t y  sequence between adjacent  cells had been ob- 
served. The s i x  shims were then placed on t h e i r  respec t ive  cell 
s tacks ,  LLB cover placed in position. and the  b o l t s  sequent ia l ly  

torqued c.0 t he  opecif ied values.  
ted t o  in su re  that the  cells were seated against the  center  shelf. 

After t h e  mechanical operat ions were complete, the  epoxy was 
cured by exposing t h e  b a t t e r y  assembly t o  a temperature of 18 t o  

2 4 O C  fo r  24 hr  followed by a temperhture of 54 t o  66.C f o r  s i x  hours 

A t  this poin t ,  t h e  b o l t s  holding the s i d e  plates 

Before i n s t a l l i n g  the  top 

The assembly was v i sua l ly  insyec- 

Redundant i n t e r c e l l  connectors and wir ing were placed i n  

pos i t ion  and eolderad i n  accordance with so lder ing  spec i f i ca t ion  

NHB 5300.4(3A). Electrical checks were performed thiaughout 

the assembly procacre t o  insure t h a t  100 Mn ce l l - to-ce l l  and c e l l -  

to -ba t te ry  chaseir icrolation was achieved using a 50-V megguhm- 

me:er. A echemvtic o f  the  P;-cell b a t t e r y  wiring 1s shown In 

Bigure VII-6. 
assembly e ince  the  only d i f fe rence  is  the  connector clocking. 

Thir echematic i o  t yp ica l  for  both Jatteries i n  th. 



Eacn battery w a s  returned to the battery and cell test facility 
after the manufacturing operations were completed for the elec- 

trical, sterilization, environmental exposure, and final electrical 

acceptance tests. 

NB7E18-32SN 

P latinun 
Temperature 
Sensors 

NB 7E14-12 SN 

To Telemetry t 

Power Connector 

Instrumentat ion Connector 

F i g u r e  V U - t i  Battery Electrical Schematic 
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ACCEPTANCE TESTS AND PROBLEM SUMfARY 

Hartin Marietta separated the  b a t t e r y  acceptance tests i n t o  

f i v e  ca tegor ies  and p e r f o d  them in t h e  sequence l i s t e d :  

1) Electrical performance, 

2) S t e r i l i z a t i o n ,  

3) P o s t s t e r i l i z a t i o n  electrfcal perforaance, 

4) Envircrnnrantal acceptance tests, and 
5) Final electrical performance test. 

1. Postmanufacturing Electrical T e s t s  

The postnmwfacturing electrical tests cons is ted  of a charge 

r e t en t ion  test followed by 10 charge/discharge cyc les  us- a 
C/10 charge rate f o r  16 h r  and a C/2 discharge.  

The purpose of these tests was  t o  (1) e s t a b l i s h  that the 

b a t t e r y  assembly techniques were s a t i s f a c t o r y ,  and (2) e s t a b l i s h  

electrical performance acceptance before  performing t h e  b a t t e r y  

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

The charge r e t en t ion  test w a s  i n i t i a l l y  performed as t h e  

first s t e p  of t h e  procedure; however, because a cell f a i l e d  t h i s  

test, we  decided to sub jec t  t he  cells t o  one charge/discharge 

cyc le  before  performing the  test. 

pensate for the  va r i ab le  discharged s tand experienced by the  

cells during the  ba t t e ry  assembly operat ions.  

from seve ra l  w e e k s  up t o  two months depending upon the  bu i ld  

schedule. The charge r e t en t ion  test is described i n  Sect ion 

VI. 
S t erll iza t ion  

This change was made t o  COUP 

This could range 

2. 

S t e r i l i z a t i o n  of t he  f l i g h t  hardware was accomplished i n  

a thermally cont ro l led  test chamber under a dry ni t rogen atmo- 

sphere. Temperature cnanges during s tar t -up and cool-down were 
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l imi ted  t o  29 t o  32OC per  hour. 

a t  the  s t e r i l i z a t i o n  temperature of 1 1 1 ° C  f o r  54 hr .  

t he  start of s t e r i l i z a t i o n ,  t he  ind iv idua l  b a t t e r y  cells were 

discharged with one-ohm r e s i s t o r s  f o r  24 h r  by means of t he  

checkout connector. 

open c i r c u i t  condi t ion during s t e r i l i z a t i o n .  

The b a t t e r i e s  were maintr-ined 

Before 

The b a t t e r y  and cell terminals were i n  an  

A leak test w a s  performed a f t e r  s t e r i l i z a t i o n  t o  determine 

i f  t h e  high temperatures had introduced f a i l u r e s  t o  t h e  in su la t ed  

terminals seals. 

t i o n  and wiped around each terminal  and stress r e l i e f  c o l l a r .  

No leaks were detected on any of t h e  19 b a t t e r i e s  tes ted .  

A Q-tip was dipped i n  the  phenophthalein solu- 

Five charge-discharge cyc les  using t h e  standard C/10 charge 

f o r  16 h r  followed by a C / 2  discharge t o  a b a t t e r y  vol tage  of 
27 Vdc were performed t o  eva lua te  the  electrical c h a r a c t e r i s t i c  

chaqge induced by s t e r i l i z a t i o n  and t h e  degree-of-recovery ob- 

ta ined by cycling. The elevated vol tage  during charge and the  

suppressed vol tage  during discharge t h a t  were observed during 

the  prototype and development tests were present  during t h e  first 

charge-discharge cycle;  however, t he  vol tage  dev ia t ion  from the  

t y p i c a l  va lues  w a s  less f a r  t he  f l i g h t  b a t t e r i e s .  This was due 

i n  p a r t  by incorporat ing a process t o  reduce t h e  amount of potass- 
iuu -carbonate introduced i n t o  the  f l i g h t  ce l l  during manufacturing. 

This potassium-carbonate reduct ion a l s o  r e su l t ed  i n  an increase  

(an average of 1 cc) i n  the  quant i ty  of e l e c t r o l y t e  added t o  :he 

c e l l .  

a c t e r i s t i c s  as evidenced by a lower charge vol tage  and higher  

discharge vol tage  a f t e r  s t e r i l i z a t i o n  as compared t o  cells  b u i l t  

before  l o t  6. 

This a l s o  contr ibuted t o  the  improvement i n  t h e  c e l l  char- 

Only one e l e c t r i c a l  problem was encountered during the  per- 

formance of the  s t e r i l i z a t i o n  tests. One c e l l  had an abnormally 

low vol tage d i e r  s t e r i l i z a t i o n  cool-down was completed and 

the b a t t e r y  was ready f o r  t he  cyc le  tests. All of the  c e l l  

vo l tages  recovered t o  approximately 0.2 V except f o r  one which 
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3.  

remained a t  a f e w  m i l l i v o l t s .  

ed t o  determine i f  the  cell  had developed an i n t e r n a l  leakage 

path;  huwever, t he  cell  passed t h i s  test. Subsequent cyc l ing  

tests d i d  not  i n d i c a t e  any l o s s  i n  performance o r  v a r i a t i o n  i n  
electrical c h a r a c t e r i s t i c s .  

A charge r e t e n t i o n  test w a s  perform- 

Table 11-1 shows t h e  watt-hour and ampere-hour capab i l i t i . e s  of 

a t yp ica l  b a t t e r y  and i t s  cells. 

a C/10 charge for 16 h r  and a C / 2  discharge t o  27 V in  a 21.1’C 

environment. 

These d a t a  are rep resen ta t ive  of 

Environmental Acceptance Tests 

Each b a t t e r y  was subjected ( i n  a nonoperating disc!uarged m o d e )  
t o  both a random and a s inusoida l  Vibrat ion spectrum i n  each of 

three axes. 

The s inuso ida l  v i b r a t i o n  criteria were as follows: 

Level: 5 t o  15.5 Hz a t  1.016 crn double amplitude, 

15.5 t o  250 Hz a t  5.0-g peak; 

Frequency: 5 t o  250-5 Hz; 
Sweep Rate: 

Over Accelerat ion L i m i t e r :  6.5-g peak; 

The random v i b r a t i o n  spectrum used is shown i n  Figure V-40. 
During the i n i t i a l  v ib ra t ion  t e s t i n g  on t he  f l i g h t  b a t t e r i e s ,  

Four octaves/min, l o g  sweep; 

a washer w a s  discovered t o  be loose.  

assembly b o l t s  revealed t h a t  t he  b o l t s  holding the top and base 

p l a t e  t o  the  center  she l f  and end p l a t e s  had loosened. The re- 

mainder of the  b a t t e r i e s  were checked and i t  was f o u d  t h a t  

the l o s s  i n  torque occurred during the s t e r i l i z a t i o n  procedure. 

As a r e s a l t  of t h i s  i nves t iga t ion ,  a change was made t o  the  

An inspec t ion  of t he  

s t e r i l i z a t i o n  rrocedure t o  incorporate  a t e s t  t o  check and re- 

ad jus t  the b o l t  torques on a l l  t h e  assembly b o l t s  a f t e r  the  

s t e r i l i z a t i o n  process and before  any chargeldischarge cyc le  

tests. 

ten ths  of an ampere-hour a f t e r  the  environmental t e s t i n g  which was 

assumed t o  be caased by e l e c t r o l y t e  r e d i s t r i b u t i o n  during 

v ib ra t ion .  
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,-- 

at tery 

ell 
-- 

-- 

Charge 
C/10 for 16 h r  
at 21.1"C 
W-h 1 A-h 

428.918 i2.851 
17.858 
17.857 
17.856 
17.850 
17.350 
17.850 
17.849 
17.848 
&7.847 
17.847 
17.845 
17.844 
17.844 
17.842 
17.842 
17 - 341 

I .  839 
17.839 
17.838 
17.838 

17.835 
17.832 
17.83' 

17. a35 

- - .- 

12.851 
12.851 
i?. .851 
12.351 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.851 
12.351 
12.851 
12.851 
12.851 
12.851 
12 - 851 
12.851 
12.851 

Discharge 
C/2 to 27 V 
at 21.1"C 
W-h 

324.891 
13.561 
13 -558 
13.555 
13.555 
13.553 
13.552 
13.550 
13.547 
13.546 
13.546 
13.545 
13.542 
13.541 
13.532 
13.532 
13.531 
13.530 
13.526 
13.525 
13.517 
13.511 
13.505 
13.489 
13.470 -- 

A-h 

10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
I O .  753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 
10.753 

Average Cell Capacity 
-- - .- -_--_---_--__I __- 
13.534 W-h 

(Standard Deviation = 
0.023 W-hj 
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4. F i n a l  E l e c t r i c a l  Acceptance Tes t s  

hie f i n a l  electrical acceptance test cons is ted  of (1) a charge/ 

discharge cyc le  to measure the  b a t t e r y  capac i ty ,  (2) a simulated 

i n - f l i g h t  conditioning ckarge/discharge and (3) a r e c h r g e  a t  a 

high rate (W7.5). 

and 265-W-h as a condi t ion  f o r  acceptance. 

The b a t c e r i e s  were requi red  t o  d e l i v e r  9.0 A . h  

The standard C/10 charge f o r  16 h r  followed by a C / 2  d i scharge  

t o  27.0 V was used t o  measure the  b a t t e r y  capac i ty .  This t e s t  was 

performed in a tenpera ture-cont ro l led  chamber set a t  21. l0C. 

Table VII-2 p re sen t s  the  capacities f o r  t h e  f l i g h t  b a t t e r i e s  and 

spares. The vol tage  p r o f i l e s  are shown i n  Figures VII-7 and V I I - 8 .  

TabZe VII-2 
F l i g h t  Battery Acceptance Test 

Battery 
Serial No. 

20* 

21  

22' 

23+ 

24 
25* 
26 

27 

Side A 
A-h 

10.96 

10.65 

10.78 
10.88 

10.72 

10.78 

10.58 

10.46 - 

W-h 

331.8 

32I .  78 

323.07 
327.8 

32; .4 
328.05 

311.94 

31;. 73 

Side B 
A-h 

10.96 

10.74 

10.54 

io. 29 

10.8 

10.77 

10.36 

10.25 

W-h 

331.5 

323 -1 
319.36 

309 .O 

325.4 

324.87 

312.4 

308.5 
*Installed on VLC-1. 

+ I n s t a l l e d  on VLC-2. 
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Figure VII-8  
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VII- 15 



The condi t ioning charge compat ib i l i ty  test w a s  performed 

a f t e r  the  b a t t e r y  cells had been t o t a l l y  discharged with one-ohm 

r e s i s t o r s  f o r  24 hr .  

the  b a t t e r i e s .  

f o r  s i x  hours t o  approximate the  removal of e i g h t  ampere-hours. 

This simulated the  an t i c ipa t ed  depth-of-discharge that would be  

experienced during the  in - f l i gh t  condi t ioning.  The b a t t e r y  was  
then recharged a t  a C/7.5 rate t o  a vol tage  cu tof f  of 35 V o r  

a time limit of 10.5 h r  t o  evaluate t h e  high charge rate per- 

formance. 

V followed by a one-ohm per ce l l  dis.-harge f o r  24 h r  i n  prcp- 

a r a t i o n  f o r  f i n a l  c leaning and inspec t ion  before  packaging 

the  b a t t e r y  f o r  shipment t o  the  launch site. 
shipped i n  a discharged open c i r c u i t  condi t ion i n  s p e c i a l l y  de- 

signed shipping containers .  

A C / 1 5  rate f o r  24 h r  w a s  used t o  charge 

Each b a t t e r y  w a s  then discharged a t  a C/6 rate 

The b a t t e r i e s  were discharged a t  a C/2 rate t o  27 

The b a t t e r i e s  were 

A t  the  t i m e  t h a t  t he  b a t t e r i e s  were de l ivered  and accepted 

as f l i g h t  hardware, a t o t a l  of 90 charge/discharge cyc les  had 

been accumulated. 

0.05 V) s ix  times e i t h e r  t o  recondi t ion the cells as a condi t ion 

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

b a t t e r i e s  del ivered over 10 A-h. 

The cells were deep-discharged (less than 

A t  t h e  t i m e  of acceptance,  t he  
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This sec t ion  descr ibes  tests performed a t  the  sys tem l e v e l ,  

including tests conducted following the  Lander assembly a t  

Hartin Marietta's Denver f a c i l i t i e s  using nonf l igh t  b a t t e r i e s .  

It a l s o  t r aces  the  h i s t o r y  of the  f l i g h t  b a t t e r i e s  from t h e i r  

a r r i v a l  a t  Kennedy Space Center (KSC) through i n s t a l l a t i o n ,  

s t e r i l i z a t i o n ,  system test, and launch. Figure V I I I - 1  shows t h e  

flow sequence from ce l l  manufacture through launch. 

The Viking Lander b a t t e r i e s  were required t o  be i n  a 

complete discharged state t o  withstand the  hea t  s t e r i l i z a t i o n  

cyc le .  Since t h i s  r equ i r e s  access  ind iv idua l  cells, which 

is not  ava i l ab le  once the  b a t t e r y  is i n s t a l l e d  inco  the  space- 

c r a f t ,  t he  b a t t e r i e s  were discharged before  shipment t o  KSC. 

They were then i n s t a l l e d  i n t o  the  spacec ra f t  i n  t he  completely 

discharged condition. F l i g h t  b a t t e r i e s  were i n s t a l l e d  on each 

veh ic l e  before  f i n a l  encapsulation and s t e r i l i z a t i o n .  

t e s t i n g  involving the  f l i g h t  b a t t e r i e s  included b a t t e r y  con- 

d i t i on ing ,  a power subsystem v e r i f i c a t i o n  test, and a power 

t r a n s f e r  test .  

System 

A .  SYSTEM TEST 

Extensive system l e v e l  t e s t i n g  was conducted throughout t h e  

program on t h e  Viking Lander test and f l i g h t  vehic les .  

ing  covered a period from 1973 through 1976. 
thiE system l e v e l  t e s t i n g  was accomplished following t h e  assembly 

of t h e  Lander a t  Denver f a c i l i t i e s  using development and f l i g h t -  

type test  b a t t e r i e s .  Although the  major i ty  of these  tests were 

or ien ted  toward evaluating system and e l e c t r o n i c  component per- 

formance and i n t e r f a c e s ,  s eve ra l  s i g n i f i c a n t  f a c t o r s  were observed 

which a f f ec t ed  t h e  design and u t i l i z a t i o n  of t h e  b a t t e r i e s .  

This test- 

The major i ty  of 
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1. Ground Testing Problems 

B a t t e r i e s  were used t o  support tests on t h e  proof test cap- 

s u l e  (PTC). This t es t  vehic le  was used f o r  mission s imulat ion 

t e s t i n g  and t o  evaluate  t h e  var ious t e s t  areas and configurat ions 

such as the  thermal vacuum and environmental test f a c i l i t i e s  before  

usage by t h e  f l i g h t  vehicles .  Before performing a mission s imu-  

l a t i o n  test ,  t h e  b a t t e r i e s  were removed f o r  recondi t ioning and a 

capaci ty  t es t .  

one-ohm loads f o r  each ce l l  f o r  a period of 24 h r  or more. 

recondi t ioning,  i t  was found t h a t  one b a t t e r y  could no t  be  charged 

due t o  the  development of a high impedance. 

high as seven v o l t s  were obtained a t  C/15 charge rates. 
of t h e  b a t t e r y  usage h i s t o r y  indicated t h a t  t h e  b a t t e r y  had re- 
ceived very l i t t l e  c y c l i c  use. The b a t t e r y  was l e f t  i n  a charged, 

open c i r c u i t  condi t ion f o r  long periods of time ( 1  t o  6 weeks 

o r  more). Infrequent  recharging replaced energy l o s t  due t o  s e l f -  

discharge and t h e  d r a i n  due t o  e i t h e r  a 1 9 , 3 0 0 n t e l e m e t r y  load or 

7000-n combined telemetry and ground support  instrumentation i so -  

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

Reconditioning consis ted of a discharge using 

After  

Cell vo l tages  as 

A review 

A f a i l u r e  a n a l y s i s  was performed on seve ra l  of the h igh  impe- 

dance cells t o  v e r i f y  t h i s  conclusion. 

a n a l y s i s  a c t i v i t y  are discussed i n  Sect ion I X .  

t h i s  a n a l y s i s ,  w e  concluded t h a t  t he  c e l l  separa tors  had d r i ed  out 

due t o  t h e  electrical  i n a c t i v i t y  and t h e  deepdischarge which 

consumes water and produces the  highest  e l e c t r o l y t e  concentration. 

The results of t he  fa i lure  

As a r e s u l t  of 

During t h e  checkout and acceptance t e s t i n g  of VLC-2, t h e r e  

were seve ra l  months when the re  was very l i t t l e  b a t t e r y  usage 

a c t i v i t y .  During t h i s  per iod,  t h e  b a t t e r i e s  were i n s t a l l e d  i n  

t h e  v e h i c l e  and connected t o  t h e  e l e c t r i c a l  subsystems. The 

only load on t h e  b a t t e r i e s  during t h i s  time was t h e  19,300-R 

telemetry i s o l a t i o n  r e s i s t o r .  A t  t h e  conclusion of t h i s  per iod,  



t he  b a t t e r i e s  were placed i n  use with only one b a t t e r y  exhibi t -  

i ng  a low vol tage on discharge.  The b a t t e r y  was removed from 

the  vehic le  and s e n t  t o  the  b,,’,tery l a b  f o r  a n a l y s i s  where i t  

was found t h a t  ce l l  number 24 was near ly  discharged while  t h e  

remaining cel ls  were a t  a f u l l  state-of-charge. 

showed t h a t  t h e  probable cause fo r  t h e  discharged condi t ion 

was due t o  the  presence of a p iece  of contaminant between 

a separa tor  bag and a p o s i t i v e  p l a t e .  Thir introduced a high 

impedance leakage path causing t h e  ce l l  t o  discharge during 

t h e  long period of i n a c t i v i t y .  

t h a t  t h e  ce l l  was probably reversed when t h e  b a t t e r y  vas used 

a f t e r  t e s t i n g  resumed. Details of t h e  b a t t e r y  laboratory 

inves t iga t ion  and f a i l u r e  ana lys i s  are presented i n  Section I X .  

F a i l u r e  a n a l y s i s  

Further evidence ind ica ted  

I t  should be noted t h a t  the ce l l  had received a charge 

r e t e n t i o n  test a t  receiving inspec t ion  and aga in  a f t e r  t he  cel l  

matching program was completed during b a t t e r y  f a b r i c a t i o n  

without de tec t ing  the presence of t h i s  leakage path.  This 

test was repeated as a p a r t  of t h e  f a i l u r e  anz‘lysis and again 

t h e  c e l l  passed t h e  1.16 V cr i ter ia  a f t e r  a 24-hr open c i r c u i t  

s tand . 
Battery Design Change 

A design change was made t o  t h e  b a t t e r i e s  t o  provide protec- 

t i o n  aga ins t  s h o r t s  t o  t h e  exposed terminals  due t o  inadequate 

space f o r  i n s t a l l i n g  components and t h e  p o s s i b i l i t y  of thermal 

i n s u l a t i o n  coming loose. 

was dropped by a technician and allowed t o  contac t  t h e  exposed 

terminals.  This  momentarily created a s h o r t  c i r c u i t  on a test 

support  batLery, 

shee t  of Kapton between t h e  c e l l  r e s t r a i n i n g  ba r s  t o  p r o t e c t  t h e  

terminals. 
a t  one end and taped t o  t h e  b a t t e r y  base p l a t e  on t h e  other  end. 

This change was made because a connector 

The change consis ted of applying 0.0127-cm 

The Kapton sheet  was clamped under t h e  cable  clamp 

VIII-4 



1. 

Four f l i g h t  b a t t e r y  assemblies and two spares a r r i v e d  a t  KSC 

during A p r i l  and May of 1975. The b a t t e r i e s ,  i n  t h e i r  shipping 

coprainers ,  were s tored a t  room temperature i n  a temperature- arid 

humidity-controlled s torage area. Storage l i f e  was 1ini:ed to 

24 months from t h e  time of acceptance. I n  e a r l y  May, t he  b; .e 6 

were removed from t h e i r  shipping containers  on a laminer f l c  

c lean  bench f o r  a p r e i n s t a l l a t i o n  check. This check consis teu of 

a room temperature v e r i f i c a t i o n  of both t h e  telemetry and charge 

c o n t r o l  temperature sensors  and a check of t he  open c i r c u i t  b a t t e r y  

and c e l l  voltages.* The check showed b a t t e r y  vol tages  ranging 

from 28.3 t o  29.0 Vdc and a maximum spread of 1 7  mV between the  

cel ls  of any given b a t t e r y .  

t h e i r  shipping containers  and i n  mid-May were shipped t o  t h e  

Spacecraft  Assembly and Encapsulation F a c i l i t i e s  (SAEF) f o r  

i n s t a l l a t i o n  i n t o  the  two Viking spacecraf t .  

Inspect ion,  Test and I n s t a l l a t i o n  

The b a t t e r i e s  were r e i n s t a l l e d  i n  

Once i n  t h e  SAEF cleanrooms, t h e  b a t t e r i e c  were again removed 

from t h e i r  shipping containers .  

and v i s u a l  inspect ion was conducted j u s t  before  i n s t a l l a t i o n .  

I n  a l l  cases, the open circui'.. vo l tages  were cons is ten t  with the 

previous check. The batteries were then i n s t a l l e d  i n t o  the Vbk- 

i n g  Landers according t o  the  mechanical i n s t a l l a t i c n  procedure. 

The Viking Lander b a t t e r y  assemblies were i n s t a l l e d  i n t o  t h e  Lander 

body from below with t h e  a i d  of a hydraul ica l ly  operated p l a t -  

form which was used to  rrise and p o s i t i o n  the assemblies u n t i l  

t h e  mounting b o l t s  were posit ioned and secured. Figure VIII-2 
shows two b a t t e r y  assemblies as i n s t a l l e d  i n  a Viking Lander. 

When the  mechanical i n s t a l l a t i o n  was completed, the Lander wir ing 

A f i n a l  open c i r c u i t  vol tage check 

--------------------___1________________--------------------------- 

*The t i m e  i n t e r v a l  between the  removal of the c e l l  s h o r t s  before  
packing and shipping and the  performance of t h i s  check ranged from 
30 t o  60 days. 
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- = t d  to the battery uud31i%s. Blretrlul- 
Of * b a t a f i % ~  y+lca e f i a  by 8 &e& of bttw t- 

pen- opcrr c i r d t  -1-e throe p l ~ ~ n g  w r  tae 
slrsm- VIII-3 shows a r3q l i f id  - t ic of 
La*';- Parar sPta= 'Ibe 19.s-kQ m t &  -- ht* output gnnmd UlLad t0 providt 8 i#tm 

-1- s i r a r l -  fht tcrcclrtry system. mame re3iston 
Pravide 8 for 8 qwi-shart coldit$ola op &e 
batteries stut l izat ioa rad durhg thc 
of the rissr~on. 

2. Poststerj..l.iution caP.city Test 
FoUfmhg ater i l i za t im of the V u  Londcr c.pSdW m) 

f o r  30 to 36 Br at lll.6.C, the batteries were chrssd (wing 

g r o d  charging qd-t) f o r  24 hr a t  0.533 A (Cll5). 
batteries vere then discharged at 4.0 A (C/2) ta a voltage of 
approximately 27.5 to 27.8 Vdc. 

eight f l i g h t  ba t te r ies  011 this discharge r8nged f-rom 9.4 A-h to 
10.04 A-h. 
and bat tery charge temperatures these capacities coqated favor- 
ably w i t h  the bat tery acceptance capacitie8. The ba t t e r i e s  vere 
recharged, again with the ground equipaent, at 0.8 A (C/10) to 
a temperature compensated cutoff voltage and dischprged a t  4.0 

A (c/2) for  f ive  minutes i n  preparation f o t  the paver subsystem 

verif icat ion test. 

The 

The capacities delivered by the 

Considering the bat tery s t e r i l i za t ion ,  law charge rate, 

3. Paver Subsystem Verification T e s t  
The parer  subsystem ver i f ica t ion  test, (conducted in late Jme 

and ear ly  July, 1975) was a pa r t  of the VLC pos ts te r i l i za t ion  test- 
ing. The portion of t h i s  test . Vvolving the ba t te r ies  was 

verif icat ion af the  bat tery charger interface and a functional 

check of the chnrge control lcgic. The , ;i+t.d of charg- 

ing each bat tery a t  1.06 A IC/: ..-& t . '.~.ture compensated 
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cutoff  voltage.  

v e r i f y  t h e  rteduadant c iurger  circuits. 
vas discovered i n  the charge control temperature sensor circuit 
of a b a t t e r y  i n  Vu: 2. Since replac-t of t he  b a t t e r y  vould 

have required resterilization and retest of t h e  Viking Lander, 

t h e  decision vas Blade to lpodify t h e  f l i g h t  sof tware to we the re- 
dundant charge con t ro l  c i r c u i t r y  and twperature sensor  f o r  con t ro l  

of that battery rcrther than rep lac ing  t h e  ba t te ry .  

system anomalies vere discovered. 

v e r i f i c a t i o n ,  all t he  b a t t e r i e s  vere discharged (using ground 

equipment) a t  4.9 A (C12) to approximately 27.5 Vdc. 

b a t t e r i e s  on VLC-1 de l ivered  9.29 and 9.93 A-h on discharge.  

remaining two b a t t e r i e s  on VLC 1 del ivered  8.8 A-h and 8.6 A-h. 

This lawered capacfky w a s  a t t r i b u t e d  to  t h e  f a c t  that a l l  four  

Vu: 1 b a t t e r i e s  were inadver ten t ly  placed on t h e  charge bus 

i n  p a r a l l e l  f o r  approximately 10 h r  a f t e r  t h e  f i r s t  two had been 

discharged. 

discharge i n t o  the  previously discharged b a t t e r i e s .  

Battery Charge and Power Transfer  Tes t  

test was p e r f o d  Nice on each b a t t e r y  to 
During this test, a failure 

No other mer 
Following t h i s  power system 

lbo of t he  

The 

This caused t h e  two remaining charged b a t t e r i e s  t o  

4. 
The last ba t te ry- re la ted  test performed before  launch w a s  

This test provided a the ba t t e ry  charge/power t r a n s f e r  test. 
f i n a l  v e r i f i c a t i o n  of t he  power system operat ion and involved a 

t r a n s f e r  t o  the  i n t e r n a l  Lander power source ( the  RTGs) and a 

shor t  b a t t e r y  charge/dischar&e/charge sequence. 

two of the  four  b a t t e r i e s  c.1 each VLC. It consis ted of a 15-min 

charge a t  1.063 A (C/7.5), a 30-sec discharge a t  approximately 

1.0 A and a 10-min charge a t  approximately 1.0 A. 
conducted twfce on VLC 1 and f i v e  times on VLC due t o  launch 

delays.  

The test used only 

This test was 

The b a t t e r y  states-of-charge a t  launch, assuming zero state- 

of-charge f o r  a ba t t e ry  discharged t o  27.5 Vdc, are summarized i n  

Table VXII-1. 
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Spacecraft Battery A Battery B ~ t t ~ ~ c I m t c a r y d  
VLC-1 0.34 A-h 0.33 A-h 0 A-h 0 A-h 

VLC-2 0.70 A-h 0.76 A-h 0 A-h 0 A-h 
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A. ENGINEERING TgsTS 

* 
I .  

As is the case with mt fiat.: ,ry development program, a 
n d e r  of tests are performed which f a l l  ou ts ide  *.e fa& test 

requirements f o r  qual i f&qat ion,  These tests supplv valwble  in- 
formation as to the cell axxilor battery performance f o r  s p e c i f i c  

usage conditions. A summary of these tests and test result3 is 
included in th is  section. Several  - r o b l m  were encountered 

throughout the program which r e su l t ed  in failure analysis activ- 

i t y .  
Thermal Character izat ion 

The r e s u l t s  of these investigations are discussed herein.  

A series of the& evaluat ion tests were p e r f o d  using 

simulated b a t t e r i e s  (cells i n s t a l l e d  i n  r e s t r a i n i n g  f i x t u r e s )  to 

develop a n a l y t i c a l  d a t a  f o r  preparing a computer modal of the 

b a t t e r i e s .  

gram which modeled t h e  thermal response of t h e  lander  vehicle .  

'flab model was used as p a r t  of a l a r g e r  computer pro- 

During t h e  tests, the bat ta -y  was i n s t a l l e d  in a temperature- 

cont ro l led  chamber w i t h  forced air c i r cu la t ion .  Baf fe l s  were 

used t o  limit t h e  air flow over t h e  b a t t e r y  t o  s imulate  the  sane 

temperature p r o f i l e  experienced by t h e  b a t t e r i e s  during the  in- 

f l i g h t  condi t ioning charge on the  landers .  

A series of charge-discharge cyc les  were performed on these  

two b a t t e r i e s  using several charge rates, charge durat ions,  and 

beginning of charge temperatures. 

C/2 rate t o  a b a t t e r y  cutoff  vol tage of 27.0 V. 
IX-2, IX-3, and IX-4 sumnarize t h e  test r e s u l t s  including tem- 

pera lure  rise during charging, watt-hour e f f ic iency ,  and ampere- 

hour capaci ty  obtained f o r  each test. 

A l l  dischargLs were made a t  a 
Tables IX-1, 

The e f f i c i e n c i e s  shown I n  Tables IX-1, IX-2, IX-3, and IX-4 

were ca lcu la ted  using an estimated watt-hour discharge e f f ic iency  

of 88%. This value was based on t h e  r e s u l t s  of the  thermal 
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!kbb I X - 1  ~ ' ~ w u Z  T a t  lkta fop C/lS w e  Ra- 
U-h 

Iaitt.1 b 3  L a u v - h  

*C *C *C 1In .hr  In Out Cbrge Eff. X Out 

23.3 28.9 5.6 24 422.8 3Ob.4 77 82 10.1 

28.3 33.9 5.6 24 424.8 269.1 96.4 77 9.58 

a . 4  37.2 7.8 24 416.2 268.7 133.7 68 8.29 

W.4 u . 7  7.3 24 419.7 190.7 203 52 6.41 

32.2 60.6 8.6 20 366.5 187.2 131.8 62 6.2s 

34.b 41.1 6.7 16 273 169.2 80.7 78 5.68 

21.6 28.9 7.3 26 430.4 306.1 84.8 89 10.1 

1rprt.t-• A I r p . t . t u t c c  Chm +h ikh Ikr- cb.rt. A+ 

. 

I a-6 I 26.1 I 4.5 t 22 I 385.9 1287.1 I 59.7 I85 I 9.52 

27.2 

27.7 

~ 

33.3 6.1 24 422.9 

31.1 3.4 20 347.1 

275.1 

250.5 

I 27.22 1 3 0  I 2.78 

~ ~ 

107. 75 9.0 

61 82 8.28 

1 4.4 

ti-h 
U-h b a a  U-h 
Di.- hrring Charge 
chrge Charge Eff, % 

254.6 28.0 91.2 

254.0 24.0 92.2 

261 29 91 

264 57 84 

182.8 -- 100 

t 

I 7.22 

A-h 
Out 

8.35 

8.30 

8.6 

U.66 

6.03 

I 2.78 

~~ - 
319.9 251.8 33.8 

428.2 274 117 

5 7.2 2.2 

89.4 8.31 

73 9.02 

Table  IX-2 ThsrmaZ Test I k r ta  for  C/10 Charge Rote 

Initial End 
T e r a c u r e ,  Temperature, A T-rature, I *C I 'C 
15.56 18.9 

15.56 19.4 

23.9 11.1 

Charge 
T i r  

12 

16 

12 

16 

12 

16 

1x02 

P h  
-r 
316.2 

310.0 

326 

357 

211.95 



T a b l e  I X - 3  !l'hemt Test k ta  for  C/7.5 ChaPge Rate 

A T e m p e r a t u r e ,  
*C 

1.2 

1.1 

0 

t I i i I 
U-h 

Charge U-h D l s -  
Tlm chtp. chrga 

10.5 376.4 277.5 

7.5 264.1 227.1 

5 174.6 157.7 

InIti.1 

23.9 23.9 

J 

U-h 
U-h Loen U-h 

Charge U-h Din- Durlq C h a r g e  A-h 
f h  Charge charge Charge E f f ,  X Out 

8 341.5 266.3 36.7 89.2 8.84 

6.5 333.5 268.1 28.8 91.35 8.83 

I 

29.4 I 40 I 10.6 110.5 I 371.5 1258.2 

29.4 I 33.9 I 4.5 1 7.5 1 263.2 1212.4 

Trgerature. Temperature. A Temperature, 

29.4 10.6 

29.4 36.1 6.7 

L5-- - T I 0  l r 7 . 6  1 6.4 1 97.6 17.49 1 
430.1 271.6 121.5 71-6 9.03 

346.6 260.1 50.6 85.5 8.63 
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efficiency tests discuaoed i n  Section V (see Figs. V-28, V-29, 
and V-30). 

The watt-hour OJ-h) e f f ic ienc ies  are based on the  following 

ralationuhips: 
W-hc - W-hnC 

x 100 [11 s c o w  = U-hc 

Where 

nC(W-h) = Watt-hour charge e f f h i e n c y  i n  percent. 

W-hc = Watt-hours supplied to the ba t te ry  during charge. 

W - k c  = Thermal losses during charge (W-h) including energy 

from oxygen recombination. 
nd(W-h) is calculated using the  following relationship: 

The watt-hour discharge efficiency, 

121 
W-hd 

= x 100 ‘d W-hd + W-% 
Where 

W-hd = Watt-hours supplied to the load. 

W-hm = Thermal losses  i n  ba t te ry  during discharge (W-h). 

Multiplying equations 1 and 2 together gives the cycle efficiency: 
W-hd(W-hc - W-hTu:) 

sC(W-h)sd(W-h) W-h W-hd + W-h 
c (  TLD) 

Which reduces t o  
U-hd 

‘1c (w-h) sd (W-h) = 

since 
W-hC - W-hTLC 

W-h + W-hm - 1  
d 

W-hd 

W-hc The term - is  defined as the watt-hour cycle efficiency qW+ 
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which gives 

2 .  

During the tes t ing ,  both the  ampere-hours supplied during 

charge and discharge ware recorded and the  corresponding watt- 

hours calculated.  U s i n g  these values, the watt-hour cycle e f f f -  

ciency is calculated using Epuation 4. .Pinally the  watt-hout 
charge eff ic iency is  calculated using Equation 3. The abili ty 
t o  use these equations is dependent on the awai lab i l i ty  of the 
watt-hour discharge efficiency, which must be determined using 

techniques similar t o  those discussed i n  SectionV. 
Three temperature p ro f i l e s  f o r  a C / U  charge i n  ambient  

temperatures of 23, 28 and 34OC are shown in Figure IX-1. 

capacity avai lable  a f t e r  a C/15 charge fo r  24 h r  is plot ted 

as a function of the  end-of-charge temperature in Figure IX-2. 
Over the  temperature range of 28 t o  41'C, the  da ta  show a 

capacity reduction of 3.8 A-h. 

Thd 

Cruise Mode T e s t  

Approximately s ix  months before launch, a program decision 

was made L? activate the  Lander and perform an in-f l ight  check- 

out of the  various subsystems and experiments. 

was tentet ively set a t  approximately 100 days a f t e r  launch. 

This exercise 

Up t o  t h i s  time, the  t o t a l  ba t te ry  development and qua l i f i -  

cat ion e f f o r t  was based on the  premise that the  b a t t e r i e s  would 

remain i n  a t o t a l l y  discharged cordi t ion u n t i l  j u s t  before Mare 

o r b i t  inser t ion  (MOI). 
on the requirement t o  have the  maximum amount of capacity avai l -  

able  during the  entry and landing sequence. 

This operating mode was sedected based 

Since the  in-f l ight  checkout test was a departure from the 
established operating sequence and could introduce degradation 
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i n  subsequent ba t t e ry  performance, i t  became necessary to  per- 

form a simulation test t o  evaluate the degree-of-degradation in- 

troduced. 
The test sequence consis ted of a l t e r n a t i n g  periods of dis-  

charging and charging intermixed with per iods of open c i r c u i t  

s tand which s i m l a t e d  che cool down periods required to  maintain 

thermal con t ro l  on the Lander. 

discharges were adjusted t o  t r ack  t h e  projected in - f l i gh t  condi- 

t ions.  A t  the  conclusion of t he  checkout sequences, t h e  ba t t e ry  

was recharged and then discharged t o  remove e igh t  A-h, The 

discharge vol tage p r o f i l e  is s h a m  i n  Figure IX-3. For 70 days 

following the  f i n a l  discharge,  t he  ba t t e ry  w a s  allowed t o  s tand 

i n  an open circuit condition with a 19,300-fl r e s i s t o r  slowly . 
draining off the  remaining energy i n  t h e  ba t te ry .  The i n t e n t  of 

t h i s  last test s t e p  w a s  t o  determine if t he  ba t t e ry  would be re- 
conditioned by tho s l o w  discharge over the  70-day period t o  a 

ba t t e ry  vol tage less than 27 V. 
the  ba t t e ry  open c i r c u i t  vol tage was 29.18 V which indicated 

the s tand time w a s  not long enough t o  t o t a l l y  discharge the  

ba t te ry .  However, the recharge and discharge (Figs. IX-4 and 

IX-5) performed a t  the  end of the 70-day period d id  prove t h a t  

the ba t t e ry  performance c a p a b i l i t i e s  had not degraded s ince  the 

ba t t e ry  del ivered 10.2 A-h and the discharge vol tage p r o f i l e  w a s  
not dapresaTed. I t  w a s  concluded tha t  a major port ion of t he  

capacity remaining i n  the ba t t e ry  a t  the  start of the 73-day 

stand had been discharged and the ba t t e ry  was e f f ec t ive ly  re- 
conditioned even though the  ba t t e ry  vol tage did not  decay bel- 
29.18 V. 
f o r  each of the checkout test sequences. Temperature excursions 

during charge and discharge were within the allowable l imi t s .  

Discharge rates and depth-of- 

A t  the  end of the  70 days s tand,  

No problems were encountered i n  supplying the  energy 
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3. Self  Discharge 

As a r e s u l t  of the  change i n  mission sequence t o  incorporate  

an  in - f l i gh t  checkout and experiment bakeout period, the  s e l f -  

disGharge rate of the b a t t e r i e s  became an important var iab le  i n  
detarminlng the  state-of-2harge and depth-of-discharge f o r  t he  

various programmed sequences. 

from the  f l i g h t  ba t t e ry  production were placed i n  a self-discharge 

t ea t .  
grouped i n t o  th ree  5-ce l l  groups with similar capacity ra t ings .  

group WLS s t e r i l i z e d  a t  111'C f o r  54 h r .  They were then placed 

i n  a charge/discharge program t o  determine t h e i r  capaci ty  using 

a C / 2  charge t o  a 1.48 V cutoff  followed by a C / 2  discharge to  

1.0 V p e r  ce l l .  After  e igh t  cycles  the  capaci ty  va r i a t ion  be- 

tween cycle? had s t a b l i i z c d  a t  approximately 10.3 A-h. The c d l s  

were charged a t  the C/2 rate t o  1.48 V and then placed i n  an open 

c i r c u i t  stand i n  a 2 1 . l " C  environment. 

one $ -ce l l  group was discharged, and the average capaci ty  calculated.  

The second 5 -ce l l  group was discharged i n  60 days and t h e  las t  group 

Fi f teen  spare  cells remaining 

The cells were cycled t o  determine t h e i r  capaci ty  and then 
Each 

A t  t he  end of 30 clays, 
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a t  96 days. 
environment is ahown i n  Figure IX-6. 
Table M-5. 

The r e s u l t i n g  se l f -d ischarge  curve f o r  a 2L.loC 
Tke test da ta  are given i n  

I I I I I 1 I 1 -  
90 100 

7 5 j  
0 10 20 30 40 50 60 70 80 

Open Circu i t  Stand Time, dayt 

P i p  IX-6 Battery Self-Discharge Charac&2r~st<2 a t  21.1'2. 

During the evaluat ion of the se7.f-discharge ( la ta ,  it Secame 

apparent tha, the  cell  discharge voltage p r o f i l c  

compared t o  the discharge voltage before  s t a r t i n g  the  test. 

Figure IX-7 shows the  average c e l l  discharge vol tages  f o r  the 

30, 60, and 90 day stend cel l  groups. 

there  Le a s ign i f i can t  l o r e  i n  voltage as t h e  charged stand time 
increases. 

depressed 

These da ta  show t h a t  

Figure IX-8 shows the calculated equivalent  vol tage of a 
24-cel l  ba t t e ry  whose average ce l l  c h a r a c t e r i s t i c s  were the  sane 
as the self-discharge test cells  fo r  the  da t a  shown i n  Figure I X - 7 .  

These da ta  show that a s ign i f i can t  loss i n  watt-hour capaci ty  is 

t o  be expected i n  addi t ion  to  the loss i n  ampere-hour capaci ty  

due t o  self-diecharge when the b a t t e r i e s  are l e f t  in an open 

c i r c u i t  charged stand for long durat ions.  
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3O-Day Discharge 

Initial 
Capacity , 

Cell A-h 
1 10.46 
2 10.6 

3 10.46 
4 10.46 
5 10.5? 

cell 
1 
2 

3 
4 
5 

- 

Dxscharge L of Initial 
Capacity , Capaci cy 
A-h 

8.466 b0.94 

8.553 80.5 

E.533 31.57 
8.4 80.3 
8.466 80.39 

Average 80.74 

Initial 
Capacity , 
A-h 
10.2 
10.4 
10.2 
10.06 

lo.? 

60-Day Mscharge 

Ce 11 

1 
2 
3 
4 

5 

Initial 
Capacity , 
A-h 
10.46 

10.26 
10.26 
10.4 
10.33 

- 

~ 

Discharge 
Capacity , 
A-h 
9 -22 

9.42 
9.02 
9 -02 

5.22 

Discharge 
Capacity , 
A-h 
8.93 
‘ 8  

8.86 
8.86 
8.73 

- 

~~ 

X of Initial 
Capacity 

90. 39 

90.57 

88.43 

85.09 

90.39 

Average 88.9 

X of Initial 
Capacity 

85.37 
85.76 

86.35 
85 - 2  

84.5 
.%verage 85 35 - 
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4. High Rate Tr ick le  Charge 
With the  in - f l i gh t  f a i l u r e  of one of the  two redundant chargers 

on VLC-2, t h e  failure of t he  second charger wauld r e s u l t  i n  t he  lo s s  

of t h e  Lander. 

b a t t e r i e s  be f u l l y  discharged a f t e r  t he  c r u i s e  checkout. 

i f  the  one remaining charger should f a i l ,  the  b a t t e r i e s  could not  

be recharged and copsequently could not  be t ransfer red  over t o  the  

Lander in t e rna l  power sources s ince  the  Lander b a t t e r i e s  supply 

power t o  operate the power t r ans fe r  switch. To circumvent this 

poss ib i l i t y ,  t h ree  of the  four b a t t e r i e s  on each vehic le  were dis- 

charged as previously planned. 

was kept  i n  a charged condition by t r i c k l e  charging at a C/40 rate. 

Since no development tests had been done to determine the  

ba t t e ry  response t o  t h i s  charge rate and the  e f f e c t  of charg- 

ing f o r  t h i s  extended period of time was unknown, a laboratory 

tes t  was performed t o  provide the evaluat ion da ta .  

b a t t e r i e s  previously used f o r  t h e  thermal charac te r iza t ion  tests 

were placed on t r i c k l e  charge a t  the  C/40 rate. 

tes t  the temperatures were adjusted t o  maintain the  b a t t e r i e s  

a t  the  temperature of the  b a t t e r i e s  being charged on VLC-1 
and VLC-2. 

of t r i c k l e  charging and allowed to cool d a m  from 32.2 t o  21.1°C 

over a three-day period. 

being discharged to 27.2 V using a 1 9 . 3 4  h a d  bank t o  simulate 

an in- f l igh t  discharge. 

Figure IX-9 compares the  p re f loa t  test da ta  t o  the t r i c k l e  Charge 

test data .  These da ta  show a depressed vol tage after t r i c k l e  

charging of about 0.5 t o  0 .7  Vdc. 

The planned operating m o d e  required t h a t  t h e  four 

However, 

The remaining ba t t e ry  on each vehicle  

30 24-cell 

Throughout t he  

One ba t t e ry  w a s  removed from the test a f t e r  65 days 

The ba t t e ry  del ivered 9.51 A-h a f t e r  

The discharge vol tage p r o f i l e s  shown in 

5 .  - Elec t r i ca l  Charac te r i s t ics  

The ba t t e ry  electrical c h a r a c t e r i s t i c s  were determined f o r  

the var ious usage conditions an t ic ipa ted  during the Lander program 

IX- 13 
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Figure IX-10 shows t h e  d i scha rge  v o l t a g e  range f o r  several 
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The watt-hour charge e f f i c i e n c y  f o r  t h r e e  d i f f e r e n t  charge 

rates used on t h e  l a n d e r s  were c a l c u l a t e d  f o r  a temperature 

range from 18 t o  32OC using the  techniques presented earlier in 

t h i s  s e c t i o n .  The d a t a  

c a l c u l a t i o n s  were based on a watt-hour d i scha rge  e f f i c i e n c y  of 

83% which was determined by t h e  thernlal e f f i c i e n c y  tests d i s -  

cussed i n  Sec t ion  V. 
c h a r a c t e r i s t i c s  of t h e  charger  which used t h e  temperature com- 

pensated end-of-charge v o l t a g e  c r i te r ia  t o  c o n t r o l  t h e  charge 

These d a t a  are shown i n  Figure I X - 1 1 .  

The d a t a  are a l s o  dependent upon t h e  

d u r a t i o n  i n s t e a d  of t h e  t y p i c a l  cons t an t  c u r r e n t  charge f o r  a 

f i x e d  t i m e  per iod.  
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6 .  Battery Dynamic Impedance 

The ba t t e ry  dynamic impedance and step response t o  load changes 

w a s  measured. 

range of 100 Hz t o  500 ldiz. 

applying a one-ampere load t o  a charged b a t t e r y  and then varying 

the  load cur ren t  s inusoida l ly  a t  the test frequencies.  

voltage and cur ren t  were recorded and used t o  ca l cu la t e  the  

magnitude of the  impedance a t  each frequency. 

between the vol tage and current  w a s  a l s o  measured and recorded. 

The ba t t e ry  impedance and phase angle over the  frequency range 

tes ted  are s h a m  i n  Figure IX-12. 

The dynamic impedance was measured ov?r a frequency 

The technique used consis ted of 

B a t t e r y  

The phase angle  

The response t o  a s t e p  increase  i n  load cur ren t  of one-ampere 

was measured. These da ta  were used t o  c a l c u l a t e  t he  c i r c u i t  

parameters fo r  the ba t t e ry  equivalent c i r c u i t  shown i n  Figure 

IX-13. 
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The parameters ca lcu la ted  from the  test da ta  were: 

R1 O . l Q  
R2 0.125Q 

C = 4.8F 

E C e l l  Voltage 

These values  were based on t h e  da t a  shown i n  Figure IX-14. 

Note: DOD = depth-of-discharge 
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LIFE CYCLE TESTS 

I n  1974 a test program was devised, as a research p ro jec t ,  t o  

evaluate  the cyc l i c  l i f e  capab i l i t y  of the Viking nickel-cadmium 

cells with polypropylene separa tors  when subjected t o  repeated 

cycl ing under low e a r t h  o r b i t  conditions.  The test regime con- 

s i s t e d  of a simulated 93-min o r b i t  of which 33 min were used 

t o  charge a t  a C/2 rate. 
15 min open c i r c u i t  s tand and then a C/2 discharge f o r  30 min. 

Another 15 min open c i r c u i t  s tand w a s  imposed between the  d is -  

charge and recharge a f t e r  the  discharge.  

The charge period was followed by a 
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Two groups of cells  were placed on t h e  cyc l i c  tests. 

f i r s t  group of 24 cells w a s  cont ro l led  a t  the  ba t t e ry  leve.. 

other  grocp of 25 cells w a s  control led at individual  cell level. 
Since a law recharge f r a c t i o n  w a s  w e d ,  the  ba t t e ry  and cells 

operated a t  a low state-of-charge throughout the cycle  tests. 

During charge, 2.2 A-h were supplied while 2.0 -4-h were removed 

during dioc'harge r e su l t i ng  i n  a recharge f r a c t i o n  of 1.1. 

the  cycling operation, the ba t t e ry  and cells were placed in a 
temperature-controlled chamber with forced air c i r cu la t ion  a t  a 

temperature of 40OC. 

The 

The 

During 

The ba t t e ry  and cells successful ly  completed 4000 cycles  

under these test condi t ions without a failure. 
The second phase of t e s t i n g  on the  same cells consis ted of 

varying the  recharge f r a c t i o n  at temperatures of 0, 2 0 ,  25,  and 

4OOC. 

out t h i s  phase. 

t he  charge durat ion var ied t o  obta in  the  desired recharge 

f rac t ion .  A t  t he  time of t h i s  wr i t ing ,  10,000 cycles  had been 

accumulated with no ce l l  f a i l u r e s  under these test conditions.  

The same C / 2  charge and discharge rates were used through- 

The discharge durat ion was set a t  0.5 h r  and 

The ba t t e ry  and ce l l  cj-cie tests were in te r rupted  a f t e r  t he  

8568 cycle i n  response t o  a request  from the Viking Pro jec t  t o  

a sce r t a in  the  degree-of-degradation experienced by the  cyc l i c  

operation. 

condition f o r  24 hr  a t  a C/15 rate. 

a C / 5 . 3  rate t o  27 V f o r  the  ba t t e ry  and 0 . 2  V per ce l l  f o r  

the  cel l  group. 

discharging each c e l l  ind iv idua l ly  with one-ohm r e s i s t o r s  f o r  24 
hr .  

for 24 h r  and then discharging a t  a C / 5 . 3  rate. 
l ivered  8 . 2 8  A-h whLe the  cells  del ivered 7.8 t o  7.9 A-h. 

The ba t t e ry  and cells w e r e  charged from a discharged 

They were then discharged a t  

The ba t t e ry  and cells were reconditioned by 

The capacity test was performed by charging a t  a C/15 ra te  

The ba t t e ry  de- 

The discharge vol tage da t a  show the  development of a sub- 

s tan t ia l  sacond vol tage plateau as shown i n  Figures IX-15 
and IX-16. 
charged below 1.0 V. Following the  discharge,  t he  c e l l s  were 
reconditioned by discharging them individual ly  with one-ohm r e s i s t o r s  

During the  discharge the  ce l l  vol tages  were a l l  d i s -  

IX-19 



3 4 r  

P) u u 
6 
A 

28 

26 

24  

-4 
- \  

\ 

Legend : 

-0- F i t s t  Discharge - Second Discharge 

\ 

22 23-Cell Battery 

1 2 3 4 5 
-- 

Discharge Duration, hr 
Figure IX- 15 
B a t b r y  Discharge Voltage ut 3600 Cycles, 1.5-A Discharge R u k  

1 . 4  

1 . 3  

3 1 . 2  
., 

9) 
a0 
6 

4 4J 1.1 

d 

u 
; 1.c 

0,s Cell 5 

1 I I \cel l  21 J 
1 2 3 4 5 

0.L 
0 

Discharge Duration, hr 

Figure IX-16 
Cell Disoharge Voltage a t  8600 Cycles, 
1.5-A ~ s c h a r g e  Rate 

IX-20 



f o r  24 h r .  Tne second discharge shows t h e  effect  of t h e  re- 

cond i t ion ing  s i n c e  t h e  La t t e r y  d e l i v e r e d  7.9 A-h . 
The conclusions reached are t h a t  t he  nickel-cadmium c e l l s  

b u i l t  w i th  polypropylene s e p a r a t e r s  are capable  of o p e r a t i n g  a t  

h ighe r  temperatures L:L 1.1 convent ional  cel ls  manufactured cJ ir ,g  

nylon s e p a r a t o r s  and t h a t  high c y c l e  l i f e  i s  ob b.iiil.ible. 

C. FAILURE ANALYSIS 

C e l l  f a i l u r e s  were recorded du r ing  t h e  ce l l  matching tests, 

du r ing  b a t t e r y  acceptance tests,  and during t h e  pe r iod  when 

t h e  test support  b a t t e r i e s  were used t o  suppor t  ground checkout 

and acceptance tests on tne two Landers and Proof T e s t  Capsule 

(PTC). The r e s u l t s  of t he  l a b o r a t o r y  tests and f a i l u r e  a n a l y s i s  

performed a r e  presented i n  t h i s  s e c t i o n .  The f a i l u r e s  are 

discussed according t o  t h e  type of f a i l u r e  t h a t  occurred as 

shown below: 

I) Charge r e t e n t i o n  tes t  f a i l u r e s ;  

2)  Se l f  discharge;  and 

3) High impedance cel ls .  

1. F a i l u r e  Analysis  Techn : -oe  

Chemical a n a l y s i s  of. t he  c e l l  components were performed under 

a n i t r o g e n  b l a n k e t  t o  r r even t  t he  i n t r o d u c t i o n  of  carbonates  

by exposure of t h e  e 1 e : - r o l y t e  t o  t h e  atmosphere. E lec t ro ly t - e  

e x t r a c t i o n  from the  p l a t e s  and s e p a r a t o r s  was accomplished u s i n g  

a s o x h l e t  e x t r a c t o r  unds.r a n i t rogen  b l anke t .  Visual exaidna- 

t i o n s  were made using . i  5OX microscope. 

microscope (SEN) w a s  UL rd t u  evaluate s e p a r a t o r  material, p l a t e  

s tructare, c r y s t a l  s i z e  u d  c o n f i g u r a t i o n ,  and Contaminants. 

Elements were i d e n t i f i e d  using a n  atomic abso rp t ion  spectrometer .  

Nitrates, carbonates ,  and t o t a l  KOH were analyzed by t i t r a t i o n  

methods using the  proceJures  o u t l i n e d  i n  NASA GSPC procec'ure 

X-761-73-314, "Procedure f o r  The Analysis of Nickel-Cadiuiuni 

A scanning e l e c t r o n  
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Charge Retention Test Fa i lures  

This test was designed t o  de t ec t  high impedance leakage 

paths  between t h e  ce l l  p l a t e s  which would r e s u l t  i n  excessive 

capaci ty  l o s s  over a long period of time and could eventual ly  

r e s u l t  i n  a ce l l  becoming discharged and possibly reversed dur- 

ing normal ba t t e ry  operation. 

a 5-min charge a t  a C/10 rate from a f u l l y  discharged condi t ion 

followed by 6 24 hr  open c i r c u i t  stand. 

the  ce l l  vol tages  were required t o  be g rea t e r  than 1.16 V. 

The test method used consis ted of 

A t  the  end of t h i s  time, 

This test is i n i t i a l l y  performed as a p - r t  of t he  ce l l  re- 
c e i v i i g  inspect ion and is repeated a f t e r  t h e  cells  a r O  assembled 

i n t o  ba t e r i e s .  A cel l  (S.N.704) on one of t he  f l i g h t  b a t t e r i e s  

f a i l e d  during t h i s  test. 

a l l  the ba t t e ry  cells (except the  ce l ;  c-hat f a i l e d  the  t e s t , )  

min ta ined  an open c i r c u i t  vol tage of g rea t e r  than 1.19 V 

during the  ba t t e ry  assembly time. 

the f a i l ed  c e l l  was 0.05 V. 
determine t h e  condi t ion of the  o ther  96 c e l l s  t ha t  were i n  var ious 

s tages  of the  manufactliring assembly operation. 

(SIN 842 and S I N  1020) were found with aSnormally low vol tage 

and were re7laced with spare cells. The decis ion  t o  remove these 

cel ls  from production was influenced by the  ba t t e ry  f ab r i ca t ion  

schedule and the  d i f f i c u l t i e s  associated with replacing a c e l l  

i n s t a l l e d  i n  a ba t t e ry  assembly. 

A review of the  test da ta  showed t h a t  

The open c i r c u i t  vol tage of 

This prompted an inves t iga t ion  t o  

Two other  c e l l s  

One of the tvo suspect cells was suSjected t o  t h e  charge 

re ten t ion  test again.  

margin; however, i t  was decided t o  include both suspect cells  i n  
the f a i l u r e  analysis .  

I t  passed t h i s  test  with a considerable 
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I n  a d d i t i o n  t o  the  t h r e e  cel ls  removed from product ion,  two 

a d d i t i o n a l  c o n t r o l  ce l l s  were included f o r  comparison purposes.  

One c e l l  was obtained from t h e  s p a r e  c e l l s .  Th i s  c e l l  had been 

sub jec t ed  t o  t h e  ce l l  matching tests. 

removed from a l i f e  c y c l e  test  program. 

4000 c y c l e s  of a C/2 charge and d i scha rge  i n  which two ampere- 

hours were removed on discharge.  

end of t h e  c a p a c i t y  range du r ing  t h i s  test s i n c e  t h e  c e l l  was 

recharged t o  s l i g h t l y  over 25% of i t s  c a p a c i t y  range. 

was performed in a 40°C environment. 

The second ce l l  was 

It had a l r e a d y  accumulated 

The c e l l  operated on t h e  lower 

This  t e s t  

The ce l l s  are i d e n t i f i e d  as fol lows:  

S e r i a l  Number Hi s to ry  

704 F a i l e d  chargr  r e t e n t i o n  test 

842 Low v o l t a g e  suspec t  ce l l  

Low vo 1 t age- suspec t c e l  1 1020 

471 C e l l  from l i f e  c y c l e  test  

1076 Spare c e l l  

The c e l l s  were disassembled dtirl sub jec t ed  t o  cheuical  a n a l y s i s  

and v i s u a l  i n spec t ions .  The r e s u l t s  of t h e s e  analyses are 

presented i n  t he  fol lowing paragraphs: 

P-.%nl No. 7c/4 - Rust s t a i n s  w e y e  found on t h e  s e p a r a t o r s  and 

p l a t e s  both along t h e  edges and i n  ale c a s e  i n  t h e  c e n t e r  of a 

p l a t e .  

causing the  test f a i l u r e .  N o  och . abnorma l i t i e s  were found. 

I t  was concluded t h a t  t h e  l u s t  in t roduced a leakage p l a t e  

S&ai l o .  842  - A spo t  or s:. I izone g rease  was found between t h e  

polypropylene l i n e r  and t h e  cab?. 

found on t h e  s e p a r a t o r s ;  however. Ltiey had not pene t r a t ed  t h e  

s e p a r a t o r s  and no d i s tu rbances  011 (.he ad jacen t  a r e a s  of t h e  

p la tes  were found. 

Some small b l ack  s p o t s  were 
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Serial  P?o. 1320 - Olie p l a t e  showed evidence of b i i s t e r i n g  

Another p l a t e  had no co in ing  on one edge and t h e  (Fig. IX-17). 

oppos i te  edge had a double-width co in ing  which i n d i c a t e d  t h a t  t h e  

Blanking d i e  had become mislocated,  

s p o t s  t h a t  penetrated through t h e  s e p a r a t o r s .  The ad jacent  arew 

on t h e  p o s i t i v e  and negatii <: showed d i s c o l o r a t i o n  and evid.:,l,u of 

chemical and e l e c t r i c a l  a c t i . - i t y .  

b lack  spot  on t h e  s e p a r a t o r  while  Figure IX-19 shows a SEM 

p i c t u r e  of t h e  contaminant. Figure IX-20 shows t h e  r i n g  of 

d i s c o l o r a t i o n  on t h e  ad jacent  area on a p l a t e  i n d i c a t i n g  t h a t  

a curren' path had e x i s t e d  through t h e  s e p a r a t o r .  Traces of 

n icke l ,  cadmiun, and c t h e r  t r a c e  materials were found it t h e s e  

areas. 

Three s e p a r a t o r s  showed bli,ck 

Figure IX-18 shows a t y p i c a l  

Ser ia l  No. 2075 - No abnormal i t ies  were found i n  t h i s  c e l l  and 

t h e  general  condi t ion  war good. 

Ser?:aZ No. 471 - The ce l l  p l a t e s  were hard t o  s e p a r a t e  due t o  

t h e  s e p a r a t o r  adherence t o  t h e  nega t ive  p l a t e s .  

p l a t e s  showed sone evidence of s inter  weakness as material 

f laked  e a s i l y  of f  t h e  edges during handling. 

buildup of cadmium-oxide was noted on t h e  p o s i t i v e  comb. 

evidence of black s p o t s  o r  ckdmium p e n e t r a i i o n  of t h e  s e p a r a t o r s  

was found. 

The p o s i t i v e  

A yellow-greenish 

No 

ConcZusions - The f a i l u r e  on c e l l  704 was due to r u s t .  The 

rust was bel ieved t o  have o ., urred during t h e  manufacturing 

operar ions s i n c e  t h e  c e l l  w,i4 opened and disassembled under a 

ni t rogen  b lanket .  

The f a i l u r e  of c e l l  102C t o  hold a charge was due t o  a 

contaminant which had penetrLAted t h e  s e p a r a t o r  bag and i n t r o -  

du;ed a high impedance l e a k  E... i-. path.  

The o ther  abnormal i t ies  noted did not  c o n t r i b u t e  t o  t h e  

f a i l u r e  t o  pass t h e  charge r..:tention tests. Their conditio.1 vas 

d i r e c t l y  r e l a t a b l e  t o  t h e  us ,ge h i s t o r y  f o r  each c e l l .  The c e l l  

that  had receix-d 4000 cyclc;: a t  4OoC showed t h e  most d e t e r i o r a -  

tion. 

degradation i n  any of the  f i v e  ce l l s  t e s t e d .  

There was no evidence observed of s e p a r a t o r  m a t e r i a l  
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3. Se If Discharge 
During the  ground tes t ing  on VLC-2 there  was a two month 

During t h i s  period, period when the  b a t t e r i e s  uere not used. 

t he  b a t t e r i e s  were l e f t  i n  a charged state with only a 19,300-Q 

telemetry i so l a t ion  r e s i s t o r  as a load. 

t h i s  period, the b a t t e r i e s  were placed i n  use; however, it w a s  

discovered t h a t  or?e of the four batteries exhibi ted a low voltage 

during discharge. 

A t  the  conclusion of 

The ba t t e ry  L-as  removed from VLC-2 and during subsequent 

ana lys i s  i n  the b a t t e r y  l ab ,  ce l l  24 was found t o  be i n  a near ly  

discharged condition while the remaining cells were i n  a high 

state of charge ( > 7-A). Several theor ies  were proposed t o  account 

f o r  t he  discharged condition. These theo r i e s  included an  in t e rna l  

shor t  and the poss ib i l i t y  t ha t  the cell terminal had been inadver- 

t e n t l y  shorted t o  s t ruc tu re  during equipment removal and i n s t a l l a -  

t ion .  

A review of the  vchicle  test da t a  indicated t h a t  several 
occasions ex is ted  when the ce l l  could possibly have been re- 
versed. I f  t h i s  had occurred, the  precharge on the  negative 

p l a t e  would have been discharged and would be less than the  

i n i t i a l  2 t o  3 A-h. 

(with a cont ro l  c e l l )  were de l ibera te ly  reversed a t  a one-ampere 

rate and the c e l l  voltage recorded. 

0.5 V negative or  less the  negative precharge is being discharged. 

When the precharge i s  consumed the c e l l  vol tage increases  t o  

over one v o l t  negative.  The da ta  shown i n  Figure IX-21 show 
tha t  there  was less than one ampere-hour of precharge remaining 

i n  the  f a i l e d  c e l l  (No. 24), while the  adjacent  ce l l  i n  the  

ba t t e ry  had approximately two ampere-hours, and the  spare  c e l l  
had over three ampere-hours. These da t a  tend t o  support the 

suppositio,i t ha t  c e l l  24 had been reversed. 
40 min was due t o  a test in te r rupt ion  t o  remove c e l l  24. 

To confirm t h i s  suspicion, cells 2 3  and 24 

When the ce l l  vol tage was 

The da ta  s h i f t  a t  
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The ce l l  w a s  removed from the  ba t t e ry  and f a i l u r e  ana lys i s  

performed. During the s e p a r a t i w  ana izspec t ion  of the p l a t e s ,  

a l a rge  p a r t i c l e  (0.3 by 0.5  cm) w a s  discovered between the 

separa tor  bag and p o s i t i v e  p l a t e .  

t h e  separator  material and introduced a leakage path of some 

unknown magnitude. 

metal covered with a nickel-sulfur  compound. Traces of nickel-  

s u l f u r  c r y s t a l s  were found on the  adjacent  area of the  negat ive 

p k - t e .  

bak which is s l ipped  over the  p o s i t i v e  p l a t e ,  i t  w a s  concluded 

that the  particle w a s  e i t h e r  on the  separa tor  material o r  f e l l  

between the  bag and p l a t e  during assembly. 

w a s  appraised of t he  f a i l u r e  and of the  f a i l u r e  ana lys i s  re- 

s u l t s .  However, a source f o r  t h e  s u l f u r  contaminant could not  

be found i n  t h e  cell manufacturing area. 

A review of t h e  cell  and ba t t e ry  test da ta  accumulated be- 

f o r e  del ivery of the  b a t t e r y  w a s  made t o  determine i f  the  da t a  

showed any evidence of an in te rna l  leakage path. 

of any abnormal c h a r a c t e r i s t i c s  w a s  found. 

This p a r t i c l e  had penetrated 

This p a r t i c l e  w a s  found to be a cadmium 

Since the  contaminant was found between the separator  

The cell supp l i e r  

No evidence 

I t  w a s  concluded that  a high impedance leakage path developed 

i n  the  cell  as a r e s u l t  of the presence of t he  contaminant. 

Consequently, the c e l l  discharged over t h e  time the  ba t t e ry  w a s  

not  no t  i n  u s e  producing an unbalanced condi t ion i n  which ce l l  

No. 24 operated a t  a lw state-of-charge while t he  remaining 

c e l l s  were f u l l y  charged. 

which lowered the  ba t t e ry  vol tage and consequently upset the  

load shar ing of t he  four b a t t e r i e s  connected i n  p a r a l l e l  on the 

Lander bus. 

and operated at a low depth-of discharge during t h i s  period of 

t f s t i n g ,  the  reversed c e l l  did not  experience a high r a t e  re- 
versal current ;  however, the da t a  does show t h a t  the negat ive 

precharge on t h e  f a i l e d  cel l  was considerably lower than the 

comparison c e l l s  which supports the  c e l l  r eve r sa l  theory. 

It  w a s  concluded the  cel l  w a s  reversed 

Since t h e  b a t t e r i e s  were discharged a t  low rates 
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4. High Impedance Cells 

The second bat tery f a i l u r e  occurred on the proof test eapsul- 

(PTC). This PTC vas used t o  ver i fy  the -*ariaus test f a c i l i t i e s  

(vibration, thermal vacuum, etc , )  before their use  by f l i g h t  wehi- 

c l e s  for formal testi%. During the two years t ha t  the bat tery had 
been ins ta l led  on PTC, it had received two addi t ional  s t e r i l i z a t i o n  

cycles Over the normal requirements. Typical usage consisted of 

intermit tent  discharges to  various depths of discharge with 10% 

periods of charged open c i r c u i t  stored. 

open c i r c u i t  stand periods were due t o  the  self-discharge rate and 

the  presence of an instrumentation load that (depending upon test 

configuration) was  e i t he r  7000 or 19,300 Q. The test support 

b a t t e r i e s  on this vehicle had previously been recycled back to 

the ba t te ry  test f a c i l i t y  f o r  a performance check and one of 

the o r ig ina l  ba t t e r i e s  had been replaced due to low capacity. 

Before placing the PTC i n  a mission simulation test, the  b a t t e r i e s  

were again scheduled f o r  a reconditioning discharge and a capacity 

ver i f ica t ion  test i n  the  ba t te ry  test f a c i l i t y .  

Discharge rates during these 

The bat te ry  was reconditioned by discharging at  a C/2 

rate t o  27 V and then each c e l l  w a s  loaded with a one-ohm r e s i s t o r  

fo r  a minimum of 24 hr. 

however, the voltage on several  c e l l s  immediately exceeded the  

allowable l i m i t  of 1.50 V causing the da ta  acquis i t ion and 

control system computer t o  generate an abort command which ter- 

minated the  charge. 

c e l l  voltage problem was a temporary phenomenon, the  abort  l i m i t  

was ra ised t o  several  vo l t s  and the charge test res ta r ted .  This 

time the t e s t  was aborted due t o  a ba t te ry  voltage greater  than 

35 V. 
however, i t  das manually terminated due to  c e l l  voltages tha t  

reached from 4 to  7 V. 

made t o  charge individual c e l l s  using low ra t e s  fo r  long 

The ba t te ry  w a s  then placed on charge; 

In  an attempt t o  determine if the  high 

The l i m i t  w a s  again raised and t h e  test res ta r ted ;  

Several other a t t e m p t s  were 
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durat ions or constant po ten t i a l  charging -with l imited success.  

lko cells were opened at the  f i l l  tubes  and 34% KOH w a s  added 

in 2-cc increments. 

were noted and one cell del ivered 10 A-h a f t e r  14 cc of e l e c t r o l y t e  

vas added (cell  flooded). 

l e m  was t o  remove several cells and s - b j e c t  them t o  f a i l u r e  

analysis t o  determine i f  t he  cells had dr ied  out. 

condition of t he  separa tors  and p l a t e s  w a s  a l s o  evaluated. 

P a r t i a l  recovery of t he  cell characteristics 

The next  s t e p  in evaluat ing the  prob- 

The general  

The cell cover w a s  opened under a ni t rogen blanket and the  

p l a t e  pack and separa tors  placed in a soxhlet  ex t r ac to r  to 

co l l ec t  the  e l ec t ro ly t e .  

when the ce l l  p l a t e s  w e r e  fanned out  to  allow the  water t o  

penetrate  between the  p la tes .  

ped on t he  negative p l a t e  sur face  by a c r y s t a l  growth around 

the  f ibe r s .  The negative p l a t e s  had a very granular appearance 

and were a s i l v e r n  color  (shiny and r e f l e c t i v e ) .  The separa tor  

bags had a dry appearance. A considerable amount of granular 

material flaked of f  t he  p l a t e s  and c o l l . .  t -d  i n  the  bottom of 

the  beaker holding the  cel l  p a r t s  and wash water. 

Abnormal ce l l  condi t ions w e r e  noted 

The separator  f i b e r s  were trap- 

The second phase of the  inves t iga t ion  consisted of t ry ing  

t o  iden t i fy  the  e l e c t r o l y t e  q u a n t i t i e s  on the  separators ,  

and p la tes .  

under a ni t rogen blanket;  however, t he  separator  bags were removed 

from the  pos i t i ve  p l a t e s  and the  negative and pos i t ive  plates were 

segregated i n t o  separa te  groups. 

plates, and pos i t i ve  p la tes  were indiv idua l ly  subjected t o  an 

e l e c t r o l y t e  ex t rac t ion  using the soxhlet  ex t rac tor .  

Other cells from the  same b a t t e r y  were disassembled 

The separator  bags, negative 

RcsuZts - The r e s u l t s  of t he  chemical ana lys i s  are summarized 

i n  Table IX-6. 
have a higher concentration of KOH and K2CO3 i n  the pos i t i ve  and 

negative plates as compared t o  the cont ro l  c e l l .  A s ign i f i can t  

d i f fe rencc  i n  the quant i ty  of e l e c t r o l y t e  i n  t h e  separators  

These data  show tha t  the  high impedance cells 
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C e l l  
S I N  

246 

224 

1205 
Con- 
t r o l  
C e l l  

*Grams 

e x i s t .  

K W  i n  t he  separa tors  while  the  cont ro l  cell had a h s t  21%. 
Tab22 IX-6 EZectrolyte Quantities and Location in High Impedmce Cells 

The two high impedance cells had 1.5 and 7.1% of t h e  t o t a l  

To t a l  
KOH* *, gm 
6.31 

3.69 

0.765 

0.026 

10.80 

Component 

K W  Vol, 
m l  (31% 
KO1) 

15.7 

9.2 

1.9 
0.1 

26.9 

(-) P l a t e s  

(+) P l a t e s  

Separators 

Case 

Tota ls  

6.2 

4.3 
0.17 

0.02 

10.69 

4.98 

2.99 
2.14 

0.10 
10.21 

~ ~ 

(-) Plates 

(+) Plates 

Separators 

Case 

Totals  

15.4 

10.7 

0.4 

0.1 
26.6 

12.39 

7.44 
5.32 
0.26 

25.41 

(-) Plates 

(+) Plates 

Separators 

Case 
T O L J l S  

5.56 

3.49 

0.75 

0.013 

9.81 

5.63 

3.9 

0.15 

0.01 

9.69 

4.59 
2.82 

1.96 
0.06 

9.43 

K2C03 
w t ,  ga 

0.93 

0.25 

0.018 

0.016 

1.21 

0.72 

0.5 

0.02 

0.01 
1.25 

~ 

0.26 

0.21 

0.22 
0.06 

0.75 

Z KOH 
of To ta l  

58.5 

34.2 

7 . 1  

0.2 

100 

58 .O 

40.3 

1.5 
0.2 

100 

48.8 

29.3 

20.9 
1.0 

100 

K? CO 3 converted t o  grams KOH and added t o  KOH weight for t o t a l  weight. 

I t  is evident t ha t  the e l e c t r o l y t e  i n  the high impedance 
c e l l s  was absorbed by the pos i t i ve  and negat ive p l a t e s  which 

l e f t  an inadequate amount fo r  the  separators .  Consequently, 
separator  dryout occurred and the c e l l  developed a high 

impedance. 

Three f a c t o r s  contr ibuted t o  the  f a i l u r e :  

Pos i t ive  p l a t e  thickness increased due to  cyc l i c  usage  which 

increased the porosi ty  and allowed more e l e c t r o l y t e  to  b e  

absorbed. 

Negative p l a t e  thickcess  increased due to  cadmium-hydroxiae 

1) 

2) 
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c r y s t a l  growth due t o  discharging a t  low rates (less than 

0.01 A) f o r  long per iods of t i m e .  

of usage experienced during the test program. 

This was due t o  the  type 

3) Reconditioning t o t a l l y  discharges the  cells  which leads t o  

the highesr: KOH concentrat ion s ince  water is consumed 

during discharge.  

The r e s u l t s  of the visual.examination support  the  conclusions 

reached as a result of the chemical ana lys i s .  These observations 

are as follows: 

1) Shiny depos i t s  of cadmium were observed on some of t h e  

pos i t i ve  p l a t e s .  These areas were general ly  on the upper 

areas of the  p l a t e  near the  weld tab.  

The separator  bags contained white powder deposi ts .  

Negative p l a t e s  exhibi ted a rough granular  spongy appearance. 

The p l a t e s  had a s i l v e r y  appearance as compared to  a gray 

color observed on o ther  p l a t e s .  

The p l a t e s  and separa tors  had an extremely dry appearance 

while e l e c t r o l y t e  could be seen on the  separa tors  and p l a t e s  

from the good ce l l .  
NOTE: qci? 1?05 was b u i l t  using t h e  carbonate Process= 

2) 

3) 

4 )  

CG ,:.'?tstcn - The ba t t e ry  f a i l u r e  was induced by a nonmission 

orier.tr:d operat ing mode which caused the growth of l a rge  cadmium 

crystals on the  negat ive p l a t e s .  

and tfiickmbs increased and add i t iona l  e l e c t r o l y t e  w a s  absorbed 

i n  Loth the negative and p o s i t i v e  p l a t e s .  

during recondi t ioning induced the  f i n a l  f a i l u r e  s ince  water 

is consumed during discharge which resu l t s  i n  t h e  highest  concen- 

t r a t i o n  of e l e c t r o l y t e .  

The negative p l a t e  porosi ty  

The deep discharge 
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X. 
~~~~ ~~~~ ~~ 

The two Viking spacecraf t  were launched from Cape Kennedy on 

Ti tan 111-Centaur Launch vehic les .  

launched August 20,  1975 and the  second spacecraf t  w a s  launched 

September 9, 1975. A t  t he  time of launch, the  ba t t e ry  condi t ions 

were as described i n  Section V I I I .  

The f i r s t  spacecraf t  was 

Figure X-1 summarizes the  ba t t e ry  usage a c t i v i t y  during the  

f i r s t  p a r t  of the  c ru i se  phase on VLC-1 and VLC-2. 

i n i t i a l  period of the mission, the  b a t t e r i e s  w e r e  i n  a discharged 

condition with the  19.3 k telemetry i s o l a t i o n  r e s i s t ance  slowly 

dra in ing  any r e s idua l  energy from each ba t t e ry .  A t yp ica l  d i s -  

charge vol tage p r o f i l e  during t h i s  period is shown i n  Figure X-2. 
By the  t i m e  of the  f i r s t  i n - f l i gh t  charge (55  days a f t e r  t he  

f i r s t  launch),  the  ba t t e ry  vol tages  had decayed t o  below f i v e  v o l t s  

on the f i r s t  Lander (VLC-1). 

Throughout the  

The b a t t e r i e s  were charged a t  a C / 1 5  rate s t a r t i n g  on the  55th 

day of f l i g h t  i n  preparat ion fo r  the  in - f l i gh t  checkout test. 

The end-of-charge w a s  determined by the ba t t e ry  vol tage and tem- 

perature  using the  power d i s t r i b u t i o n  assembly (PCDA) voltage- 

temperature charge cutoff  l og ic .  The charge durat ion on VLC-1 
varied from 21.7 t o  22.8 hr .  f o r  the four b a t t e r i e s .  The calcu- 

l a t ed  capaci ty  s tored  ranged from 9 .1  t o  9.4 A-h. 

t i m e s  during the in - f l i gh t  checkout tests, the  b a t t e r i e s  supplied 

energy a t  a low rate t o  supplement the energy supplied by the  R T G s .  

During nonusage per iods,  the b a t t e r i e s  were each being discharged 

v i a  the  19.3 kR telemetry isolRtion r e s i s t o r .  Each ba t t e ry  was 

recharged a t  a C/5 rate 85 days a f t e r  the  launch and again used t o  

support add i t iona l  Lander subsystem tests. Between tests the  

b a t t e r i e s  were slowly discharged by the telemetry i s o l a t i o n  resis- 

tance. 

b a t t e r i e s  were used to support add i t iona l  subsystem tests. 

A t  various 

The next recharge occurred 1 1 2  days a f t e r  launch and the  
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14 16 18 20 22 24 26 28 30 32 34 36 
Days from Launch 

F i g u r e  X-2 Battery L%scharge after  Launch under 19.3 kn Load 

A change t o  t h e  opera t ing  mode w a s  made because one of  t h e  two 

redundant b a t t e r y  chargers  on VLC-2 f a i l e d .  

b a t t e r y  charge c u r r e n t  from t h e  O r b i t e r  power system. 

t i o n a l  charger  had f a i l e d ,  t h e  v e h i c l e  would have been l o s t  i f  a l l  

four  lander  b a t t e r i e s  had been t o t a l l y  discharged as was o r i g i n a l l y  

planned. 

These chargers  provide 

I f  one addi- 

An opera t ing  m d e  w a s  developed i n  which one b a t t e r y  was main- 

ta ined i n  a charged condi t ion  throughout t h e  remainder of t h e  in- 

t e r p l a n e t a r y  c r u i s e .  This b a t t e r y  could be used t o  t r a n s f e r  t h e  

Lander subsystems from t h e  Orbi ter-suppl ied power t o  t h e  Lander 

RTG power source.  Once t h i s  w a s  accomplished, t h e  r e m i n d e r  of 

b a t t e r i e s  could be charged using t h e  RTGs as t h e  primary source 

of energy. 

mance comparison purposes (both Lander vLhicles)  were configured 

t o  maintain one b a t t e r y  i n  a charged state. This b a t t e r y  was 

placed on a C / 4 0  t r i c k i e  charge and maintained i n  t h i s  condi t ion  

f o r  the  remainder of the  c r u i s e  phase. 

. 

To maintain uniformity i n  t h e  sof tware and f o r  perfor-  
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The remaining t h r e e  b a t t e r i e s  were s e q u e n t i a l l y  discharged t o  

27.3 Vdc us ing  a 19 .34  load bank beginning on t h e  153rd day a f t e r  

b u n c h .  

Concurrent wi th  t h e  change i n  b a t t e r y  usage on VLC-1 and VLC-2, 

two test b a t t e r i e s  were placed on a f l o a t  charge test i n  t h e  labo- 

r a t o r y  a t  a C/40 rate. 

co inc ide  wi th  t h e  i n - f l i g h t  condi t ions .  

given i n  Sec t ion  I X .  

Ba t te ry  temperatures were adjus ted  t o  

Details of t h i s  test are 

The i n - f l i g h t  checkout tests on VLC-2 were similar t o  t h e  tests 

The f i r s t  charge occurred 57 days a f t e r  launch performed on VLC-1. 
and t h e  f i r s t  recharge a t  77 days.  Approximately 1.6 LO 1.6 h r  of 

charging a t  e C / 5  rate were requi red  t o  recharge each of t h e  bat-  

teries. The second recharge occurred 100 days a f t e r  launch and 

each b e t t e r y  was charged f o r  approximately 1.5 h r  a t  t h e  C/5 rate. 

Beginning 154 days a f t e r  launch, t h r e e  of t h e  four  b a t t e r i e s  were 

s e q u e n t i a l l y  discharged t o  27.3 V using a 19.3 51 f ixed  r e s i s t a n c e  

load bank. The o t h e r  b a t t e r y  was placed on a C/40 t r i c k l e  charge.  

During t h e  t i m e  per iod fol lowing t h e  i n - f l i g h t  checkout, the  

b a t t e r i e s  on t r i c k l e  charging reached a temperature of 30.6 and 

31.7OC on VLC-1 and VLC-2. The o ther  b a t t e r i e s  on each v e h i c l e  

were slowly being discharged by t h e  19.J k te lemetry i s o l a t i o n  

r e s i s t o r s .  The two charged b a t t e r i e s  (one on each lander )  a r e  

scheduled t o  remain on t r i c k l e  charge a t  the  C/40 rate f o r  12 

weeks. The t r i c k l e  charge is then scheduled t o  be removed and 

the b a t t e r i e s  and lander  allowed t o  cooldown before  t h e  recharg- 

i n g  i n  prepara t ion  f o r  the  C/160 f l o a t  charge and t h e  presepara- 

t i o n  checkout during Mars o r b i t a l  opera t ions .  

The b a t t e r i e s  on VLC-1 were i n  the charged conf igura t ion  f o r  

18 weeks and VLC-2 f o r  14 weeks. 

expected dur ing  t h e  charged per iod.  

A l l  b a t t e r i e s  performed as 

B a t t e r y  temperatures ranged from 19.4OC t o  28.3OC during 

The temperatures on VLC-2 were about 5OC chargfng on VLC-1. 

h igher .  Consequently, t h e  last  b a t t e r y  charge4 reached a tem- 

pera ture  of 32.8OC. 
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The b a t t e r i e s  on both landers  exhib i ted  a s l i g h t l y  depressed 

vol tage  curve upon d ischarge  down t o  t h e  v o l t a g e  cu tof f  of 27.3 
Vdc (see  Fig.  X-3). The depressed volta.ge gf Q, 0.5 t o  1.0 V 

w a s  a t t r i b u t e d  t o  l a c k  of b a t t e r y  o p e r a t i o n a l  a c t i v i t y .  

teries were cycled to  a very shal low depth-of-discharge no more 

than t h r e e  tines i n  t h e  14  t o  18 week per iod.  Laboratory b a t t e r y  

test  d a t a  ind ica ted  t h a t  a p o t e n t i a l  one-volt depress ion  during 

discharge a f t e r  a 90-day charged open c i r c u i t  s tand  w a s  poss ib le .  

I n  the  above case ,  the  d a t a  from t h e  Lander were compared t o  l a b  

se l f -d ischarge  tests. The results of t h i s  test  are presented i n  

Sec t ion  I X .  

The bat-  

Acceptance T e s t  Discharge 

Discharge a f t e r  Cruise  
Checkout 

29 - c 28 

27 I I I I I I I I I I I J 
0 20 40 60 80 100 120 140 160 180 200 220 240 

Discharge Duration, min 

Figure X- 3 
TypicaZ Battery Discharge after Cruise Checkout 
Compared to Acceptance Teet Data 
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Early i n  the  Viking ce l l  developinent e f f o r t ,  i t  became evident  

t h a t  a q izable  test program w a s  requt red  t o  meet t h e  program objec- 

t i v e s  v i t h i n  tha a l l o t t e d  t ime span. Simultaneous evaluation of 

cells  from t h r e e  cel l  vendors vas required and t h e  total  number of 

cells  t o  be processed w a s  es t imated  to  b e  w e l l  over  1000. To pro- 

v ide  t h i s  c a p a b i l i t y ,  an automated c o n t r o l  and d a t a  a c q u i s i t i o n  

system w a s  designed and f a b r i c a t e d .  

Two s e p a r a t e  systems evolved, each using a PDP8/E computer as 

the  means of c o n t r o l  and d a t a  a c q u i s i t i o n ,  t o  minimize t h e  human 

i n t e r f a c e .  A d e s c r i p t i o n  of  t h e  s y s t a  f o l h w s .  

The ACDhS is a f u l l y  automatic  f a i l - s a f e  system t h a t  remotely 

c o n t r o l s  i n d i v i d u a l  cal ls  and o r  b a t t e r i e s  through s p e c i f i c  cyc les .  

It  a l s o  acqui res  test  ddta  i n  a r e a d i l y  reducib le  form f o r  a n a l y s i s .  

An o v e r a l l  view of t h e  c o n t r o l  equipment is shown i n  Figure A-1. 

The ACDAS c o n s i s t s  of two separate independent s y s t e m ,  each 

using a Pi)kE-,/E-8IC memory computer. 

scanner and d i g i t a l  vol tmeter  t o  a c q u i r e  t h e  d a t a  which are s t o r e d  

on a seven-track tape  recorder .  R e a l - t i m e  readout  c a p a b i l i t y  and 

access  is provided by a Decwriter. This s y s t e m  h a s  n i n e  indepen- 

dent channels t h a t  can handle 30 cel ls  each o r  one m u l t i c e l l  b a t t e r y .  

Figure A-2 shows a block diagram of t h e  s y s t e m .  

The f i r s t  system b u i l t  uses  a 

The second system can Gandle up t o  60 cel ls  on each of i t s  1 2  

chdnnels f o r  a t o t a l  c a p a b i l i t y  of 720 cel ls .  The system can be 

expanded up t o  19 channels with a t o r d l  c a p a b i l i t y  of lU28  cel ls .  

This s y s t e m  uses  a sanple  and hold c a p a c i t o r  with an X/D Converter 

t o  measure and condi t ion  t h e  rest  d a t a .  An addi t ’onal  64 k af 

memory is provided by two 2;. which provide fo r  a d d i t i o n a l  capa- 

J i l i t y  such as i n t e g r a t i n ,  -I 2 c u r r e n t  t o  provide a real- t ime 

readout of the ampere-hours suppl ied during charge 3nd discharge.  

Xgain,  the da ta  is s t o r e d  on seven-track magnetic tape.  Real-time 

d a t a  and c o n t r o l  c a p a b i l i t y  is provided by a t e l e t y p e  and a Dec- 

writer terminal.  
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Each test channel has the  capab i l i t y  of being operated i n  one 

of four  operating modes of charge, discharge,  o r  open c i rcu i t .  

The four  modes o r  phases can be  operated sequent ia l ly  t o  s imulate  

o r b i t a l  operations.  The computer monitors ind iv idua l  ce l l  and o r  

ba t te ry  data ,  compares the  da t a  with cont ro l  l i m i t s ,  and terminates 

the phase when a l i m i t  has been a t ta ined .  

terminated o r  switched t o  the  next mode of operat isn.  

can be control led by any of the  following cont ro l  parameters: 

(1) number of cycles, ( 2 )  cell vol tage (3) cell  pressure,  (4) cell 

temperature, (5) phase durat ion,  and ( 6 )  aux i l i a ry  electrode.  In  

addi t ion,  ba t te ry  test cont ro l  may use indiv idua l  cell da ta  i n  the  

ba t te ry  f o r  phase cont ro l  limiis. For example, a test  may requi re  

tha t  no individual  cell f a l l s  below 0.5 V on discharge.  

t e ry  test could be cont ro l led  on t h a t  bas i s .  

The test can then be 

Each phase 

The bat- 

Software programs using the  Plartin Marietta CDC 6500 computer 

reduce and analyze the  da ta  s tored  on the ACDAS magnetic tape. 

Present programs are capable of the  following tasks:  

1) 

2) 

3) 

S t r i p  da t a  i n t o  individual  channels; 

I s o l a t e  s p e c i f i c  da ta  or cells fo r  ind iv idua l  evaluat ion;  

S t a t i s t i c a l l y  evaluate  performance parameter of groups of cells 
o r  b a t t e r i e s ;  

Provide predic t ions  and t rends of any parameter; 

Provide c e l l  matching and se l ec t ion ;  and 

4 )  

5) 
o )  Provide p l o t s  of test da ta  (voltage, cu r ren t ,  A-h, W-h, tempera- 

t u r e ,  and pressure) .  

The da ta  are s tored  on a master tape and are ava i l ab le  on mag- 

n e t i c  tape,  microfilms, X-Y p lo t s ,  and computer pr in tout .  

SuFport equipment housing the c e l l s  and b a t t e r i e s  are 10, 

27-ft3 t e  pe ra tu re  chambers with a temperature range of minus 84'c 

t o  p lus  1 8 2 O C .  

heat  s t e r i l i z a t i o n  of component parts.  

t h i s  equipment. 

Two of these chambers include a nit rogen source f o r  

Figure A-3 shows some of 
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APPENDIX B 
PR- SPECIFICATION REQUlammrS 

A. 

1. 

The following are the  s igni f icant  r e q u i r m t s  relative to the 

manufacture, inspection and t e s t  of the  nickel-caddum cell t h a t  

were igosed on the  cell manufacturer. 

t racted from the procurement specification. 

These requirerents  were ex- 

SEPARATOR C I t A R A ~ S T I C S  

Electrolyte  Absorption, DirensionaJ. Change, Electrolyte  Retention 

and Porosity 

Six samples of each material s h a l l  be cu t  (in the machine dirtc- 

tion) to  6.5 cm by 2.50 cn and individually measured using a stand- 

ard die. 

Ames gage Nodel 262 platform d i a l  micrmter with a 1.27 cm diameter 

stainless steel anv i l  or a Cady gage, Model. MJ-1. 

be graduated in 0.001 am. 
t e m  is acceptable. 

milligram of an analy t ica l  balance and then k r s e d  i n  approximately 

100 cc of aqueous potassium hydroxide (KOH) solut ion i n  noncorrosive 

containers with air t i gh t  covers. Vacuum may be used for  nonwetting 

separator material. 

the  same percent as used i n  the cell f i l l i n g  and shall be of the  

same quality.  

ples  have been subjected t o  the following conditions: s ix  samples 

shall be conditioned while i n  the containers a t  21.1OC. 

s h a l l  be returned to  t h e i r  individual containers for  an addi t ional  

hour a t  21.1OC. 

shall be wiped across a clean l u c i t e  p l a t e  u n t i l  no droplets  a r e  

l e f t  on the plate .  Then reweigh the sample. 

The thickness of each sample shall be measured using an 

The d i a l  shall 

A n  equivalent thickness measurement sys- 

Each -le s h a l l  be weighed to the  nearest one 

The concentration of the  KOH solut ion shall be 

Dimensional changes s h a l l  be m s u r e d  a f t e r  the s e  

The samples 

A t  the  end of one hour, the  equi l ibrated samples 

E l ~ c t r o l y t e  Ahorpiwon - Electrolyte  absorption is the d i f f e r -  

ence t tween the wet equilibrated samples and the dry sample 

weights. 

men t agreement . 
Data s h a l l  be submitted i n  accordance with the procure- 
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Electrolyte Reeention - Electrolyte  re tent ion shall be  measured 

on the same samples a f t e r  draining f o r  15 r. 5 nia on a clean l u c i t e  

p l a t e  positioneu a t  45 +- 2 deg angle. The samples shall be reweighed. 

W i n g  draining, the samples shall be enclosed i n  an inert atmosphere. 

Data shall be submitted i n  iccordance v i t h  the procureaent agreement. 

Polrosity - Data shall be submitted i n  accordance vith the procure- 

ment agreement. 

Separator Wettabil i ty 

Separator wet tab i l i ty  of three samples of separator material shall 

Each sample shall be cu t  from a d i f f e ren t  rol l .  Separa- be measured. 

tor wet tab i l i ty  shall be measured by placing the dry separator saeple 

in the  r e s i s t i v i t y  cell, f i l l i n g  the  cell with e lec t ro ly te ,  and racord- 

ing the  time required to  a t t a i n  a s t a b l e  resistance.  

used f o r  nonwetting separator material. Measurements shall be made at 

five-second intervals. Data shall be submitted i n  accordance with the  

procurement agreement. 

Tensile Strength a t  Break 

Vacuum rruy be 

Tensjle s t rength a t  break shall be measured on a t  least s i x  samples, 

Separator t e n s i l e  s t rength measurements each cut  from a d i f f e ren t  r o l l .  

shall be made on d i e  cu t  specimens 12.7 by 2.5 cm, cut  i n  the  ro l l  di-  

rection; each of which must be careful ly  examined f o r  flaws. 

containing obvious flaws s h a l l  be discarded. 

each material  s h a l l  be run and the mean value reported. The t e n s i l e  

s t rength a t  break s h a l l  be measured on samples which are conditioned 

both a t  22.2OC and 50 - I 5% re l a t ive  humidity f o r  24 hr.  

speed of two inches per min s h a l l  be used and the specimens positioned 

i n  rubber-faced javs  so tha t  the gr ip  separation is three inches. 

gation measurements can be obtained by measuring the gr ip  separation as 

the test progresses using the value a t  break t o  calculate  percent elon- 

gation. For the tens i le  measurement, the  load is i n  pounds s h a l l  be 

measured a t  the breaking point.  

between the jaws a r e  not included. 

Samples 

A t  least f i v e  samples of 

A cross  head 

Elon- 

Samples breaking outside the areas  

2. 

3. 
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The testing shall be performed a t  22.2*C, 50 2 5% r e l a t i v e  h d d -  

i t y  . 
Perform calculations as follows: 

Calcula t ious  
Breaking Load, l b  

C S.A. T e n s i l e  Strength = 

C.S.A. = Sample cross sec t iona l  area 
L - Lo x loo X Elongation = 

T 

L - Sample length a t  break - Original  length 
LO 

Repeat the test on s i x  samples tha t  have been s tored fo r  24 hr  a t  

21.1OC i n  c e l l  e l ec t ro ly t e  C02 f r ee  atmosphere. The supplier m y  

suggest alter.,ate methods t o  Martin Marietta f o r  approval. 

4. Extractable Organic Content 

A t  l e a s t  three samples, each from a d i f fe ren t  r o l l  s h a l l  be 

analyzed for  soluble organic material. The sample s i z e  s h a l l  
2 be 10 ern . The followieg method of extract ion of organics is 

recommended. If a d i f f c ren t  method is used, i t  s h a l l  be sub- 

mitted to 'qrt in Marietta for  approval. 

1) 

2) 

3) 

Weigh the separator sample on an analy t ica l  balance. 

Determine volume of separator sample. 

Put the sample i n  a weighed container with methanol, reagent 

grade. Use a volume r a t i o  of 20 solvent t o  one of separator 

cover container. 

S t l r  w i t h  a magnetic s t i r r e r  overnight. 

Remove separator sau.ple  and weigh a f t e r  drying. 
4) 
5 )  
C ) Evaporate solvent.  
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7) 

8 )  

Determine the weight of residue and weight loss of separator. 

Perform IR analysis of residue.* 
Martin Marietta and indicate major organic constituents. 

a larger residue sample is required to perform this task, a 

proportionally larger sarnple is permissible. ) 

Submit copy of XR trace to 

(If 

5. Inorganic Content 
At least three samples, each from a different roll, shall be 

analyzed for inorganic materials. 

organics are to be extracted shall be a 10 cut2. 

tragraphic analysis of the following will be determined: carbonate, 

silica, zinc, chloride, nitrate, and nickel titanim.t 

The sample size from which in- 

Qualitative spec- 

6. Thickness Variation 

The separator thickness shall be measured at minimum intervals 
of one measurement for each five cells constructed. Each 00e8sure- 

ment shall be made on samples of two feet in length, taking 10 
thickness readings at approximately two-inch intervals. 

Ames Model 262 or Cady Model W-1 gage. 

while separator is in rolls. 

Using the 
Measurements may be made 

B. ELECTRODE ANI) ELECTRODE ASSPIBLIES 

1. Electrode Quality Assurance Provisions 

The electrode supplier's certification for both positive and 

negative electrodes shall contain the followin4 minimum information. 

1) Assigned plate batch number; 

2) Spiral number or lot number; 
3) Date of impregnation; 

~ 

*Residue shall be less than 2.0% by weight of total organics. 

iResidue shall be less than 0.5% by weight of total inorganics as 
determined by ignition residue. 
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2. 

3. 

4. 

4 )  Percent porosity;* 

5 )  
6) Posi t ive capacity obtained; and 

7) Negative capacity obtained. 
Nitrate Content 

Weight of active amterial i n  grams/cm2; 

The n i t r a t e  content of the  pos i t ive  (Ni) and negative (Ni) elec- 

trodes s h a l l  be measured i n  micrograms/gram of the  active material, 

s i n t e r ,  and substrate .  

Carbonate Content 

The carbonate content of the  negative (Cd) and pos i t ive  (Ni) elec- 

trodes shall be measured i n  milligramdgram of active material, s i n t e r ,  

and substrate.  

Electrode Assembly Quality Assurance Provisions 

Manufacturing and inspection Operations on completed pos i t ive  and 

negative p la tes  shall be controlled a s  follows before t h e i r  formation: 

1 )  Inspection of curing, coining, and other operations a f fec t ing  the  

in t eg r i ty  of the s i n t e r  and grind. 

Four edges shall be coined t o  prevent f laking of s i n t e r  material. 2) 

3) Visual inspection of pla tes .  (100% inspection on pos i t ive  and 

negative plates before assembly i n t o  formation pack.) 

P l a t e s  s h a l l  be rejected i f  the following defects  are detected:t 

a)  

b) 

4 )  

Evidence of f laking of ac t ive  materials of the  p l a t e .  

Rough edges, burrs  and snags (inspection w i l l  be made with 

nylon gloves t o  f e e l  fo r  pulls on f i b e r s  of glove. 

t ion  w i l l  include the e n t i r e  electrode surface.) 

Inspec- 

c) B l i s t e r s  and peeling of sinter material. Blisters i n  excess 

of 0.05 arm above electrode surfaces o r  evidence of s i n t e r  

material breaking away from grid.  

---_------_-_-_-----_________c__________--~--~------~~--------~- 

*Sample results based on a reasonable sample from each pos i t ive  and 
negative spiral  or  lot a r e  acceptable fo r  items (4J through ( 7 ) .  
Tolerances are t o  be supplied by s u p p l i e r ,  

?Inspection c r i t e r i a  w i l l  be established by the s u p p l i e r  re f lec t ing  
items l i s t e d  i n  paragraphs ( 4 1 ,  (a) through (h).  
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Electrodes shall be uniform thickness over the entire sur- 

face area of t0.02 nm. 
lected f o r  thicknws determination. 

meet t h i s  thickness requirement, then a l l  p l a t c s  are ac- 

ceptable. I f  one or more p la t e s  from t h i s  sample cannot 

meet this thickness requirement, then a 100% sample is 

required to  eliminate a l l  electrodes which cannot meet 
t h i s  thickness. Rejection is f ina l .  

P l a t e  weight screening. Establ ish the  average weight of the  

pos i t ive  electrode and negative by a screening method before 

edge coating. 

technique. 

average established p l a t e  weight. The suppl ier  s h a l l  estab- 

l i s h  de ta i led  procedures and submit them f o r  Martin Marietta 
review and approval. 

the weighing of a minlmum of 100 pos i t ive  p l a t e s  and 100 nega- 

t ive plates .  

Tab shall be free of sinter material in the  weld area. 
shall be no evidence of f laking o r  cracking of sinter material 
adjacent t o  the  tab. 

Grid support fo r  s i n t e r  material s h a l l  be f r e e  of any breaks 

or cracks. 

Dimensional checks s h a l l  show that p l a t e s  are i n  accordance 

with applicable supplier drswings. 

be selected fo r  dimensional checks. 

A 10% random sample s h a l l  be se- 

I f  a l l  samples can 

Then each p l a t e  w i l l  be screened by a GO-NO-GO 
Each p l a t e  weight s h a l l  be within -+ 3.5% of the  

The average shall be established from 

There 

A 10% random sample s h a l i  

5 .  P l a t e  Samples 

The supplier s h a l l  provide 25 acceptable pos i t ive  electrodes and 

25 acceptable negative electrodes from each p l a t e  l o t  used i n  the  pro- 

duction of the cell l o t .  

as required but shal l  not have been subjected t o  any electrical opera- 

t ion.  

ed, and permanently marked with the plate l o t  number. 

The electrodes s h a l l  have received inspection 

Each electrode s h a l l  be placed i n  a polyethylene bag, heat seal-  
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QUALITY ASSURANCE C. 

1. 

2. 

3. 

4. 

5. 

6 .  

7.  

Quality Assurance Provisions for Produccion Processing of Electrode 
Assemblies 

Production processing and test operations on cell electrode assem- 

blies consisting of initial inspection of plates, through formation, 
addition of KOH, and sealing of cell with gage assembly shall be con- 
trolled as follows: 
Atmospheric Environment 

The environment of the formation facility shall be monitored with 
respect to humidity and temperature. 
Handling of Materials 

All plates, separators, and materials shall be handled with gloves 
and shall be sealed in cleanroom grade plastic bags or sealed plastic 

boxes. 
Formation Pack Identification 

Sufficient numbers of previously ins?ected positive and negative 
electrodes constituting a cell pack shall have a formation pack iden- 
tification nuaber assigned. 
shall be referred to for all data recording during formation. 

shall be visible on each formation pack. 
Separator Material (or ?<terials) 

Formation pack ideatification numbers 
Numbers 

Separator material or materials used t o  wrap plate groups for for- 
mation shall be inserted such that the outside surface of the two outer 
electroaes is covered WiKh separator material. 
Formation Pack Fabricatid?: 

All formation packs .;hall be fabricated from alkali resistant 
materials such as nylon, plexiglass, etc. The adhesive or epoxy used 
to assemble the container- shall also be alkali resistant. 
Electrical Clips and Leads 

Electrical clips and leads must be stainless steel, nickel, or 

nickel-plated steel. MeCiIIS f o r  attaching leads to clips must be 
alkali resistant. 
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8 .  Formation Pack Connectors 
The connectors holding the  p l a t e s  together i n  the  formation 

packs shall be constructed of stainless a l loy ,  nickel ,  o r  nickel-  

plated steel. 

Y .  Addition of Elec t ro ly te  and Water t o  Formation Packs 

Elec t ro ly te  bubbling out  of the  packs during formation shall 
be avoided. A t  the  end o t  the  f i r s t  formation cycle,  e l e c t r o l y t e  

s h a l l  be added to  a prese t  mark. Maintain the  prese t  mark. 

D. FORHATION AND ELECTROCHEMICAL CLEAN LNG 

1. Assembled Formation Packs 

Assembled formation packs s h a l l  be soaked i n  KOH concentretion 

as spec i f ied  by suppl ie r  k 0.5 deg Be  f c r  a minimum of 16 h r  and a 
~ , i r n u m  of 24 h r  before  f i r s t  electrical operation of formation. 

Each pack s h a l l  cons is t  of the  same number of pos i t i ve  and negat ive 

p l a t e s  ae w i l l  be used i n  a f inished cel l .  

2.  Operational Conditions 

The following conditions s h a l l  be observed during operation: 

KOH leve l  i n  formation container sha l l  be maintained above top 

of p l a t e  s tack;  

Charge and discharge times s h a l l  be min ta ined  as specif ied by 

suppl ier  within 5 22 of designated time periods;*.: 

\There constant currents  f o r  charge or discharge are spec i f ied ,  

and/or cur ren t  measurements are used f o r  ca lcu la t ions  of ampere- 

hour capacity,  currents  s h a l l  be regulated within +- 2.0% of speci- 

f i ed  value. 

1 )  

2) 

3)  

*Exact time of each charge and each discharge s h a l l  be recorded t o  
nearest  minute. 
t o  immediate Martin Marietta no t i f i ca t ion  and j o i n t  material review 
board ac t ion .  

+In case of power f a i l u r e ,  a notat ion s h a l l  be made, clearly v i s i b l e ,  
on t h e  data  shee ts .  

Deviation from periods spec i f ied  s h a l l  be subject  
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3. 

4) Positive and negative current lead6 of each formation series 

circuit shall have an ammeter inserted in series with each lead. 
One ammeter shall be marked "control"; the second ammeter marked 
"monitor". 
Voltage of each formation pack and current of series formation 

circuit measurements shall be made not more than five minutes be- 
fore end-of-all-charge or end-of-all-discharge periods. 

Readings of two meters shall always be within ? 2.0%.  

5 )  

Cell Formation 
Formation shall be performed in accordance w'th supplier's sched- 

ule. Exceptions to certain operations are listed below and apply to 
all cells manufactured herein. The following steps shall be adhered 
to during the fina! capacity determination of positive electrodes and 
setting of relative state-of-charge of cadmium electrodes. 

Last formation discharge to determine capacity of positive elec- 

trodes sha.l.1 be made at the C / 2  constant current rate from full 
charge to a cell voltage of 0.75 ? 0.25 V. 
Time for each cell to reach a voltage of +G.75 z 0.25 V shall be 
recorded. 
Each cell shall be removed from the discharge circuit at the speci- 
fied vel-age and individually pldced under a 0.1-2 or greater re- 

sistor load such that the cell v.lltage is decreased to less than 

0.1 v .  
The ampere-hour capacity of posir-ive plates (as determined in 
paragraph 2)  shall be adequate t:) provide 100% cell-rated capac- 
ity to 1.1 V after exposure to ;.,-at sterilization. 
Formation discharge shall conti*:'e at a 0.718 A-h when all cell 

voltages in a series circuit a1.t- less than 0.1 V. Discharge 
shall continue for a time peridi to obtain a 1.5 negative to 
positive ratio. 
0.718 A discharge. 

Record voltage of each cell before starting the 
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Positive electrodes shall be verified as liiniting electrodes 
by sampling one cell from each series formation circuit. 

formation circuit consists of up to 26 cells. 
Cells not capable of meeting the requirements cf paragraph 7 

s\all 3e rejected. 
Cell voltages and series ..rring current shall be recorded di 
intervals not to exceed 30 min during the 0.718 A discharge. 
The total time each cell is on the 0.718 A discharge shall be 

recorded. 

Series 

The time rate is excess negative capacity, 

Plate Stacks -- 4. 
Traceability of plates in semi-formation shall be maintained. 

Plates shall not be exposed to air for more than five minutes before 
compiete neutralization. Deionized water, having a resistivity si 
1.0 k k - c m ,  shall be used for rinsing plates. The smple shall b e  

collected from plates when the runoff h a  slowed to approximately 
one drop/second. 
be submitted to Martin Marietta for approval. 

The supplier's procedure for pH measurement shall 

5. Drying 
Plates shall be vacuum dried or dried in an inert atmosphere. 

Drying temperature shall not exceed 55OC.  

exceeding the maximum limits s; ecif ied during drying operation 
shall be demonstrated. "Time in'' and "tim out" of oven on e:!,-h 

group CIE plates shall be recor,ied.* 

Oven temperature not 

6 .  -- Cheniical Analysis 
A chemical analysis of ont- dry cell per plate lot shall be pe-r- 

formed t o  determine the loadin:: of the positive (Nickel) electrode, 
negative (Cadmium) electrode, .tnd the negative electrode residual 
charge. 
-----------------------------.- -------------_------_______________c_ 

*All internal cell componcnts stiail be handled with lint-free cotton 
gloves in an area designated f , ) r  aerospace cells. Good housekeepiw 
procedures are required. 
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7. Inspection .md Weighing oc Electrode Assemblies - 
Inspection on each e lec t rode  s h a l l  be performed. Pa r t i cu la r  

a t t en t ion  s h a l l  be given to  bent comers of gr id  and b l i s t e r s  on 

s in t e red  material. Posi t ive,  negative,  and aux i l i a ry  e lec t rodes  

f o r  each cell  s h a l l  be grouped and their msight per cell  sha l l  be 
recorded co the nearest  4.1 grara. 

Plated Welds 
I_ 

8 .  

Eeld tabs t o  p la t e s  and terminals to c d s ,  whickever is ap- 

pl icable .  

p l i e r ' s  -tin mrietta corporation-approved equivalent spec i f i -  

cat5 DE. 

- Pla t e  Stack Wrap-;separator material) 

U e l J s  s h a l l  be in  accordance with MIL-U-8611 o r  sup- 

9. 

Separator ? 11 s id t  be teated i n  accordance with Seccion A. 
Lot number and t j pe  of separa tor  material s h a l l  be recorded ou cell 

data sheets.  Alignment of p l a t e  edges using ..r. alignment gag? s h a l l  

be perfmmed . 
10. Resistance ,est of P la t e  Stack Assembly 

Electrode assedlies s h a l l  be compressed t o  8.9 to  13.34 kN be- 

fore  assembly of packs i n t o  c e l l  containers.* 

11. Radiographic Examinatlor. 

Radiographs s h a l l  be taken of each -it for inspect ion for work- 

manship, fcreign retali c particles, an3 drawing compliance. No 

more than three cells si a l l  be included i n  each radiogrpph taken of 

the f l i t  view and no m c . t  than four cells s h a l l  be included i n  each 

radiograph t a k m  of the edge view. 
s h a l l  cuIlcain cell seri;;; n d e r ,  pos i t i ve  or negative terminal 

locat ion,  view number, :-uitable cont ro l  number, da t e  radiograph was 

taken, and an image quaIitv indicator .  A l l  radiographs s h a l l  have 

good c l a r i t y .  

As a r in imm,  each radiograph 

*Controlled prlrionic ca l ib ra t ion  reqitired if conducted on a test j i g .  



12. Rejection Criteria_ 

C e l l s  shall be rejected i f  t he  following is observed: 
Tab bends g rea t e r  than 90 deg; 

Poor workanship and nonconformance t o  drawings; and 

Auxiliary electrode s t r i p s  and/or t abs  d s a l i g n e d  or exhib i t ing  . 

unusual bends or kinks a t  any point.  

1) 

2) 

3) 

13. Rework 

Three mechanical cycles  on defec t s  detected before  welding of 

cover to case are permissible provided t h a t  a repeat log is main- 
ta ined and submitted to  Martin Marietta Corporation. 

repeat  radiographic examination shall be conducted on t he  repaired 

uni t .  

s t a t e d  herein shall be removed from the  assembly area and held f o r  

Martin Marietta Corporation review and approval of m y  electiical 

rework. 

detected a f t e r  cover weld and pinch-off is completed. 

A complete 

Any cells f a i l i n g  to meet any of the  electrical requirements 

No rework s h a l l  be permitted on units where de fec t s  are 

14 . KOH F i l l  

KOH s h a l l  Le prepared and tes ted  i n  accordance with 4. Elect- 

Data from the batch card on the  cell da t a  royte (see page B-18). 

sheet  s h a l l  be recorded. 

t o  the nearest  0.1 grams before KOH is added. 

KOH s h a l l  be prevented by using bu re t t e s  while f i l l i n g  and by 

minimizing KOH exposure t o  atmospheric conditions.  The amount 

( in  

suppl ier .  

insu la t ion  res i s tance  measured. Methods used t o  clean burre tes  

s h a l l  be specif ied by the suppl ie r  and s u b d t t e d  t o  Xartin f o r  

approval. 

Marietta f o r  review and approval. 

Each cell with dust  cap s h a l l  be weighed 

Con ta ina t ion  of 

-1 and the concentration of KOH s h a l l  be as spec i f ied  by the  

P r io r  t o  KOH f i l l ,  the  covers s h a l l  be welded and the 

An a l t e r n a t e  f i l l  procedure may be submitted t o  Martin 

L-12 



15. P o s t f i l l  Protection 

Each cell with a dust cap s h a l l  be weighed W i a t e l y  a f t e r  

C e l l  weight s h a l l  be recorded t o  the  nearest  0.1 gram. f i l l .  

Weight gain m u s t  be within _+ 3% of nominal value specified by the  

supplier.  

a f t e r  f i l l i n g  e lec t ro ly te .  

s h a l l  be rejectec,. After i n s t a l l a t ion  of gage assembly, cells s h a l l  

be evacuated t o  25 in. minimum gage vacuum. 

associated components of the gage assembly shall be noncorrosive ma- 

terial i n  a KOH environment. Jackets must be put on cells ensuring 

surface of p l a t e s  are pa ra l l e l ,  then torque t o  a specif ied value. 

Alternate procedures may be submitted f o r  Martin Marietta review and 

approval i f  the above requirements are not compatible with the sup- 

p l i e r ' s  manufacturing processes. 

Leak T e s t  of C e l l s  and Gage Assembly 

A gag- or dust cap shall be placed on cells itmediately 

Cells l e f t  unsealed longer than 10 min 

All f i t t i n g s ,  gages, and 

16. 

The cell, before e l ec t ro ly t e  f i l l i n g  s h a l l  be leak-teste6 on a 

Veeco o r  comparable leak tes t ing  device t o  assure tha t  leak rate is 

less than 

c e l l ,  the entire assembly s h a l l  be pressurized t o  413.7 kPa C60 ps i )  

as read on a standard pressure gage. 

posi t jve or negative ( r e j ec t  all gages below 393 kPA [ 5 7  ps i ]  and 

abovt 434 kPa [ 4 3  p ~ i ) ) .  Leave pressure i n  c e l l  and set  aside fo r  

hours minimum. A t  the end of the two hours, repair and retest 

cc/sec. After the gage assembly is attached t o  the 

Record var ia t ion  and whether 

a l l  gages tha t  do not read the sd:.e as when pressure was applied. 

E. PRECHARGE ADJUSTMENT 

1. State-of-Charge Adjustment 

Precharge s h a l l  be set by ar. oxygen venting technique established 

A minimum of one charge-discharge cycle is required by the supplier.  

after KOH ' before the precharge adjustment is made. 

and amount used IS pitoject to  Martin Marietta approval. 

bution of qegative capacity sha l l  be determined. 

The procedure 

The Cistri- 

E-13 



P. CAPACITY TEST 

1. Quality Assurance Provisions for Electrode Capacity Check 
The electrode capacity check shall provide a measure of the dis- 

charge capacity of the positive (nickel) electrode and of the nega- 

tive (cadmium) electrode of nickel-cadmium cells as separate data 
under a standard set of conditions. This test shall be run in a 
manner such that the excess negative capacity beyond colplete dis- 
charge of the positive (or excess positive beyond the negative in 
case of cells that may be negative limited on discharge) MY be 
determined in addition to the total capacities of the electrodes. 
These data may be used to establish one or more of the follawing: 

1) 
2) 
3) 

Range and distribution of positive capacities; 

Range and disrribation of negative capacities; 

Difference between and/or ratio of total negative and positive 
capacities ; 

4) Excess negative (or dsitive) on discharge; and 

5) Excess negative on charge. 

A total negative/positive capacity ratio of 1.50:l minimum is 
required. 

conditions specified shall be cause for rejection of the plate lots 

from which the cell was manufactured. Retest can be performed with 
Mart in Far ie t ta Corporation approval. 

Sampling Rate 

1) 

Any ratio less than 1.50:l obtained under the following 

A minimum of one pack from each plate lot group of 56 cells (or 
less) shall be random selected at the conclusion of electrical 

formation cycles. 
ther processing. 

to exceed three days from formation. 

The tebt cells shall be selected before fur- 
Test shall start as soon as possible but not 

B-14 



2) A minimum of ope cell from each p l a t e  l o t  group of 52 cells 

(or less) s h a l l  be random se lec ted  innnediately a f t e r  the  nega- 

t i v e  precharge Ss set. Following the  standard one-ohm and 

dead shor t  periods,  the test sample shall be opened by removal 

of t he  gage assea&lv and floo3ed with KOH. T e s t s  s h a l l  be per- 

formed on sample ceris immediately a f t e r  the negative precmrge  

is set. 

G .  PBECHARGE TEST 

1. Precharge Determination 

2 .  

Short cell into 6/C-ohm r e s i s t o r  6 t o  2 hr .  Remove gage 

and iornediately flood with 34, KOH t o  insure  no oxygen discharge of 

the  negative occurs. 

while ce l l  is on plateau with hydrogen s n i f f e r  t o  determine l imi t ing  

d e c t r o d e .  Record time t o  -0.5 V. 

Reverse a t  C/2  to  -0.5 V. Check gas evolved 

Since the cel l  is i n  a stainless steel container and both elec- 

trode terminals are insu3-ated from the  container ,  the container it- 

self may be used as  a s u b s t i t u t e  for a reference electrode.  

though the  container p o t i n t i a l  is a function of the  pressure 02 or 

H2 i n  the cell ,  the char:,es i n  e lec t rode  vol tage a t  end of capaci ty  

are r e l a t i v e l y  l a rge  and rtsually can be c l e a r l y  iden t i f i ed  using the  

container as a reference 

C e l l  Preparat ian 

Even 

Remove excess KOH ur.iar vacuum. Cut case t o  cover weld and rc- 

move p l a t e  pack from cas-:. 

plate (cellophane should be  s l i g h t l y  l a rge r  than p l a t e ) .  This w i l l  

provide a gas  b a r r i e r  t o  nake charging the negative easier and pre- 

vent shor t s .  Place cel l  in a s u i t a b l e  container and add 34% KOH t o  

approximately 1 /4  in .  frol:t above top of plates. 

Inse r t  cellophane separa te r  between each 
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3. Charge 
Charge cells at C/8  for 16 to 48 hr (minimum cell vdtage 

1.510 V.) 
4. Discharge 

Discharge cell at C/2 to -0.5 V. After cell reaches zero volts 

Re- and begins to gas, check for hydrogen with a hydrogen sniffer. 

cord time to M.5  v. Record time to -0.5 v. 
5. Applicable Conditions 

The follawing conditions are applicable: 

Cell temperature shall be between 24 and 29OC; 1) 
2) Cell terminal voltage shall be recorded; and 

3) Voltage from both positive and negative terminals to the refer- 

ence electrode shall be recorded continuously or at intervals 
not to exceed 15 min. 

6. Calculations 

Let 
= time to -0.5 V 

= time to discharged precharged negative 

= time from start of discharge (full charge) to M . 5  V 
Tp3 

= time to discharge positive electrode 

= time from full charge to -0.5 V 
T% 

= time to discharge total negative electrode 

I = discharge current = C/2 rate 
0 
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Then 

- = excess c a p a c i t y  of t o t a l  nega t ive  o v t r  p o s i t i v e  Io [TN3 

= precharged nega t ive  c a p a c i t y  
I 0 ( TXl) 

( *P3) - [ TN1)] = excess discharged nega t ive  c a p a c i t y  

a t  t h e  charged end 

(I, 1 - = "negat ive- to-posi t ive r a t i o "  

H. CONTAMINATION CONTROL 

1. 

2 .  

Control  and Tes t ing  of Water and E l e c t r o l .  

The e l e c t r o l y t e  s o l u t i o n s  and wash water used for  cel ls  speciried 

here in  s h a l l  be of high p u r i t y .  

with t h e  procurement agreement. 

Deionized Water 

Data s h a l l  be submit ted i n  accordance 

Deion'.zed water used i r t  a l l  wash water, d i l u t a n t ,  or a d d i t i v e  

s h a l l  have a r e s i s t i v i t y  c f  g r e a t e r  than 1.0 YC-cm. In  the  event tIir 

r e s i s t i v i t y  drops below 1 .0  l t>-cn, t h e  process  s h a l l  be stopped until 

t h z  r e s i s t i v i t : ?  is r e s to red  t o  t h e  s p e c i f i e d  l i m i t s .  The r e s i s t i l r i t ;  

is t o  be determined be fo re  each ope ra t ion  i n  which t h e  water is i i s ed .  

A s u i t a b l e  conduc t iv i ty  c e l l  is c a l i b r a t e d  less than two weeks be-ore 

t he  s ta r t  of water r equ i r eqen t s  t e s t s  used on ce l l s  cons t ruc t ed  i inder 

t h i s  s p e c i f i c a t i o n  s h a l l  be used .  Criteria for  c a l i b r a t i o n  s h a l l  be  

as follows: 

1) The conduc t iv i ty  c e l l  s h a l l  be r e c a l i b r a t e d  a t  two-week i n t e r v a l s  

:miximum) u n t i l  c a m p l e t  i u n  of the water iequirement t d s k s .  
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3 )  The ca l ib ra t ion  s h a l l  be conducted i n  a 0.1% potassium-chloride 

so lu t ion  and s h a l l  record a conduct ivi ty  of 1410 k ~2 at 25OC 

(a temperature cor rec t ion  as per the handbook of  "Chemistry and 

Physics" may be used). 

tolerances,  the  conduct ivi ty  cel l  m u s t  be replaced o r  rep la t -  

inized . 
The si l ica content  i n  the water s h a l l  not  exceed 1 pprn. 

The s o l i d s  content of the  water m u s t  be determined by the  suppl ie r .  

Maximum s o l i d s  content s h a l l  no t  exceed 50 ppm. 

I f  conduct ivi ty  is not within these 

3) 

4) 

3 .  D i s t i l l e d  Water 

D i s t i l l e d  water used either as wash water, d i l u t a n t ,  o r  add i t ive  

s h a l l  be tes ted  and s h a l l  meet the requirements of 3) and 4) of para- 

graph 2 above. 

4 .  Elec t ro ly t e  

The suppl ie r ,  batch number, grade, ana lys i s ,  d a t e  of purchase, 

and when the date  container  is opened must be recorded. 

hydroxide "mercury cell" grade e l e c t r o l y t e  concentrate  (as  defined by 

4 l l i ed  Chemical Company) or  equivalent  s h a l l  be mixed with the  d is -  

t i l l - 4  water t o  make up a so lu t ion  with a tolerance of t 0.4% by 

weight. Each batch of e l e c t r o l y t e  s h a l l  be analyzed f o r  carbonate 

content and hydroxyl ion concentration using the double t i t r a t i o n  

method of phenolphthalein end poin t  followed by methyl purple  or  

orange end poin t .  Carbonate concentrat ion s h a l l  not exceed 4.0 

gram/l i ter .  T;te hydroxyl ion concentration s h a l l  be determined by 

. i i d y t i c a l  methods. The e l e c t r o l y t e  snall  be analyzed f o r  n i t r a t e  

a n t e n t .  The suppl ie r  s h a l l  prepart  i.rccedure d e t a i l s  and submit 

them to  Martin Marfe.: -. f o r  approval. The she l f  l i f e  of t h e  standard 

ac id  used i n  t h e  ti, cion method s h a l l  not be exceeded. 

The potassium 

2. C E lec t ro ly te  Sample 

Elec t ro ly te  samples s h a l l  be submitted t o  Martin Marietta i n  accor- 

dance with the procurement agreement. 

s h a l l  be supplied t o  Martin Marietta from each batch of e l e c t r o l y t e  

used i n  the manufacture of c e l l s .  

sealed polyethylene containers  and marked t o  iden t i fy  the c e l l  ser ia l  

numbers for  w h i c h  t ha t  batch was used. 

A 100-cc sample of e l e c t r o l y t e  

These samples will be supplied i n  
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I. CELL CLOSURE 

1. Cover-to-Case Junction 

The cover s h a l l  be  electric arc welded t o  the  container  using 

iner t  gas sh ie ld ing  as per  spec i f i ca t ion  HIL-W-8611. 

yond dimensional l i m i t s  s h a l l  be permitted.  

be ground or polished. 

Porosi ty  and cracks are not  acceptable.  

No welds be- 

Weld j o i n t s  s h a l l  not  

Weld beads s h a l l  be smooth and f r e e  of fo lds .  

2. Pinch-Of f of F i l l  Tube 

After  cells have been drained f o r  16 h r  with a 1 . 0 4  r e s i s t o r ,  

each c e l l  s h a l l  be back-f i l led with a gas mixture of 95% oxygen 

and 5% helium t o  34.4 +- 20.7 kPa ( 5  .t 3 ps i ) .  

from the t i m e  of the back-f i l l ,  each c e l l - f i l l e d  tube s h a l l  be 

pinched c lose  and welded as p e r  .%L-W-8411A. 

F i l l  Tube Welding Quality Assurance Provis ion 

Within f i v e  minutes 

3 .  
No welds beyond dimensional l i m i t s  s h a l l  be permitted.  Weld 

j o i n t s  s h a l l  not  be ground o r  polished. 

smooth and f r e e  of f o l d s .  

The weld head s h a l l  be 

Porosi ty  and cracks are not acceptable .  

4 .  - Leak Rate Tzs, 
Each ce 1 s h a l l  be leak-checked with a helium leak  de tec tor  

within four hours of back- f i l l .  

than 1 x 

Any c e l l  with a leak  rate g rea t e r  

s t d  cc/sec of helium w i l l  be permanently re jec ted .  
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J. DATA REQUIREMENTS 

1. Manufacturing Data 
The manufacturer shall maintain a log on the history of eacn 

cell by recording the following data: 
1) Serial number of cell; 

2) Date of mufacture; 

3) Date of activation; 

4) 
5) 
6) 
7) Test conditions; 
t i )  Test results, including failures; and 

9) 

Type and duration of electrical tests performed on cells; 

Charge and discharge method and rate used in  electrical tests; 
End of charge and discharge voltages to the nearest 0.001 V; 

Material traceability (consisting of complete records of cell 

components, including batch numbers and components). 

The log shall be maintained on all cells manufactured for Martin 
Marietta and shall be available to Martin Marietta on request. 
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APPENDIX C 

CELL MANUFACTURING DESCRIPTION 

A. MANUFACTURING TECHNIQUES 

ionvent iona l  manui; ~ r u r i n g  techniyues are used f o r  f a b r i c a t i v n  

of ce l l  p l a t e s .  

ductiori ,  impregnation c l  t h e  plaque w i t h  n icke l  o r  cadmium n i t r a t e s  

and t h e  conversion of t h e  n i t r a t e s  i n  a c a u s t i c  s o l u t i o n  i n t o  

n i c k e l  o r  cadmium hydroxides. 

c o n t r o l l i n g  t h e  amount of carbonate  i n  t h e  p l a t e s  and a h e a t  treat- 

ment f o r  improving t h e  w e t t a b i l i t y  of t h e  s e p a r a t o r  material wers 
added t o  t h e  conventional manufacturing processes .  

s e n t s  a manufacturing flow diagram which t r a c e s  t h e  manufacturing 

s t e p s  from t h e  s e l e c t i o n  of t h e  steel r ibbon th ickness  t o  t h t  seal- 

i n g  of t h e  f i l l  tube and f i n a l  acceptance tests. 

t h e  s i g n i f i c a n t  manufacturing s t e p s  fol'ows; however, c e r t a i n  in- 

formation i s  c l a s s i f i e d  as p r o p r i e t a r y  by t h e  c e l l  manufacturer 

and w i l l  n o t  be presentzd.  

These inc lude  t h e  s l u r r y  process  f o r  plaque prv- 

A s p e c i a l  p r o p r i e t a r y  process  f o r  

F igure  C-1 pre- 

A d e s c r i p t i o n  L €  

1. Sabs trate 

The miaufactur ing y cocess begins wi th  t h e  p e r f o r a t i o n  and n i c k e l  

p l a t i n g  of a steel r i b l j m  whictl is used f o r  t h e  ce l l  p1at.e s u b s t r a t e .  

The p e r f o r a t i o n  

c a p a b i l i t y  of blanking ..it twu p l a t e s  a c r o s s  t h e  width of t h e  

s tandard 17.78-cm w i d e  ;tee1 ribbon. 

-lie p~ . t e r n  and a r e a  is s e l e c t e d  to  provide the 

2 .  Plaque l r o d u c t i o n  

Plaque production c- m i s t s  of loading  t h e  per fora ted  s u b s t r a t e  

with a c o n t r o l l e d  t h i c k l e s s  of carbonyl-nickel s l u r r y  which i s , t h e n  

s i n t e r e d  a t  a temp ra tu i t :  j u s t  below t h e  melt ing poin t  of t h e  n i c k e l  

powder (1025'C). The l i n e  n i c k e l  p a r t i c l e s  are !-.rated t o  j u s t  below 

?!'e melt ing p o i n t  which w e l d s  the  touching sur i i rses  producing a 

ttighly porous (YO) nick1 1 matrix.  S i n t e r i n g  temperature,  durat i r .  

of exposure t o  h e a t ,  cocjl-down rate,  and oven atmospheric corn: .,ition 

a l l  c o n t r i b u t e  t o  the  f i n a l  plaque p o r o s i t y  and s t r e n g t h  of  t h e  
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s i n t e r e d  matrix. Carbonyl n i c k e l  water mixture r a t i o s ,  s l u r r y  vis- 

c o s i t y ,  s i n t e r i n g  temperature and dura t ion  are process  v a r i a b l e s  

usua l ly  c l a s s i f i e d  as p r a p r i e t a r y  by t h e  manufacturer.  

3. Coining 

The p l a t e s  used f o r  t h e  Viking cells were coined on f o u r  s i d e s  

t o  minimize t h e  p o s s i b i l i t y  of t h e  s i n t e r e d  n i c k e l  matrix cracklng 

and f l a k i n g .  

1.02 m and t h e  depth of 15% of the  minimum p l a t e  thickness .  

s i n t e r e d  n i c k e l  matrix th ickness  i s  c o n t r o l l e d  t o  between 0.67 and 

0.77 m f o r  p o s i t i v e  plate! and 0.85 t o  0.45 mm for negat ive p l a t e s .  

Indexing h c l e s  f o r  moving t h e  plaque through t h e  stamping opera t ion  

and a d i e  l o c a t o r  i n d e n t a t i o n  f o r  p o s i t i o n i n g  t h e  d i e 3  over t h e  

coinad areas are stamped on t h e  plaque a t  t h e  same t i m e  t h a t  t h e  

plaque is coined. 

The width of t h e  coined edges is c o n t r o l l e d  t o  2.03 ? 

me 

4 .  Plaque Impregnation 

The impregnation procedure c o n s i s t s  of immersing t h e  plaque 

i n  a s o l u t i o n  of n i c k e l - n i t r a t e  ( p o s i t i v e  p l a t e  plaque) o r  cadmium- 

n i c r a t e  (negat ive p l a t e  plaque) .  During t h i s  t i m e ,  t h e  n i t r a t e  

s o l u t i o n  i s  absorbed i n  the porous matr ix .  The plaque is then 

iuunersed i n  a c a u s t i c  s o l u t i o n  of  NaOH and then r insed  and d r i e d .  

This procediire i s  repeated u n t i l  t h e  d e s i r e d  amount of n i c k e l  o r  

cadmium-nitrate is loaded, which is deternined by measuring t h e  

, r i g h t  of a sample c u t  from t h e  p l a q m ,  

Once t h e  des i red  loading is achieved, a p o l a r i z a t i o n  c u r r e n t  

i s  appl ied  t o  the  plaque t o  f i r s t  chnrge the  plaque and then d is -  

charge i t ,  

as ammonia (NH3), l e a v i n g  the  a c t i v a t e d  material i n  the  n i c k e l  

matrix as e i t h e r  n i c k e l  o r  cadium-hyr!roxide. The f i n a l  s t e p  con- 

sists of  washFng the  plaque i n  deionized water t o  remove any re- 

maining traces of sodium-hydroxide. 

formed u n t i l  t h e  water dr ipping  from t h e  plaque has reached a pH 

of less than 0.8. The p l a q u e  i s  then d r i e d  i n  p r e p a r n t i m  for  the 

blanking opera t ion .  

Durirlg t h i s  t i m e ,  t h e  r e s i d u a l  n i t r a t e  i s  dr iven  of f  

Several bash c y c l e s  a r e  per- 

The impregnation prctcess requires p r e c i s e  c o n t r o l  of process  

v a r i a b l e s  t o  produce p l a t e s  wi th  the  des i red  p o r o s i t y ,  loading,  and 
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5 .  

6. 

7. 

a c t i v e  material u t i l i z a t i o n .  Density of t h e  n i t r a t e  s o l u t i o n ,  a c i d  

c o n t e n t ,  temperature,  and impregnation t i m e  are some of the  process  

v a r i a b l e s  c o n t r o l l e d  t o  achieve t h e  d e s i r e d  p l a t e  performance. The 

c a u s t i c  s o l u t i o n  type,  s p e c i f i c  g r a v i t y ,  temperature and amount of 

i m p u r i t i e s  (i.e.,  NH3, C o p  and OH) are v a r i a b l e s  t h a t  a l s o  a f f e c t  

t h e  plaque q u a l i t y .  

r a t i o n  are c o n t r o l l e d  t o  s p e c i f i c  l i m i t s  f o r  each type of p l a t e  

being processed. 

Blanking 

The p o l a r i z a t i o n  c u r r e n t  d e n s i t y  a d  time du- 

The b1ankir.g opera t ion  c o n s i s t s  of stamping o u t  the  p laces  

from the  plaque using d i e s  which a r e  s i z e d  t o  t h e  requi red  p l a t e  

dimensions. One d i e  is used f o r  both t h e  p o s i t i v e  and rresative 

p l a t e s .  The weld t a b  on t h e  nega t ive  p l a t e s  are trimmed LL. t h e  

required col-Figuration i n  a later opera t ion .  This opera t ion  i s  

performed tc, provide a means of d i s t i n g u i s h i n g  t h e  nega t ive  p l a t e s  

from the  p o s i t i v e  during handl ing and x-ray inspec t ions .  

P l a t e  Inspec t icn  

Following the  blanking opera t ion ,  t h e  p l a t e s  are inspected 

f o r  defec ts .  Inspec t ion  cri teria f o r  r e j e c t i o n  include:  (1) 

cracks i n  s i n t e r  exceeding 12.7 mm long;  (2) rough edges,  b u r r s ,  

and snags;  (3) b l i s t e r s  and pimples exceeding 0.0508 m 3ove 

the  p l a t e  s u r f a c e  o r  pee l ing  of s i n t e r  material; (4) e l e c t r 3 d e  

thickne:,s v a r i a t i o n s  exceeding ? 0.025: mm; (5) s i n t e r  m a t e r i a l  

on t a b ;  (6) coining width uniformity exceeding 0.381 nun; (7) cracks 

o r  breaks i n  gr id  support  f o r  s i n t e r  material, and (8) dimensional 

to ie rances  a r c  ex.-eeded, 

P l a t e  Weight S c r e e n i x  

P l a t e  weight screening was i n i t i a t e d  t o  achieve uniformity i n  

c h a r a c t e r i s t i c s  among p l a t e s  used i n  a c e l l .  

shown t h a t  the  ?!ate weight W d S  d i r e c t l y  r e l a t a b l e  t o  the  amount of 

a c t i v e  material loaded and ampere-hour capac i ty  uniformity ? o d d  be 

achieved by c o n t r o l l i n g  the al lowable d ispers ion  i n  p la te  vkight .  

The technique implemented required weighinp, and computing the  avc -- 
age p l a t e  weight f o r  i? production l o t .  Eacl. p l a t e  was then weighed 

and yrejscted i f  i t s  weight deviated by more than 23.5;; from t h e  l o t  

aver4ige. The allowable deviatior:  was selectdd based on an ana lyyis  
2-4 
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8. 

performed by NASA Goddard Space F l ight  Center. (Note: The NASA 

GSR spec i f ica t ion  for the  W u f a c t u r e  of Aerospace Niclcel-Cadmium 
Storage cells (74-1500) uses the same criteria f o r  p l a t e  wight.) 

-- E i c  xro-Cheaical  T e s t s  

?late formation is accomplished using temporary p l a t e  packs of 

The p l a t e  pa& are placed i n  11 pos i t ive  and 12  negative p la tes .  

a test f i x t u r e  using perforated PVC sheets as separa tors  and flooded 

with m. 
measure t he  p l a t e  capac i t ies .  

to  insure that both the positive and negat ive p l a t e s  are f u l l y  

charged. 

(150 to 200%), to f u l l y  charge the negative p la tes .  

Tht temporary packs are then e l e c t r i c a l l y  cycled t o  

The amunt of charge is cont ro l led  

This vas accomplishpd by a l a r g e  amount of overcharge 

The e~-r=-!xziiz ciryacicy or t he  positive p l a t e s  is required to  

be between 120 and 15dX of t h e  r a t ed  (nameplate) capaci ty  of the  

cell.  The negative p l a t e  to  pos i t i ve  p l a t e  ampere-hour capacity 

r a t i o  must be 1.50:l.OO as a minimum. 

Following t h e  formation cycl ing and capacity test, the  p l a t e  

packs are disassembled, washed, and dr ied .  

a r e s i s t i v i t y  of one megohm-cm o r  grea te r  and a sil ica content of 

less than one p a r t  per mi l l ion  is used for the  p l a t e  washing and 

scrubbing operation. Exposure to a i r  is minimized t o  cont ro l  car- 

bonate contauination. 

temperature-controlled oven i n  a nitrogen atmosphere. 

temperatures and durat ion are controlled.  

Deionized water having 

The drying operat ion is performed in a 
The drying 

The electrical capci ty  test is the last  e l e c t r i c a l  funct ional  

test performed before the p l a t e s  arc dssembled i n t o  a  ell. The 

sequence of operation i n  assembling t h e  p la tes  i n t o  f inished cells 

is as follows. 

The plates are sor ted  i n t o  g r n ~ p s  sf 11 pos i t i ve  p l a t e s  and 12 

Each group of plates is weighed and the da t a  re- 

The pos i t ive  and negative groups are thal  combined i n t o  a 

negative p la tes .  

corded. 

c e l l  p l a t e  pack and the thickness determined. Any p l a t e  pack  ex- 
ceeding 1.758 c m  ( thickness of 11 pos i t ive  and 1 2  negative plates 
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w i t h  an average thickness of 0.071 cm and 0.0813 a, respectively) 

is reworked by subs t i tu t ing  thinner p la t e s  unt i l  the thickness 

criteria are m e t .  

excessive thickness and consequently. excessZve pressure in the 

cell cases. 

P l a t e  Pack A s s d l y  

These criteria prevent assembly p l a t e  packs with 

The f i n a l  p l a t e  pack weight is measured and recorded. 

The p l a t e s  are assembled in to  a pack of alternating negative 
and positive 2 l a t e s  with negative p la t e s  on the outs ide of the  

pack. 
After the  tab w e l d i n g  is c-leted, the p la t e s  are inspected and 

cleaned by flawing air ovez the  plates .  The p l a t e  pack assemblies 

are then compressed in a hydraulic press  to  8.896 x lo3 to  1.334 x 
lo4 N (1 tc 1.5 tons) t o  insure that any s t ruc tu ra l ly  weak sinter 

material is broken loose and repoved Lefore the separator bags are 

installed. Another afr -kaning is p e r f o m d  after the compression 

test . 

The p l a t e s  are aligned in  a jig and then welded to  the c o d .  

Before i n s t a l l i n g  the  separator bags on the  p la tes ,  the bags 

are stacked in groups oc i1 and each group is subjected to  a COIF 

pression using a 1.067 IS 10 N (24,000 lb )  hydraulic press  t o  com- 

press  and f l a t t e n  the  fol-ded edges of the  bags. The bags are then 

slipped over the pos j t ive  p l a t e s  and the  p l a t e  pack vacuum cleaned. 

5 

A p la t e  pack shor t  test is performed before inser t ing  the COUP 

pleted pack in  the  c e l l  case. 
press t o  1.33 x lo4 N (1.5 tons), and the impedance between the posi- 

t i v e  and negative plateR measured. 

100,000 52 i so l a t ion  requiremcnt could be reworked once t o  correct  

the leakage problem. 

failure of the plate  weld tab:, due t o  bending. 

The pack is c q r e s s e d : b y  a hydraulic 

A p l a t e  pack that f a i l ed  the  

Th', rework l imi ta t ion  w a s  imposed t o  prevent 

Special precautions are taken to insure that  the p l a t e  posi t ions 

aro, not disturbed during the  insertion of the  p l a t e  pack i n  the cell 
Lase. 

to v e r i f y  t ha t  no sharp bends were made t o  the weld tabs.  After the 

x-ray a re  inspected, the cell covers a r e  he l i a rc  welded to  the cell 

case and a leak test performed using a helium leak detector .  
r a t e  <JAS l imited t o  1.0 x 10" Std Am cc/sec helium. 
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10. Electrolyte  F i l l i n g  

The cells are weighed before the e l zc t ro ly t e  f i l l  operation and 

11. 

then reweighed after the operation to  determine the weight gain 

fo r  each c e l l .  

31.66 grams to insure tha t  the correct  amount of e lec t ro ly te  is 
added (22.3 t o  23.8 cc). 

C e l l  Formation T e s t s  

This w e i g h t  increase is held t o  between 29.66 and 

Three-separate test sequences are performed by the manufacturer 

a f t e r  e l ec t ro ly t e  f i l l  operations have been completed. 

test sequence consists of electrical pretents to prepare the &US 

f o r  the evaluation tests t o  follow. These p re t e s t s  cons is t  of for- 

mation cycles, negative precharge adjustment, and pressure s t a b i l i -  
zation. 

General Electric. 

The f i r s t  

Details of these tests are c l a s s i f i ed  as proprietary by 

B. WJF'ACTURING TESTS DESCRIPTION 

Manufacturing tests include subjecting the  cells t o  a heat com- 

p a t i b i l i t y  test, f i n a l  precharge adjustment, cold temperature charge 

and capacity test, ambient temperature capacity test, charge reten- 

t ion  test, and internal iiupedmce test. 

1. High Temperature Exposure 

A spec ia l  high temperature compatibility t e s t  was inser ted  in 
the test sequence a f t e r  the formation and pressure s t ab i l i za t ion  

test of the e l e c t r i c a l  p re t e s t  procedures. 

t u r e  exposure, the c e l l s  'iiere conditioned by discharging them t o  a 
voltage less than 0.1 V with a one-ohm r e s i s t o r  for  a minimum of 16 

hr. 

and then backfi l led with a 95 to. 5% oxygen-halium mixture. 

Before the high tempera- 

The c e l l s  were then evacuated t o  a 760 mm Hg (30 in .  Hg) vacuum 

The high temperature test consisted of a controlled temperature 

rise a t  a rate of 29.4 to  32.2OC per  hour t o  a temperature of 125 5 

1.67OC. The c e l l s  were maintained a t  t h i s  temperature f o r  20 hr  a t  

which time t h e  temperature was lowered a t  a rate of 29.4 t o  32.2"C 

per hour. 
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An improvement in separator wettability and consequently an 
increase in oxygen recombination capability vas realized by this 
procedure, which in post cases, resulted in an increase in the 
electrolyte quantity over the initial amxmt provided wheii the 

overcharge pressure adjustarent was made. 
2. Reconditioning 

Follawkrg the high temperature eyposure, each cell was re- 

conditioned by charging at a C/2 rate for 150 m i n  and then dis- 
charging at a C/2 rate to 1.0 V in a 23OC environment.. This 
charge/discharge test was performed twice to recondition the cell 
following high temperature exposure. 

with a one-ohm resistor following the last conditioning charge and 

discharge. 

,- 

Each cell was discharged 

3. Overcharge Test 
W i n g  the C/10 overcharge for 48 hr, a small quantity of elec- 

trolyte is added if the pressure during overcharge is less than 
172 kPa (25 psig). Conversely, if the pressure exceeds 448 kPs 

(65 psig), electrolyte may be removed. 

adjustment is also made during the overcharge test by venting a 

predetermined quantity of oxygen. 

and oxygen venting is considered proprietary by the vendor. 

A negative plate precharge 

Electrolyte adjustment techniques 

4. Low Temperature Test 

A charge/discharge test is performed at an ambient temperature 
of O°C to verify the low temperature performance of the cells dur- 

ing the manufacturing tests. This test may be omitted based on an 
engineering evaluation ar.d only performed during the final accep- 

tance tests as required by the procurement specification. 
consists of a C/20 charge for 48 hr followed by a C/2 discharge to 

1.0 V. 

allowed. 

The test 

During charge, a pressure limit of 689 kF'a (100 psig) is 
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5. C e l l  Capacity 

The cell manufacturer uses a C/10 charge f o r  16 hr followed 

by a C/2 discharge t o  a cell voltage of 1.0 V t o  measure the  cell 

capacity. 

f o r  16 hr before the capacity test. 

tegperature is maintained at 23.3 2 3OC and the  cell voltage 
liraited t o  1.48 V. 
23 9-5 A-h. 

6. In te rna l  Impedance 

Each cell is t o t a l l y  discharged using a one-ohm load 
D u r i n g  the test, the ambient 

1Cne minimupa capacity required by the  vendor 

The internal impedance is measured by the  vendor using a 60-HZ 
s i n e  wave source t o  produce a 0.01 V drop across a 0 . 1 4  resistor 

which is in series with a t o t a l l y  discharged c e l l .  The impedance 

is calculated by dividing the  vqltage drop across  the cell by 0.1 A. 
7. Charge Retention 

Charge retent ion is performed by discharging the cell  with a 
one-ohm load f o r  16 h r  and then shortiug the cells for  one hour. 

The short  I s  then removed and the c e l l  voltage measured a f t e r  a 
24-hr open c i r c u i t  stand a t  room tenperature. 

t ab le  voltage i s  1.15 V. 
The minimum accep- 

C e l l s  f a i l i n g  t h i s  test are rejected.  

8. In te rna l  Resistance 

The f i n a l  test performed before re leasing the  c e l l s  for the 

formal acceptance tests consis ts  of a C/2 charge f o r . f i v e  minutes 

from a completely discharged condiLinn and recording the c e l l  

voltages a t  0.25, 0.5, and the 5-mi:i t i m e .  The maximum allowable 

voltage is 1.5 V. 
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C. PROCUREMENT SPECIFICATION ACCEPTANCE TESTS 

Formal acceptance tests, which were imposed by the procurement 

specification, included a low temperature overcharge test, cell 

capacity test, a voltage retention test, and a final leakage test. 

This limited amount of acceptance testing w a s  imposed since the 
cell characterization and capacity matching testing was performed 

at the buyer's facility. The tests were required to be performed 

i n  the order given in the following paragraphs. 
1. Low Temperature Werc'narge 

The low temperature (O'C) overcharge test was designed to 

verify the capability of the cell to be charged at a-low rate for 
long periods (72 hr) without developing excessive voltages and 

pressures. The cell was allowed to cold soak for four hours be- 

fore starting the test. During the C/20 charge, the allowable 

voltage was 1.52 V and the pressure was 689 H a  (100 psig). Cells 
exceeding these limits were rejected. The discharge w A conducted 

using a C/2 rate to a cell voltage of 1.0 V followed by a one-ohm 

load for 16 hr minimum. 

2. Cell Capacity 

The cell capacity was measured in a chamber controlled to a 

temperature of 21.l0C using a C/10 charge for 16 hr followed by a 

C/2 discharge to 1.0 V. The beginning of life capacity for the 
eight ampere-hour (nameplate -apacity) cell was set at 9.5 A-h. 

Vo 1 tage Re tent ion 3. 

A test tz dctsct high h p d s a c e  leakage paths between the 
cell plates was imposed on the vendor. 

of totally discharging the cell with a one-ohm load for a minimum 

of 16 hr. 

open circuit stand for 24 hr. 
cell voltage was required to be 1.15 V or more. 

The test selected consists 

The load was then removed and the cell placed on an 

At the end of the 24-hr period, the 

c-10 



4. Pinch-off and Leak T e s t  

Fol lowing the da ta  review and acceptance by Quality Assurance, 

the cells are back-filled with a gas mixture of 95% oxygen and 5% 

helium t o  34.4 kPa ( 5  psig) . 
welded within f i v e  minutes of back f i l l i n g .  

to  insure the t  any leakage is less than 1 x 16' Std cc/sec of 

helium using a ' z'c detector.  

The f i l l  tube is pinched off and 

A leak test is made 

5 .  Cleaning 
The Viking contamination control  criteria required the imposi- 

tic:: cf special handling and cleanl iness  controls  on the  cells. 

Special precautions were taken t o  remove organic contaminants from 

the surface of the  cells before delivery.  Solder f lux  was removed 

from the solder terminals a f t e r  t inning and fluoride-chloride test 

w a s  performed on the wash water t o  de tec t  the  presence of soIder 

fluxes.  The cell cases were washed i n  demineralized water which 

w a s  tes ted using the  water break test of ASTM 21 or 22 t o  ver i fy  

the absence of organic contaminants. 

mersing them i n  acetone i n  preparation fo r  packaging f o r  shipment. 

The cells were dr ied by ip 

6 .  Packaging and - ShiEping 

Each c e l l  w a s  shorted with a jumper w i r e  connectec? between the 

terminals and placed i n  a p l a s t i c  bag before the f i n a l  packaging 

for shipment t o  the Martin Marietta f a c i l i t y .  

vidually protected with foamed packaging mterial while being ship- 

ped t o  prevent damage. 

handling s t i cke r s  t o  minimize the poss ib i l i t y  of damage during 

shipment. A i r  f r e igh t  was chosen as the means of shipping the 

c e l l s  from the vendor t o  the  Martin Marietta f a c i l i t y .  

Each c e l l  was indi- 

Packing cases were ident i f ied  with spec ia l  
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D. 

1. 

QUALITY ASSURANCE 

Mandatory Quality Assurance inspections, tests, and reports 
were imposed by the procurement specification for several of the 
mufacturing steps and processes. Separator material character- 

istics, plate quality and weight screening, plate processing pro- 
cedures, monitoring, test evaluation, case, cover, wash water 

purity, and electrolyte contamination controls wtre identif i d  
as requiring stringent quality assurance surveillance. One of 
the Quality Assurance requirep#nts was to prepare a Beliability 
Program Plan which delineated the organization, the management, 

the authority, and the implementation procedures imposed through- 
out the program. 

In addition to the specification-iqosed Quality Assurance 
requirements, the cell manufacturer developed and used a series 
of quality procedure instructions for each of the manufacturing 
steps. Operation of equipment, inspection standards, and operator 
certification were controlled by these procedures. 

Quality inspection requirements were identified in  the manu- 
facturing process plan. 
Vendor Data and Material Submittal 

Compliance with the intermediary design requirements was im- 
plemented by requiring the vendor to submit copies of certain data 

acquired during the various stages of cell production. These data 
submittal requirements were identified in the cell specification 

and further defined in the purchase agreement. Data that were re- 
quired for each cell lnclwied weights of the positive and negative 
plate stacks, cell weight before and after electrolyte fill, nega- 
tive plate stack and pooitive plate stack thicknesses, and total 
plate stack thickness. 
detennine negative precharge positive plate capacity, negative 
plate capacity; and discharged excess negative capacity, 

Sample cells from each lot were rested to 
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Each r o l l  of separator  material was analyzed for wet t ab i l i t y .  

porosity,  absorp t iv i ty ,  organic and inorganic contents ,  tensile 

s t rength,  thickness - r ia t ion ,  and dimension s t a b i l i t y .  These 

data  were submitted once s ince  only one l o t  of separa tor  material 

was used f o r  the  t o t a l  Vildng production. 

Wash water w a s  per iodica l ly  checked f o r  resistance and si l ica 

content and the  da t a  submitted. 

In addi t ion  t o  the  da t a  submit ta l ,  component p a r t s  of the  cell 

were required t o  be supplied t o  the  purchaser f o r  re ten t ion .  Twenty- 

f i v e  samples from each of the  pos i t i ve  and negat ive p l a t e  l o t s  were. 
delivered separately.  

of e l e c t r o l y t e  were also del ivered.  

One hundred milliliter samples of each batch 
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AF'PZNDIX D 

GLOS SMLY 

CDR 

DOD 

Critical  Design Review - f i n a l  review b e f o r e  

p roduc t ion  hardware  b u i l d  

Charge o r  d i s c h a r g e  ra te  i n  ampeies  de te rmined  

by d i v i d i n g  t h e  c e l l  namepla te  c a p a c i t y  by  t h e  

f a c t o r  "a" 

Depth-of-discharge as a p e r c e n t a g e  of t h e  ce l l  

name p l a t e  c a p a c i t y  

Hydrophobic Used t o  d e s c r i b e  t h e  poor  w e t t s b i l i t y  c h a r a c t e r -  

i s t i c  of a material 

KCH Potass ium Hydroxide 

P DR P r e l i m i n a r y  Dcsizr? Review - revj m of l i r e l i m -  

i n a r y  design conci ;pts .  

A par t i a l l )  compl: ~ e c f  Lander V E L * ;  c l  t: r:sed L O  

v e r i f y  tes t  equi::-eut and fac;',j L i t . *  i)efo:: 

usage by tlrc f l i  ; I  ! v e h i c l e  

F a c i l i t y  a t  ihr > .:stern t e s t  i ; - . i  1:. f ~ :  L; ,. :;out 

of spacec ra f  t b e t !  r e  launch  

E f f i c i e n c y  E ~ s c ~ d  the energy  s u p p l i e d  and los t 

d u r i n g  cha rb t  AIIU di -scharge .  Ch:ir;.;c, d i s c h a r g e ,  

and c y c l e  efficiency arc  d e f i n e d .  
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