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ABSTRACT, CONCLUSIONS AND RECOMMENDATIONS 

This is the final report under "ELEC:TROCHEMISTRY" summarizing r e sea rch  
carr ied out: by the ESB Research Center at Yardley, Pa,  and by the ESB 
electrochemist in residence at the Jet  Propulsion Laboratory ( JPL) ,  Pasadena, 
California. 1% covers work since the Interim Summary Report, September 30, 
1967. 

Contract 951296 between t5e Je t  Propulsion Laboratory (JPL) and ESB 
Incorporated called for reseaych and development of a high energy density 
cell capable of heat sterilization in the unformed condition, formation de- 
contamination with ethylene oxide swviva l  of launching vibration, survival 
of high impact shock upon landkg on a distact planet, arrd thereafter delivery 
of four complete electrical  discharge cycles Goqerning specifications were 

ing Amendments 1 ,  2, and 3, 20016 C ,  and NASA NPC-200-3. 
GMP-50437-DSN-A9 GMP-5O198-ETS-A2 XSO-3O2%5-TST-A2 3025 B includ- 

Objectives remaining in Electrockemistry were to reduce pressure and increase 
capacity of sealed, heat sterilized silver-zinc cells. Objectives undertaken 
la ter  were to find support metals for impact resistant cells which were compati- 
ble with the silver-zinc system and to  optimize cell parameters s o  that a 400 
cycle (50% depth of discharge) cell might be produced. 

The salient features revealed by this work a r c  a s  follows: 
during formation can be controlled by a long slow preformation charge, and 
total charge acceptance can be improved by a partial discharge and recharge 
duriYrg the charge cycle. While organic materials used in  cell  construction 
a r e  not usually responsible fer capacity Pass in  cells with a large head space, 
a heat cycle f o y  cells with small hezd space with the cell  open before the 
final seal and heat sterilization generally improves capacity, Cells can be 
heat sterilized after one or more qualification cycles i f  they a r e  "let down" 
p r ~ p e ~ l y .  Zirconium is s a t i s f a e t s q  for positive plate supports while thick 
silver can be used in negatives for  this purpose i f  it be preamalgamated. 
Silver in  the zinc electrode i s  Beast brittle when the electrode is in the 
charged conditiono 

Gas pressure 

Cell factors leading to long cycle life is heat sterilizable silver-zinc cells 
are:  45% potassium hydroxide satuTated with zinc oxide, an absorber around 
the si lver electrode, the use of Compouad 323-43, and sufficient layers of 
heat sterilizable separator to prevent silver penetration. Plastic bonded 
zinc electrodes do not prevent shape change but may be useful in impact- 
resistant cells. 
shape change of the zinc electrode a-.d thereb-g increased cycle life. 

Shims with a s  inverse cell  tape^ maybe useful in controlling 

i 
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ELE C TROCHEMHSTRY 

I. INTRODUCTION 

The requirements for a high energy density cell (either silver-zinc or  si lver- 
cadmium) which could be heat sterilized in the sealed but unformed condition, 
formed, impacted as  in a hard planetary landing, and function thereafter 
through four discharge cycles have been discussed in previous reports 
through the Interim Summary Report dated September 30, 1967, under J P L  
Contract No. 951296. The present report, &ich i s  a final summary of work 
completed since that date, covers work under new tasks leading to the pro- 
duction of long cycle life si lver zinc dells and to cells with special grid 
support materials for high impact. This final report  also contains addition- 
a l  work on optimization of cell  parameters  and the effects of organic compo- 
nents and sterilization on cell capacity and gas pressure.  

11. OPTIMIZATION O F  CELL PARAMETERS 

At the time of the Interim Summary Report sealed, sterilized cells often 
showed unexpectedly high pressures  during formation, and nearly always 
showed considerably diminished capacities 
the external and internal parameters  of the cell to the proper values has 
solved these problems. 

Further work in  adjusting both 

A. External Factors 

Factors considered external to the cell a r e  largely electrical and include a 
slow preformation charge and a charging regime which increases the capa- 
city of silver-zinc cells containing Compound 323-43. 

1 Preformation 

During the formation charge of many cells it had been observed that gas 
formed very ear ly  in  the cycle. Many times pressure continued to build 
up in sealed cells even after the charging current  was interrupted. 
to minimize the amount of gas generated during formation, various charging 
techniques were investigated. All of them were based on a slow initial 
charge. It was determined 
that 1.40 volts was about the highest float voltage that could be used without 
generating gas. Cells 199 through 205, listed in Tables IA and IB, werepre-  
formed a t  different voltages and current  limits to establish this. 
p ressures  resulted with one being a s  high as  3%. 8 in. Hg. 
charge current decayed to a fraction of a milliampere, much gas was evolved 
i f  the normal formation charge was started before a considerable number of 
hours on float had elapsed. 
battery of cells a t  1.40 volts per cell  made this technique undesirable. 
Consequently, the change to constant current was made. 

Thus, 

F i r s t  a constant potential float charge was used. 

Varying 
Even though the 

Also the problems associated with floating a 
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It was empirically determined that a preformation charge rate  of 0. 55 ma 
per square inch was required for not l e s s  than 24 hours with 28 to 3 5  hours 
being preferred.  Beginning with cel l  206 through cell 210 in the above 
mentioned tables, a constant current  mode of charge was used to establish 
this. The equipment did not maintain a t ru ly  constant current and a t  times 
it varied as  much a s  3 ma f rom the desired value. 
observed that cells precharged a t  10 ma (0.55 malin.  z, in excess of 24 
hours had the lowest pressures  after the regular formation charge. 

However, it may be 

What preformation accomplishes is a slow formation of metallic mercury 
without the formation of metallic zinc. The long time required is probably 
needed to give time for the mercury  to migrate to and amalgamate with the 
si lver grid. 
resulting high hydrogen overvoltage surface. If this be the correct  explan- 
ation, then preamalgamation of the grid before it is made into an electrode 
might well accomplish the same thing with ut the loss of prefopmation time. 

Subsequent g a s  generation would then be minimized on the 

It was observed that i f  a cell was partially discharged after reaching the end- 
of-charge voltage and then recharged a t  the normal formation rates (5. 5 ma 
per sq. in. ), a significant increase in total charge acceptance was obtained. 
The discharge rate,  while not cri t ic& was 100 ma per sq. in. 
was limited to about 2070 of the rated capacity. 
0 .9  amp-hr was removed a t  l .  8 amp, but the principal qualification i s  that 
the discharge cease before the cell  v l tage decays to the value of argentous 
oxide-zinc, approximately 1 60 qolts 

The discharge 
In the present cells generally 

The partial  discharge and recharge not only increases the charge acceptance 
but also raises  the capacity B O  to  1570~ Also  capacity variation among cells 
i s  diminished. 
the fifth discharge, and f r all  cells .during the seventh a s  shown in Table 11. 
Comparing those two discharges with the sixth and eighth, the effect i s  
obvious. 
the end of formatiolcP_ and the results were consistent with that reported above. 

This effect is noticeable for  cells l 87- 188- 189- 190 during 

FOP cells 199-210 (Tables %A and B) the partial  cycle was run at 

An unusual phenomenon was observed during the recharge portion of the 
partial  cycle. 
i s  similarly discharged so  that the cell potential does not decay to the argentous 
oxide-zinc level, and then recharge is started, the cell potential almost immedi- 
ately r i ses  to a value of 1.90 volts OF higher, When cells containing Compound 
323-43 a r e  similarly treated, the charge voltage remains between the values of 
1.83 and 1. 89 volts for several  hours and for these cells more  capacity i s  
returned than had been removed, thus accounting for the capacity increase. 
This partial  cycle was used in subsequent work where maximum capacity 
characterist ic of the system was desired. 

If a regular silver-zinc cell -(not containing Compound 323-43)  
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3. Discharge Regime 

Somewhat analogous to the two-stage charge is the two-stage discharge. It 
i s  known that i f  a cell be discharged a t  a high rate  to a given voltage, addi- 
tional current can be extracted f rom that cell  a t  a low rate  to the same 
cut- off voltage. 

In most  of this work the discharge has been accomplished in two stages. In 
the first step the discharge is run a t  100 ma/sq.  in. to the 1. 30 volts cut-off 
and at  the second step the current is dropped to 20 ma/sq.  in. to the same 
voltage cut-off. In good cells the second step adds only about 10% or s o  to 
the total capacity, but in poor cells it can account for  more than half of it 
(see cells 2 and 3 in  Table XX for instance). This ratio of first to second 
step discharge has proved useful in this work. 

B. Internal Factors 

Because of possible interaction among internal factors affecting cell  capa- 
city and gas pressure  in sealed cells, these variables a r e  handled a s  a group. 
Cumulative capacity and pressure data a r e  shown inTables 111, IV, and Vfor 
cells sterilized and then sealed. Variables studied included effects of 
electrolyte concentration, pack tightness, and per  cent of Compound 323-43 
in  the zinc electrode. Most of the cells in the study had electrolyte concen- 
trations of either 35% KOH o r  41% KOH, both determined before saturation 
with ZnO. The ZnO concentrations were seyenty-five gms per  l i ter  for 3570 
and 110 gms/per  l i ter  for 41Toa 
2 . 6  x inches per  layer of expanded thickness of the separator.  Three 
cells f r o m  each group of cells of similar construction were made into 
batteries after several  cycles and cycled a s  batteries. P re s su res  and capa- 
cities for the early cycles were averages. Theseaverages a r e  included in  
Table V. 

Pack tightness varied from 2. 1 x 10-3 to 

Table I11 gives capacity data for three electrolyte concentrations and three 
degrees of pack tightness. 

In ear ly  cycles there does not appear to  be a clear-cut advantage for either 
41% KOH o r  35% KOH, both saturated with ZnO. In la ter  cycles the capacity 
seems to be consistently higher for 41% KOH. 

Similarly, pack tightness does not seem to be a significantly influential 
factor in early cycles, though in  later cycles there is perhaps some 
advantage in tighter cell packs. 

Other conclusions a r e  presented below. 
capacities tend to increase during several  cycles before reaching their 
maximum, generally a t  the 3rd or  4th cycle; (2 )  cell p ressures  tend to in- 
crease during several  cycles before leveling off a t  a value where they tend 
to remain or decrease slightly; (3) higher capacities occur in cells having 

For 3570 KOH electrolyte: (1) cell 
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the smaller  per cent Qf Campound 323-43. FQF 4170 KOH electrolyte: (1) 
in the more loosely packed cells, a decrease ia capacity results between 
the first and second cycle, thee tends to increase during the third or fourth 
cycle, and continues to increase slowly for severa l  cycles before approach- 
ing the capacities obtained during the first cycle; (2) in the tightly packed 
cells,  capacities during tho second cycle tend to be slightly higher than the 
f i rs t ,  and tend to  remain a t  approximately this value f o r  the next several  
cycles; (3) pressure  increases during cycling tend to remain near the value 
reached a t  the end of formation. Comparing 35% KOH and 4170 KOH electro- 
lytes: (1) f o r  similar pack tightness, cells having 3570 KOH tend to yield 
higher capacities arid have higher load voltages than those having 41% KOH; 
(2) maximum pressures  tend to be higher in cells having 3570 KOH than in 
those havinrg 41% KOH; (3) for the two-step discharge, a t  ra tes  of 100 ma 
per sq. in. and 20 ma per sq. in. , higher perceatages of total capacities 
a r e  obtained a t  the higher discharge rate  in cells having 3570 KOH than in 
those having 41% KOH, 

Other observations: (1) higher percentages of the recharge capacity before 
the partial  cycle occur in cells having 35% KOH than in those having 41% 
KOH electrolytes; ( 2 )  silver oxide penetration through the separator tends 
to be more rapid in 35% KOH cells than in 41% KOH cells. The latter would 
be expected, based on diffusion rates  and was verified when two cells, 203 
and 207 were dissected after four cycles. In cell 203, having 3570 KOH, 
silver oxide had penetrated to the third layer of separator removed f rom 
the si lver electrode, but in cell 207 having 41% KOH, pelletratio3 had been 
confined to the first layer of separator.  

111. EFFECTS O F  ORGANIC CELL COMPONENTS ON THE Ag-Zn SYSTEM 

Early in the program it was found that cell packs c o d d  be heat sterilized, 
t ransferred to Q P ~ E  cells and ruc without loss of capacity if  the negative mix 
contained Compound 323-43. When similarly sterilized cell  packs were 
sealed in polystyrene cases good capacities also were obtained. 
when heat sterilizable cases  (p~lpphenylene oxide) became available and 
the cell  packs were sealed in the cases before sterilization, capacities 
were generally poor and varied f rom 0.25 to 0.38 amp-hrs/g Ag. 

Howeyer, 

It was thought that the loss of capacity and the variability of capacity was 
due to the effects of a degradation product f rom one of the organic cell 
components a s  a resul t  of sterilization ifi hot KOH. Thus, t o  determine 
which component was responsible ~ Q P  the loss i n  capacity it was necessary 
only to design a cell  f ree  of reactive organic materials and to introduce 
them one a t  a time. 

Such a cell was based on the nickel sterilization bomb. The cell was con- 
structed in a Teflon inser t  and the only possible reactive organic mater ia l  
was the SWRI-GX (Southwest Research Institute) separator.  This mode 



of construction is illustrated in Figure 1. The nickel cap, not shown on the 
drawing, is caused to form a good seal  by wrapping the threads of the lower 
portion of the bomb with Teflon pipe tape. The cap also has a pressure gage 
and safety valve attached to it. Leads f rom the electrodes a r e  brought over 
the top of the Teflon inser t  and attached to leads brought up the grooves 
f rom the g l a s s  insulated electrical  feed-throughs Initial tes ts  were run 
without regard to  head space. After it was reasoned that the harmful de- 
gradation product might be a gas or vapor which could accumulate in the 
head space,- the design was modified to  limit the free  chamber size a s  much 
as possible. This was done by supplying a thick Teflon cel l  cover to f i l l  
most  of the excess cap space and by reinserting the V shaped Teflon s t r ips  
which had been cut from the inser t  to provide passage past the feed-throughs. 
No claim i s  made that the f ree  volume now approaches that of a sealed cell, 
but it has been limited a s  much a s  possible for these tests.  

Table VI gives a summary of the effect of organic cell components on cel l  
capacity. In general the capacities aEe high showing no effect by the organics. 
However, the voltage at  which the capacity i s  obtained is affected. The ratio 
of first to second stage discharge capacity is about 5.00/1. 5 for normal cells. 
As shown in Table VII, the ratios for Catalyst 11 a r e  2 .8/3.9 and 3.3/3.  3, 
although the total  capacity was 0. 39 AH/g Ag. 
seems to be a correlation between the cell  impedance and the first to second 
stage discharge ratio. The initial value of 0. 09 ohms compared with the 
f9urth cycle value of 0.03 ohms for the impedance of the cells containing 
Catalyst 11 i s  in the direction of the improved f i r s k  to second stage discharge 
ratio. 
surface films and the observation meri ts  further study. 

A s  might be expected, there  

The decrease in resistance might be caused by the breaking down of 

Also shown in Table VI1 a r e  the output/input ratioo midvolts, and pressure  
changes. For  the first cycle, the output to  input ratios for DMP3O and DEN 
438/EK85 were normal whereas the ratio for Catalyst 11 was somewhat 
lower than normal. Very little pressure  change occurred during the various 
cycles and hence any problems due to  high pressure may be ignored for DMP 
30 and DEN438/EK85. Howevers the pressure  change for  cells containing 
Catalyst 11 was unusually high for a cell  with s o  much head space and suggests 
that a pressure problem with *Catalyst 11 might be expected. 

The final conclusions f rom the data on organic components is  that the mate- 
rials studied when used properly a r e  not responsible for the capacity loss in  
cells of comparable headspace sealed then sterilized. 
materials such as Catalyst 11 may cause gas. 

Also some organic 

IV. STERILIZATION O F  CELLS 

As mentioned in the previous section heat sterilization i s  generally detri-  
mental to cells which have been sealed prior to the heat cycle. 
to this problem, a s  shown previously, is to determine which mater ia l  is 

Oneapproach 



responsible for  the capacity loss. 
sterilization itself. 

The other approach is to study heat 

Sterilizing unformed cells is disadvantageous in many ways. The ability 
to  construct a battery f r o m  sealed cells requires that the cells must have 
almost identical charge-discharge characterist ics.  
cantly in their charge acceptance or discharge capacity, the battery will 
become unbalanced leading to  evolution of gas and high cell pressure.  
creased cell p ressure  puts an extra s t ra in  ~n the case-to-cover seal  and 
could lead to cell failure. One way of matching cells i s  to cycle the cells 
and make the selection before constructing the battery. However, because 
of the require.ment that the final battery must be sterilized, it i s  necessary 
to examine the feasibility of sterilizing cycled cells. The results appear to  
depend on (1) bake out procedure pr ior  to formation cycle, (2)  the state of 
charge of the cell, and ( 3 )  the method of ensuring a completely discharged 
cell, 

If the cells vary signifi- 

In- 

A. Duration of Heat Sterilization 

At the t ime of this work, sterilizakion was accomplished by heating cells at 
135°C for 120 hours. 
hour cycles. The additional time at  temperature in  our cycle made up for 
that lost  in heating up and cooling down through three cycles and, further- 
more,  insured that the cells would always come out of sterilization during 
the working day. 

This was in place of the require.ment for three 36 

To determine whether capacity was los t  ulaiformPy over the five-day steri l i-  
zation period two groups ~f cells were constructed for running a t  two 
different sterilization times Also to  determine if  the electrolyte concen- 
tration affected capacity loss during sterilization some cells in each group 
were made with a different electrolyte concentration, 

The results a r e  given in Table VIE. 
been adjusted for the weight of water lost a s  vapor transmitted through the 
case during sterilization and represent the concentration during charge and 
discharge. Considering the first discharge, the effect of electrolyte con- 
centration appears to be swamped by the effect of sterilization for 120 hours. 
F o r  cells sterilized for 72 hours the advantage of the more  conductive 41% 
electrolyte is only about 10%. 

The KOH concentrations given have 

Compared to cells sterilized a t  135°C for 120 hours before sealing, those 
sealed-then-stelPilized for 7% hours have Post a s  much a s  15770 of their  capa- 
city, and those sealed-then-sterilized for 120 hours have lost about 30% of 
their capacity. 
loss,  but rather sterilization in  the sealed condition. 
latter operation in  cells of small  head space retains harmful volatile mate- 

Thas sterilization alone has not caused the great capacity 
It is felt that the 

r ia ls  coming from some of the organic components. 



F r o m  the data in Table VI11 it appears that the loss of capacity is cumulative 
with time. 
change in electrolyte concentration, can be swamped by 120,hours of s ter i l i -  
zation. A s  a result  of these observations, JPL directed that, fo r  research  
work, sterilization should be limited to 135°C for 72 hours. 

A ~ S Q  small  changes in  capacity, as occur f rom a few percent 

B. Sterilization of Cycled Cells 

The use of C~mpound 323-43 had been shown in previous studies to be 
essential  for heat sterilized cells. Consideration was then given to the 
possibility of sterilizing the cell after cycling. Cycling before steri l i-  
zation of the cells is a desirable technique because it would permit the 
matching of cells before they a r e  assembled a s  batteries and mounted on 
the spacecraft. Moreover, by cycling the cells before sterilization, 
metallic rnercu.:cy is present during sterilization. Thus, HgO could be 
used in the negative mix. Table IX shows some performance data of cells 
sterilized after cycling. All three cells had 3% HgO rather than Compound 
323-43. The average capacity before sterilization was 0.35 amp-hrs /g  A g  
After sterilization it was 0.256 and 0.316 amp-hrs/g Ag for the secondand 
third cycle respectively (first and second cycle following sterilization). 

This amounts to a loss of 27% for the f i r s t  cycle following sterilization. 
With a loss of this magnitude it would appear that the cells a r e  suffering 
f rom the mercury effect which may be the resul t  of over-discharge in pre-  
paring these cells for sterilization. 
result  of overdischarge, the HgO becomes somewhat soluble during s ter i l i -  
zation, migrates to  the si lver electrode and reduces its capacity. 

If Hg in  the anode goes to  HgO, as  a 

It i s  c lear ,  then, that preparing cells for  sterilization after cycling involves 
attaining the proper state of charge. 
load res i s tors  possible, 
res is tor  was placed across  the cell terminals fallowing the normal discharge 
and it was allowed to remain ~ n t i l  the voltage decayed to a value within the 
range of 80 t~ 100 mv. F ~ l l ~ w i n g  afi open ciycuit interval, the cell voltage! 
should be within the range of 0,75 to  0. 85 volts a t  the s ta r t  of sterilisatiom, 
Since these cells have a nominal rating of 4 amp-hrs,  the corresponding 
resis tor  value f o r  any cell can be obtained from the equation R = - 400 where 

There are probably many chokes  ad 
A successful procedure is as follows: B 100 ~ h r n  

R is  the resistance in ohms and C is the capacity in amp-hrs.  c 

To determine the characterist ics of cells contsin.lin.lg HgO which we proper€y 
discharged prior to sterilization, a series of six cells were constructed, 
Their performance data a r e  found in  Table X ,  Ad; expected, before sterili- 
zation they gave higher capacities than thaae normal for cells containing 
323-43, but af ter  sterilization their  yields were within the range of the cells 
containing 3 23 - 4 3 a 

Nevertheless, on the basis of the data s f  Task VU of this contract, there  
exists a need for the presence of Compound 323-43, A s  may be recalled, 
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when GX type separator was used in  si lver cadmium cellso the cycle and 
stand life values were lower than cells having zinc electrodes with Com- 
pound 323-43. 

The complete elimination of Compound 323-43 is thus not desirable, but 
some advantage might be realized by reducing its percentage and adding 
mercuric  oxide to replace it. This was done in  the cells in  Table XI. It 
i s  interesting to note that, for cells made with 8 layers of separator and 
with epoxy cure cycle number 1, the performance after sterilization was 
very satisfactory (0.37-0.39 AH/gms Ag). However with the epoxy cure 
cycle number 2, the cell capacity was only about 0. 24. 
is the topic of  the following section. 

The effect of epoxy 

C. Heat Cycles 

In working with cells of limited head space sealed with epoxy cements it was 
observed that the steps involved in  processing prior to sterilization affected 
cell behavior in la te r  life. It had been determined that a heat cycle after 
activation but before sealing was beneficial, and the assumption was made 
that it eliminated f rom the cell harmful volatile ingredients whose source 
was the epoxy sealant. In the experiments to follow, changes in the heat 
cycle were investigated. 
it is beneficial to have a heat cycle immediately after preformation ( r e -  
duction of mercury) while the cell  is open whether or  not a pr ior  heat cycle 
had been done, As seen f rom Tables X and XI the highest capacity i s  ob- 
tained when the lrBll stage temperature of the epoxy is limited to 45°C and 
the cure  temperature is 100°C. 
formation for maximum capacity. 

In cells of the type prepared for Tables X and XI 

The cure heat cycle should be after pre- 

The conditions of preparation for the cells in  Tables X and XI and the results 
are as follows: For  all cells 8 layers  of separator were used. Electrolyte 
concentration was 42% potassium hydroxide by weight before dissolving 100 
g m / l  of zinc oxideo after which its specific gravity was 1,49. 
thickness allowance per layer of separator was 0. 003 in. Silver electrodes 
for the cells of Table X were of the low density variety, while those of Table 
XI were of the higher density. No significance is attached to this difference, 
since in  pr ior  cells containing low density si lyer,  good performance was 
obtained. All cells contained three si lver electrodes and four negatives 
(sintered Teflon). 
(91% ZnO, 3% 323-43 and 6% Teflon) in each and the inside ones either 6 o r  
7 gms of mix depending on the si lver electrodes used. 

Separator 

The outside negative electrodes contained 4 gms of mix 

The following observations of performance before sterilization follow f rom 
Table X: (1) higher load voltages resul t  f rom cells having been exposed to 
45" C compared to 65" C before activation; (2)  better capacities resulted when 
the heat cycle temperature was 100°C rather  than 80°C or nu heat cycle a s  
for cell  20- 1; (3) variation in load voltages related to heat cycle temperature 
was not consistent; (4) performances of all  cells of Table X were poorer than 



expected for unsterilized cells, and were poorer than for similar cells, 
similarly sealeds and sterilized before formation. 

Performances of a l l  seven cells after sterilization were poorer than before. 
Since cells 26-1 and 27-1 lost considerable electrolyte a s  a result  of leaks, 
deterioration in their performance was anticipated. Even so, cell  27- 1 was 
best of the seven. 

The next group of cells, shown in  Table XI, were processed in the same 
manner as  was cell 27-1 except that the heat cycle followed preformation 
instead of preceding it. This change apparently caused the difference be- 
tween good and bad performance both prior to and following sterilization. 
F i r s t  cycle capacity values after sterilization were approximately 5 to  7% 
below comparable values obtained before sterilization. During the second 
cycle their values increased so  that they were 0 to 2% below their pre- 
sterilization values e 

ra tor  system. 
Voltages a r e  considered satisfactory for this sepa- 

V. GRIDS 

While expanded silver i s  generally satisfactory for grids of sealed Ag-Zn 
cells, a problem ar i ses  when it is used in high impact designs. 
present requirement is that cells should be able to withstand a shock of 4000 
"g". 
the electrode during impact, 
Generally metals have been considered because of their  high strength. 

Here, the 

Obviously, the thin expanded silver grid is of little use in  supporting 
It needs a back bone of some strong material .  

A.  Grid Supports 

At the time this work was done the following characterist ics were required 
of support material: non-magnetic*, high strength, chemical resistance in 
alkali, and high overvoltage properties. The f i r s t  three requirements made 
zirconium and Inconel pr ime candidates. 

For  the positive electrode it seemed reasonable that the support mater ia l  
should be si lver plated. 
material  should weld itself to the si lver plate during the sintering operation. 
Thus, a high strength electrode would result  wherein the active mater ia l  
would be held in place not only by the mesh  of the si lver grid spot welded 
to the silver plated support but also by being sintered to it. 
the overvoltage study zirconium and Inconel were tested in  the si lver plated 
condition a s  well a s  in the unplated o r  oxidized state. 

The reason for this was that the si lver active 

Therefore, in 

:: This requirement has since been removed. 
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1. Overvoltage Study of Grid Support Materials 

Grid support materials treated in various ways, a s  shown in Tables XI1 and 
XIII, were run a t  various currents  in 40% KOH to determine HgO reference 
overvoltages. These two tables show electrode potentials versus a Hg-HgO 
reference electrode a t  two current  settings. The tes t  was run to determine 
which electrode support material  would have the highest overpotential a s  a 
positive and a s  a negative electrode. 

It is interesting to note that in Table XI1 the hydrogen overpotential of si lver 
plated Inconel is less  than that of the same material  amalgamated. The reason 
for this i s  that the mercury in amalgamating with the silver deposit exposed 
some of the underlying nickel strike. Thus, silver plated metals a r e  not 
recommended for the negative electrode, The best material ,  of course i s  
amalgamated silver. 
grids or sheet silver grid supports a r e  recommended. 

Where high strength i s  required thick silver negative 

F r o m  the above mentioned table XI1 the next best material  is oxidized 
zirconium. 
and the results described in the next section. 

This was tested in a cell t o  determine whether i t  can be used 

The oxygen overpotentials of positive electrode support materials a r e  given 
in Table XIII. Here, the best material  by fa r  i s  either unplated or oxidized 
zirconium. But because of the possibility of the sintered silver active mate- 
r ia l  welding itself to a silver surface, silver plated zirconium supports have 
been tested in a cell. 

2. Cells With Zirconium Grid Supports 

Four cells were constructed using a silver plated zirconium support plate 
in the positive, and an oxidized zirconium support plate in the negative in 
order  to determine the possible effects of these on the Ag-Zn system. Other 
constructional details for this group of sealed 7-plate cells a r eas  follows: 

( 1 )  Five layers of SWRI-GX. separator.  

(2) A separator allowance of 0. 003" per layer. 

(3) Electrolyte - 40% KOH which was then nearly 
saturated with ZnO. 

(4) Negatiye mix - 7% 323-43, 93% ZnO, (no 
Teflon). 

(5) No pre-amalgamation of the neg,ative silver 
grid. 
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After these cells were vacuum filled and soaked in the flooded condition 
overnight, the electrolyte level was adjusted to 80% of the height of the 
plates. Sterilization was performed in a large bomb with open PPO cases  
a t  135" C f o r  108 hours, and sealing was accomplished with Bondmaster 639 
epoxy after sterilization. 

The cells were charged using an initial ra te  of 12 ma per cell  followed by 
97.5 ma to 2 .02  v. 
and recharged a t  110 ma to 2 .02  v. 
psig) and by the fifth discharge the pressure  was over 140 psig. 

They were then given a 20% partial discharge a t  2 amp 
All four cells developed pressure (>40 

In addition to the high pressures  low capacities were obtained from these 
cells. 
Ag per  cycle over three cycles. 

They were quite consistent and averaged about 0. 21 a.mp-hrs per g 

Previous experiments had shown that oxygen recombines readily in this 
cell  design. Since these cells maintained their  pressure on stand over- 
night, the gas must have been hydrogen. 
on oxidized zirconium i s  lower than that of amalgamated silver grid, it i s  
probable that hydrogen was being produced at the same time that ZnO was 
being reduced. 
would normally be the case,  Since sealed cells a r e  zinc limiting on dis- 
charge, this explanation would account for both the gas generated and the 
capacities observed. 

Because the hydrogen overvoltage 

Therefore not a s  much zinc was available for discharge as  

To tes t  this conclusion additional cells were made in the same way except 
that the oxidized zirconium negatives were replaced with normal negatives. 
No g a s  pressure developed in these cells and the capacities were signifi- 
cantly higher a s  may be seen in Table XIV where data f rom both experi- 
ments may be compared. 

In using positives with the silver plated zirconium supports it was noticed 
that the si lver active material  was not sintered to the si lver deposit. It is 
therefore concluded that for  this type of construction it is useless to si lver 
plate the zirconium. Since the oxygen overvoltage is much higher for base 
zirconium than for silver, more is to be gained by using plain zirconium 
supports*with si lver grids spot welded to both sides, 

3. The Negative Electrode Support 

In making electrodes stronger for high impact cells, high strength metals 
or  massive amounts of si lver a r e  required to reinforce the electrode. In 
the negative electrode, the strengthening member must haye a hydrogen 
overpotential equal to or  greater  than that of the usual thin amalgamated 
silver grid. If this be not so, then the lower overvoltage surface of the 
reinforcing metal  becomes a si te fo r  the possible evolution of hydrogen 
during charge. 
951296, p. 9 . )  

(See report  f o r  the F i r s t  Quarter of 1968, J P L  Contract 
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When massive silver sheets or  grids a r e  used to strengthen the negative 
electrode, the normal amount of mercury in the negative mix (Ca. 470) 
may be inadequate to properly amalgamate the reinforcing mass  of si lver 
and charged zinc. Gassing may then occur. Furthermore,  it is conceiv- 
able that amalgamation of the mass  of si lver would occur f i r s t  on its sur -  
face, and if  by chance the concentration of mercury was just sufficient to 
control gassing, then after sterilization when the mercury had diffused 
throughout the mass,  the surface concentration might again be too low to  
have an adequately high overvoltage 
on charge. 

High gas pres  sure  would then develop 

To insure sufficient mercury for the massive si lver,  the reinforcing 
member could be preamalgamated. 
hydrogen evolution, it could lead to low strength embrittled grids 
data a r e  lacking on these systems and it i s  proposed to investigate the 
effect of mercury on the overpotential of si lver and the effect of sterili- 
zation. on both the overpotential and brittleness of the grid. 

While this approach should control 
Clearly, 

As a preli.minary experiment, the effect of sterilization on overpotential 
of silver was determined for one level of mercury.  The data in Table XV 
show that the overvoltage of amalgamated and unsterilized silver i s  higher 
than that of the unamalgamated. But surprisingly, the overvoltage of the 
amalgamated and sterilized silver was on either side of that of the untreated 
silver depending on the time of observation. This could be the effect of a 
film formed during sterilization which was subsequently reduced during the 
experiment. If  the phenomenon is real ,  it could account fo r  gas observed 
during cell formation. Thus, where massive silyer is used to support the 
negative electrode preamalgamation of the si lver to a t  least  the 2% level is  
recommended. 

B. Silver Embrittlement 

F r o m  tear-down inspections of many experimental cells it has been observed 
that the si lver grids of both the positive and negative electrodes a r e  some- 
times brittle. F o r  cells which must withstand hard landings this condition 
could lead t o  cell failure on impact. Since some grids a r e  not brittle even 
after many months of stand o r  float, an investigation was conducted to deter-  
mine the conditions leading to brittleness or  lack thereof. 

1. The Positive Silver Grid 

Positive grid embrittlement generally has been noticed in old cells which 
have been cycled many times. 
served that the positive grid is brittle in the center opposite to where the 
zinc accumulates on cycling. 
zinc, it has been hypothesized that in trying to match the capacity of the 
accumulated zinc some of the grid has been converted to  si lver oxide. 
structure i s  thus weakened. 

F r o m  tear-down inspection it has been ob- 

Since silver discharges only where it opposes 

The 
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Hard planetary landings will be made with cells early in their cycle life. 
Therefore, si lver grid embrittlement of the positive electrode should not 
be a problem. 

2. Silver Embrittlement of the Negative 

Silver sometimes becomes br i t t le  at the negative electrode as a result  of 
amalgamation, so  the purpose of this study was to determine the conditions 
under which mercury embrittles silver. The major variables considered 
were: time, cycle, formation charge, sterilization and amalgamation. In 
conducting this study two different experiments were performed. The first 
was done using sheet silver whereas the second was with si lver grids taken 
from negative electrodes. 

a. Silver Sheet Study 

For convenience in this phase of the study 5 mil si lver sheet was used to 
investigate amalgamation effects. 
cleaned sheet to the extent of 2% by weight f rom a saturated HgIZ-KI solution. 
Then, using x- ray  diffraction the phases present were determined after amal- 
gamation, after sterilization, and after reamalgamation such a s  might 
happen in a preamalgamated grid which had been sterilized and preformed. 
Of particular interest  were the properties of amalgamated silver following 
sterilization. It was considered possible that this heat cycle might anneal 
the silver amalgam and prevent embrittlement. 

Mercury was electrodeposited on the 

The data are presented in Table XVIq It can be seen that the y phase which 
forms on amalgamation disappears following sterilization and an a phase takes 
its place. However, reamalgamation of the sterilized sheet produces addi- 
tional y phase material. This would indicate that sterilization should follow 
the formation discharge so  a s  to develop a s  little y phase as  possible on the 
next cycle. 
with any phase change. This 
suggests that only the silver grid, which may be more cold workedp gets 
brittle. 
bones and grids prepared by etching silver sheet may not become a s  br i t t le  
a s  expanded silver grids when they a r e  amalgamated. 

The difficulty here is that brittleness has not yet been associated 
None of these si lver sheets were brittle. 

If this could be de.monstrated, it would mean that sheet si lver back- 
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b. Grid Studies  

Since s i l v e r  g r i d  mater ia l  may respond d i f f e ren t ly  than s i l v e r  shee t  
t o  the  embri t t l ing e f f e c t s  of mercury, a second experiment was 
conducted t o  inves t iga te  the  e f f e c t s  of formation charge, cycling, 
and s tand on s i l v e r  embrittlement, For  t h i s  study 16  zinc electrodes 
(93% ZnO and 7% 232-43) were prepared, These were made i n t o  eight-  
3 p l a t e  c e l l s  using s i l v e r  antipodes, SWRI-GX separat ion and 40% KOH 
nearly sa tura ted  with ZnO, 
converting t e mercury with a long slow charging r a t e  and then forming 
a t  5.6 ma/in t o  a cut-off of 2,05V. 
they were s t e r i l i z e d  f o r  7 2  hours a t  135OC, After  s t e r i l i z a t i o n  one 
c e l l  was disassembled and t h e  two zinc electrodes submitted f o r  
analysis .  The remaining c e l l s  were recharged and t r ea t ed  a s  shown i n  
Figure 2 .  

These c e l l s  were charged by first 

9 After  discharging completely 

Analysis consis ted of x-ray d i f f r a c t i o n  which was used t o  see i f  there  
were any phases present  which could be associated with b r i t t l e n e s s .  
The center  port ion from a l l  g r id s  was examined by x-ray d i f f r a c t i o n  
because embrittlement occured the re  most of ten.  The generally 
f l e x i b l e  area surrounding the  b r i t t l e  cen ter  par t ion  was a l s o  
examined by x-ray d i f f r ac t ion  f o r  comparison, Whenever the  center  
port ion was found t o  be f l ex ib l e ,  t he  boundary area was not  x-rayed, 

Samples of t he  g r id ,  both b r i t t l e  cen ter  port ions and f l e x i b l e  edge 
areas ,  were submitted f o r  examination by' l i g h t  microscopy 
Remaining pieces  cons t i t u t ing  a nearly t o t a l  g r id  were submitted f o r  
chemical ana lys i s ,  
zinc and t o t a l  mercury a f t e r  treatment with hot d i l u t e  ammonium 
chloride.  The ammonium chlor ide treatment was necessary i n  order t o  
remove any adhering zinc oxide. 

The nearly whole g r ids  were analyzed f o r  meta l l ic  

Electrodes f o r  g r i d  ana lys i s  and inspection were taken from the  
c e l l s  i n  e i t h e r  t h e  charged o r  discharged condition a s  indicated i n  
Figure 2 .  I n  general  e lectrodes from c e l l s  t o  be cycled 0 ,  2 ,  7 ,  
and 1 6  times were sampled i n  the  discharged condition, whereas those 
on s tand f o r  s imi l a r  periods of time were sampled i n  the  charged 
condition, The ac t ive  mater ia l  was removed and the  gr ids  analyzed. 

No co r re l a t ion  was found between b r i t t l e n e s s  of t he  g r id  and phases 
detected e i t h e r  by x-ray d i f f r a c t i o n  or l i g h t  microscopy. 
was no co r re l a t ion  w i t h  t o t a l  mercury i n  the  g r id ,  This may be  due 
t o  the  method of ana lys i s  which so lubi l ized  both the  s i l v e r  g r id  and 
any t i g h t l y  adhering meta l l ic  zinc which had p la ted  a u t  on the  gr id .  
The mercury determined, therefore ,  was a composite o f  t h a t  
amalgamated with the  zinc layer  a s  wel l  a s  t h a t  amalgamated with 
the  s i l v e r .  

A l s c ~ t h e r e  



An apparent co r re l a t ion  between b r i t t l e n e s s  and treatment of t he  g r id  
was observed. I n  Figure 2 it may be reasoned t h a t  the  F s e r i e s  is 
zero t i m e  f o r  t he  S s e r i e s  and the  I s e r i e s  is zero cycles f o r  t h e  C 
se r ies .  

Br i t t l eness  seemed t o  increase with cycling, Sample 3-1-1 was  not 
b r i t t l e  whereas 3-1-2 was. Sample 3-C-2 had a s l i g h t l y  b r i t t l e  
center ,  3-C-7 a b r i t t l e  cen ter ,  and 3-C-16 a b r i t t l e  cen ter  with a 
s l i g h t l y  b r i t t l e  edge. The dupl ica te  f o r  3-C-16, however, had a 
s l i g h t l y  b r i t t l e  center .  

Br i t t l eness  seemed t o  decrease with stand. Samples 3-F-1 and 2 had 
b r i t t l e  cen ters  whereas with samples of 3-S-2, one had a b r i t t l e  cen ter  
and t h e  o ther  had not ,  A l l  samples of 3-S-7 and 33 -16  had f l e x i b l e  
center  a r eas  and edges. The decrease of b r i t t l e n e s s  with s tand time 
appears t o  be i n  the  proper order  bu t  t he  sample s i z e  i s  r a t h e r  small 
t o  form a sound concluston. However, these f indings have been 
substant ia ted f o r  g r i d s  of c e l l s  which have been on charge-float f o r  
up t o  two years. 

The working hypothesis which emerged a s  a r e s u l t  of t h i s  study 
is  one involving the  d i f fus ion  of  mercury. When t h e  zinc electrode 
i s  i n  t h e  charged s t a t e  t he  mercury is pa r t i t i oned  between t h e  
small mass of  t h e  s i l v e r  g r i d  and t h e  l a rge  mass of t he  charged 
zinc.  With a c e l l  ear ly  i n  i ts  l i f e  cycles  t h e  l e v e l  of mercury i n  
i t s  g r ids  is evidently not s u f f i c i e n t  t o  cause b r i t t l e n e s s ,  A s  
t he  e lectrode is discharged the  mercury does not discharge but  s t a y s  
with the  meta l l ic  zinc and recedes toward the  g r id  a s  the  zinc is 
oxidized, This r a i s e s  the  concentration of mercury i n  the  
remaining zinc. The p a r t i t i o n  of  t h e  mercury between the  g r i d  4nd 
t h e  remaining zinc is s h i f t e d  s o  t h a t  t h e  mercury concentration i n  
the  s i l v e r  g r id  now is s u f f i c i e n t  t o  embr i t t l e  it. 

If t h i s  p i c tu re  of g r i d  embrittlement be cor rec t ,  then it would 
follow t h a t  f o r  maximum g r i d  d u c t i l i t y  during impact t he  c e l l  
should have negatives containing a minimum of mercury, should be 
ear ly  i n  i t s  cycle  l i f e  and should be maintained i n  a charged 
condition during t r a n s i t  t o  t he  planet .  
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VI.. LONG CYCLE LIFE STUDY 

There is a need f o r  a heat  s t e r i l i z a b l e  s i lver -z inc  c e l l  capable of 
de l iver ing  400 cycles  a t  50% depth discharge, To bu i ld  such a c e l l  
a l l  parameters should be optimized f o r  maximum cycle l i f e ,  Factors 
t o  be considered a re  the  number of layers  of separator ,  c e l l  pack 
t igh tness ,  c e l l  case shape, negative electrode construction and 
negative electrode composition. S t i l l  another f a c t o r  t o  be 
considered f o r  secondary interplanetary c e l l s  i s  t h a t  cycle  l i f e  begins 
only a f t e r  a long period of  s tand  o r  f l o a t ,  While it is not p r a c t i c a l  
t o  s tand o r  f l o a t  c e l l s  p r i o r  t o  determining cycle  l i f e ,  it is 
important t o  know t h e  e f f e c t  of  s tand  and f l o a t  on t h i s  var iable .  

Before t h i s  work on cycle l i f e  was completed, however, it was 
cu r t a i l ed  and the  e f f o r t  red i rec ted  by JPL. Therefore, p a r t s  o f  t h i s  
study a r e  unfinished, Nevertheless a good s t a r t  towards a long cycle  
l i f e  c e l l  has been made. 

A. Performance of S t e r i l i z e d  Cells on Stand OP on Floa t  

A group of c e l l s  which had been s t e r i l i z e d  a t  135°C f o r  120 hours, and 
then cycled four  t i m e s  were placed e i t h e r  on s tand  o r  were f loa t ed  a t  
a -cons tan t  p o t e n t i a l  of 1 . 9 6  vo l t s .  A l l  bu t  one of the  c e l l s  were on 
the  f loa t - s tand  regime f o r  about 2 years ,  The one exception was 
constructed 6 o r  7 months l a t e r ,  The data a r e  shown i n  Tables XVII, 
XVIII, and X I X ,  The r e s u l t s  ind ica te  the  f e a s i b i l i t y  of  construct ing 
a sea led  then s t e r i l i z e d  c e l l  capable o f  de l iver ing  good capacity 
( 0.35 AH/g Ag) a f t e r  24 months g f  f l o a t  charge. Therefore, these 
c e l l s  should be adequate f o r  a mission a s  long a s  nine months. 

The first seven c e l l s  were sealed i n  PPO 531-801 cases before  
s t e r i l i z a t i o n  and examination of t h e  case f a i l e d  t o  reveal  any high 
pressure within the  c e l l s ,  The most important observation, however, 
fs t h a t  even a f t e r  2 years the  c e l l s  on the  f l o a t  regime had a 
capacity of about 0,35 AH/g Ag, On the  o ther  hand, the  c e l l s  on 
s tand had poor capacity ( 0 - 2  AH/g Ag) and f a i l e d  t o  improve when 
cycled fur ther .  Some a t t en t ion  should be given t o  the  f a c t  t h a t  on 
the  discharge following t h e  long f l o a t  only 50 t o  65% of the  capacity 
was obtained a t  t h e  f irst  s tage ,  
t he  c e l l s  behaved normally. 

However, on the  following cycle  

Based on the  a b i l i t y  of these c e l l s  t o  be discharged and t o  accept a 
recharge, it was concluded t h a t  o n l y  f l oa t ed  c e l l s  were sa t i s f ac to ry .  
The f l o a t e d  c e l l s  were placed on a 50 percent d,o.d. cycle regime bu t  
most of  the  c e l l s  f a i l e d  t o  cycle  more than E9 cycles  a s  a r e s u l t  of 
a 46-day in te r rupt ion  during which s tand t i m e  the  data acquis i t ion  
system was being repaired.  
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It is of interest  to  note that even though the float cells had accepted about 
2.7 AH net charge prior to float, they were able to deliver ab0u.t 4 .5  AH 
after float charge. The reason for  this i s  not clear,  but would indicate 
that the Ag electrode was utilized to  a .  greater extent and this may be 
equivalent to the familiar two stage charge. The charge acceptance capa- 
city of about 3. 5 AH on the recycle indicates a permanent improvement of 
the cell. 

Finally, the apparent low capacities of the cells before the long stand and 
float i s  somewhat misleading. 
and stand regime was a single step discharge. 
charge been run the capacity might have approached the capacity obtained 
after the long float regime. 

The capacity reported before the long float 
Had a second stage dis- 

F r o m  this experiment it is concluded that floating is l o s e  detrimental to  
cycle life than standing, but even floating .may reduce the subsequent number 
of cycles. 

B. Negative Electrodes 

In silver-zinc cells the electrode which appears to limit cycle life i s  zinc. 
In general as  this electrode is worked, zinc gradually leaves the top and 
sides and accumulates in the center and bott0.m following a characterist ic 
bell shaped pattern. 

The silver electrode does not change shape and i s  only active opposite the 
zinc deposit. Therefore, the capacity of the cell gradually decreases with 
zinc redistribution until there is no longer sufficient energy to support the 
load. In the case where the depth of discharge i s  5 0 %  of the nominal capa- 
city, the end of cycle life is  taken when the cell can no longer sustain this 
discharge e 

The usual approach to the redistribution problem- is to hold the zinc in place 
with a binder. 
requirement for the electrode. Thus, it seemed logical to introduce a bond- 
ing agent into the zinc oxide material. Among many possibilities for  such 
structures,  two were selected for  examination in the research  laboratories. 
These were so-called microporous plastic reinforced (MPR) zinc electrodes 
and sintered Teflon bonded zinc electrodes. The Exide Missile and 
Electronics Division (EMED) investigated a third type, the Teflon emulsion 
treated electrodes developed by Yardney Electric Company under USAECOM 
Contract No. DAAB07-67-C-0185. EMED's work is described under the 

This avenue was especially attractive because of the impact 

section on Fabrication and Testing of Cells. 
Third Quarter 1968 under J P L  Contract No. 951296.) 

(P; e- Report fo r  Second and 

1. MPR Zinc Electrodes 

Zinc electrodes of the ESB proprietary .microporous plastic reinforced 
type were examined briefly in the period before August 1966. When it was 
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discovered that heat sterilization did not cause deterioration of standard, 
unformed ZnO electrodes, the work with the MPR type was discontinued. 
Interest  was revived with the high cycle life requirement. 

A typical formulation would consist of 

93 parts ZnO powder 

10 par ts  polyethylene 
10  parts finely powdered carboxylic type cation 

exchange resin.  

7 parts  Compound 323-43 

The ingredients a r e  milled together on a rubber mill and sheeted off in  
the desired thickness. Layers a r e  then pressed on either side of silver 
mesh  grids. 

Such structures swell about 50% in ZnO-saturated 43% KOH and, upon 
electrical  formation, yield firm electrodes quite different in appearance 
and strength f rom standard zinc electrodes. 

S i x  ?-plate cells were constructed to determine the capacity of sterilized 
MPR electrodes. The parameters of the cells were a s  follows: 

(1) 2 grids per  negatiwe electrode 

(2) 8 layers of SWRI separator 

(3) Electrolyte level a t  80 percent of plate height 

(4) A 'IU" fold layer of irradiated EM-476 around 
each electrode- 

Three of the cells (#4, 5, and 6) were unsterilized whereas the other three 
cells (#l ,  2, and 3) were sterilized a t  135°C for 92 hours, and then sealed 
and syerpotted. 

The capacity data a t  the end of the first cycle a r e  shown in Table XX. Even 
though two of the three sterilized cells had poor capacities ( less  than 0. 3 
AH/gm Ag), the best capacity (0.36 AH/gm Ag) for a l l  6 cells was obtained 
f rom one of the sterilized cells. This was the f i r s t  time that a sterilized 
cell using MPR electrodes performed well. The fact that one cell  could 
give such a good performance is encouraging and indicates that the MPR 
electrode should be studied further. 

After four cycles these cells were placed on automatic cycle a t  100% depth 
of discharge to  accelerate testing. Failure occurred after 105 cycles, after 
which time the cells were torn down and inspected. 
were stills in excellent shape, and judging f rom the appearance of the si lver 

The MPR electrodes 
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electrode the zinc oxide was well enough distributed on the negative 
electrode to work the silver a t  the top. 

Admittedly these electrodes did not cycle as long as other electrodes but 
the formulation of the active mix had not been optimized. The mode of 
failure was loss of capacity which appeared to be due to islands of undis- 
charged metallic zinc. This problem should be overcome by the addition 
of conducting materials,  such a s  finely divided silver or  graphite to the 
active mix. The MPR electrode deserves further consideration, i f  present 
electrodes do not meet the 400 cycle requirement. 

2. Sintered Teflon Bonded Electrodes 

Previous work had indicated that a nega%ive active material  mix contain- 
ing a greater than usual quantity of Teflon produced electrodes having 
improved cycling characterist ics.  The technique 0f fabrication was a s  
follows. A powder mix containing zinc oxidep Compound 323-43, and 
Teflon powder was blended in a Waring Blender. Powder of this blend 
was pressed on to  si lver grids i n  the normal fashion. These electrodes 
were sintered in a furnace by placing the electrodes on silver sheets, one 
on top of the other with a silver sheet on top of the top electrode layer. 
The maximum sintering temperature permissible was apparently 350" C. 
The thermocouple in  the furnace used showed the latter temperature near 
the r ea r  of the chamber and midway between the top and bottom of the 
chamber. 
a t  320°C. 
per cubic inch were the only t ime and density conditions employed. 

The temperature a t  the bottom of the furnace was measured 
A sintering time of 1 hour and a plate density of 46-48 grams 

A ser ies  of four cells having electrodes of: the latter type was constructed 
and tested. 
of separator and 460/0KOH electrolyte; one had 9 layers of separator and 
46% KOH, and the other had 6 layers  of separator and &yo KOH. Their 
performance data a r e  shown in Table XXI and indicate that further evalu- 
ation of electrodes of this type mer i t  study. 

These cells were not sterilized. Two cells contained 8 layers  

Electrodes made with pressed powder and sintered a s  described above 
a r e  different f rom other "Teflonated" electrodes. The zinc oxide can be 
extracted f rom the sintered Teflon electrodes with dilute hydrochloric 
acid leaving a Teflon structure or matrix. In spite of this excellent im- 
mobilizing structure,  however, erosion of the active material  during 
cycling i s  not prevented (see D. Other Cell Factors).  Thus, f rom this 
and other data f rom MPR electrodes it appears that binders employed in  
this manner a r e  ineffective in preventing shape change or  redistribution 
of zinc active material. Such binders a r e  valuable, nevertheless, in 
strengthening electrodes and in  retaining the active material  in impact- 
resistant cells. 
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Cell cases  are made with a slight taper inward toward the bottom to  facili- 
tate release during molding. Thus, in use cel l  pack tightness is greater at 
the bottom than at the top. 
work, the reference point is  a t  the bottom of the cell, but the effect of the 
taper on cell properties is unknown. 

Where tightness i s  used a s  a variable i n  this 

Therefore, six 7-plate cells were constructed in  PLEXIGLAS cases  to study 
the effect of the shape of the case on cycle life, All electrodes were of the 
normal 281 dimensions. The cells numbered 1 and 1' (Figure 3 )  were of 
rectangular cross-section perpendicular to the width of the plates, 2 and 2' 
were short  a t  the bottom but long a t  the top, and 3 and 3 '  were short  at the 
top but long at the bottom. It was expected that 3 and 3 '  would have higher 
current  densities a t  the top than the other cells and thereby offset to some 
extent the shape change believed to  be due to gravity. 
steri l ized but were over-potted, 
was around 0 .33  AH/g Ag, but while they stood to await positions on the 
automatic cycling equipment they Post capacity, Thus, for cycling purposes 
a nominal capacity of 0.21 AH/g Ag was chosen and the discharge ra te  was 
94 ma/sq.  in. The cells were cycled to failure. 

The cells were not 
When made, the capacity of a l l  the cells 

All of these cells failed around 185 cycles a t  100% d. 0. d. 
effect on cycle life could be  discerned by the use sf the different shapes. 
However, on post mortem several  interesting differences were obvious. 
The most striking of these was the shape change of the negative plate., The 
usual observation with pres  sed powder electrodes after cycling is that the 
active material  is missing at the top and most of the active mater ia l  accu- 
mulates i n  the lower half of the electrode. FOP the first time the position 
of the active mater ia l  was exactly reversed for  the cell with the narrow 
top. The active material  accumulated a t  the top and not a t  the bottom. The 
failure of this cel l  was due to  the loss  of Ag capacity a s  can be seen:: by the 
fact that the Ag electrode was not discharged. 
Ag to  be cycled seems to be  related to the amount of pressure  o r  tightness 
of the par t s  of the cell,  
and the negative electrode, the active materials tend to cycle; whereas in  
those regions where insufficient pressesre exists, the active materials do 
not cycle e 

Therefore, no 

This Back of ability for the 

Where there  is good pressure between the positive 

A fur ther  observation i s  that contrary to what is commonly believed, the 
washing of the active zinc material  may not be due solely to the effect of 
gravity, but can be offset by appropriate pressuye at the top of the electrodes.  
F r o m  these observations it is suggested that the shape change of zinc 
electrodes could be reduced by increasing the pressure  a t  the top of the 

-, * See Figure 2A, Discharged Electrodes After Cell Failures in the 
report  for the Third Quarter 1969, Je t  PropuPsion Laboratory 
Contract No, 951296. 
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electrodes by the insertion of a sleeve which is tapered so  a s  to  counteract 
the normal tapering required when cell eases a r e  molded, The cells used 
in  the present experiment were exaggerated with respect to tapering and per-  
haps created other problems such a s  lack of uniform current density on the 
surface but the results clearly indicate that the concept of the shape of the 
case must  be considered for a better understanding of the shape change of a 
zinc electrode, and that further work to determine the best taper i s  justified. 

D. Other Cell Factors 

Approximately two years  agop two batteries of six cells each were life tested 
a t  a cycle depth of approximately 60 percent of their nominal capacity based 
on 0.25 amp. hr.  per gram of silver. 
sterilized a s  cell packs and then inserted into j a r s  and sealed. 
parameters tested, the results indicated generally longer life resulted with 
increasing electrolyte concentration and when a polypropylene absorber 
(EM 476) was located adjacent to the si lver electrodes. 

These were cells which had been 
F r o m  the 

The data on sealed-sterilized cells a r e  summarized in Table XXII. Allcells 
had 8 layers of GX separator with the exception of 119-93-4 which had 9 and 
was unsterilized. (I) the failure mode was either 
low capacity o r  "silver" penetration; (the Batter determination i s  based on 
cell behavior during charge and open circuit periods, zinc penetration giving 
a different behavior pattern than "siEver" penetration and on the fact that 
evaluation of the separator showed extensive f 'si lver penetration through al l  
layers) ;  (2)  substitution of mercuric  oxide for Compound 323-43 resulted in 
considerably reduced cycle life which was slightly improved for cells which 
had their  silver electrodes impregnated with a compound similar to  Com- 
pound 323-43; (3) data for only one ceY1 containing Compound 323-43 which 
was sterilized after cycling is included, the others  having been sterilized 
before cycling, but results were not unfavorable for  the former procedure; 
(4) compared to the best sterilized cell the unsterilized cell gave more 
cycles than could be accounted f o r  by its extra Payer of separation; (5)  al l  
cells but one had sintered Teflon cegative electrodes and these did not 
eliminate erosion of active material. 

Some observations follow: 

Thus, to make a long cycle life cell the taper of the shims should be ad- 
justed to give uniform erosion of the zinc active material. The negatives 
for impact-resistant cells should be of the sintered Teflon type and contain 
4% Compound 323-43, Sufficient layers of SWRIC-GX separator should be 
used to prevent si lver penetration and an absorber should be used around 
the silver electrode, 
ditions was not made in a single cell o r  se r ies  of cells in the research  
laboratories because of a change in direction requested by Jet  Propulsion 
Laboratory. It is believed that uniform erosion of the negative electrode 
would put the 400 cycle reqairement within reach. 

A combiDation of all  these apparently beneficial con- 
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TABLE VI11 
Effect of Sterilization Time on Sealed- Then-Sterilized Cells 

'72 Hours at 135°C 

KOH 
Cell No. Conc. % 

61 -3 41. 1 

62- 1 41. 3 

62- 2 41.4 

69- 1 43.4 

69-3 45.2 

69-4 45.1 

120 Hours at 135°C 

69-6 44.2 

69-7 44.2 

69-8 44.2 

74- 1 42. 0 

74- 2 42. 0 

74-3 42. 0 

74-4 42. 0 

Amp-Hr/g Ag on Discharge No. 

1 2 3 

0. 31 0. 31 0. 29 

0. 30 0. 30 0. 29 

0. 32 0. 32 0. 32 

0. 31 0. 31 0. 31 

0. 27 0. 27 0. 28 

0. 29 0. 28 0, 28 

0. 26 0. 25 0. 27 

4 

0. 29 

0. 31 

0. 31 

0. 31 

0. 29 

0. 30 

0. 26 

0. 25 0. 25 0.27 0. 26 

C. 23 0. 23 0.20 0. 20 

ND 0,22 0. 18 0. 19 

0. 25 0. 27 0. 26 0. 26 

0. 25 0. 27 0. 25 0. 25 

0. 26 0.27 0. 26 0. 26 

NOTE: Cells sterilized at 135°C for 120 hours before sealing average 
about 0.33 a.mp-hr/g Ag. 
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Cell Number 
Positives 

TABLE IX 
Performance of Ag-Zn Cells, Sterilized Following Cycling 

Additive to Negative, Percent  
Formation Charge 

Step 1, Amp h r s  
Step 2, Amp hrs 
Amp. h r s ,  Total 
Amp. h r s  / g m  Ag 

Discharges - before sterilization: 
First -Step 1, 100 m a / s q  in. 

Step 2, 20 m a l s q  in. 
Amp h r s  Total 
Amp. h r s / g m  Ag 
Amp. h r s / g m  

After sterilization: 
SecondStep 1, 133 m a / s q  in. 

Step 2, 20 m a / s q  in. 
Amp. hr  s Total 
Amp. h r s / g m  Ag 

Step 2, 20 m a / s q  in. 
Amp ht-s. Total 
Amp h r s / g m  Ag 

Third- Step 1, 100 m a / s q  in. 

Discharges: 
Four ths t ep  1 

Step 2 
Amp. h r s g  Total 
Amp. h r s / g m  Ag 

6- 1 
Std 

4.95 
0, 51 
5.46 
0. 371 

4. 92 
0, 25 
5,17 
0.351 

2.44 
1.46 
3.90 
0.265 
4. 05 
0.76 
4, 81 
0,327 

3.99 
0. 90 
4. 89 
0.332 

6-2 
Std 

4. 98 
0.48 
5.46 
0.371 

4.95 
0. 29 
5. 24 
0.356 

0. 60 
3.11 
3, 71 
0,252 
3. 66 
1. 05 
4.71 
0.320 

3.75 
1 -12  
4. 87 
0, 331 

6- 3 
Std 

4. 91 
0,42 
5.33 
0,362 

4.77 
0, 31 
5. 08 
0.345 

2. 28 
1.41 
3. 69 
0.251 
3. 16 
0. 79 
4.45 
0.302 

3 .  51 
0. 96 
4.47' 
0.304 
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TABLE XI1 
Hydrogen Overpotentials of Negative Grid Supports 

Support Support Potential * 
Metal Treatment 20 ma 100 ma 

Zirconium none -1.47 Q -1.63 v 

Zi r c  oni urn oxidized -1.46 -1.70 

Zirconium 

Zirconium 

Ins: one 1 

Inc one 1 

Inc one 1 

Inc one1 

Silver 

Silve 1" 

Cadmium 

Cadmium 

silver plated 

silver plated 
and amalgamated 

none 

Previously charged 
one hour 

si lver plated 

silver plated 
and amalgamated 

none 

amalgamated 

none 

amalgamat e d 

-1.22 

-1,29 

-1.21 

-1.45 

-1.50 

-1.26 

-1.44 

-1.76 

-1.44 

-1.46 

-1.40 

-1.45 

-1.33 

-1.60 

-1.76 

-1*39 

-1.58 

-1 ,8% 

-1.61 

-1.64 

* Potential between the support metal and a Hg-HgO reference 
electrode at the two current  levels shown, The electrode area 
was 6.55 in2 
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TABLE XI11 
Oxygen Overpotentials of Positive Grid Supports 

Support Support 
Material  Treatment 

Zirconium none 

Potential * 
100 ma 20 ma 

t1 .08  v i-1.30 v 

2 ir c onium oxidized t1 .07 4-1.28 

Zirconium silver plated +o. 75 i-0.91 

Zirconium silver plated 
and amalgamated +o. 75 +O. 88 

Inc one1 none t o .  56 i-0. 61 

Inc one 1 si lver plated +O. 80 i-0.87 

Inc one 1 silver plated 
and amalgamated t o .  75 i-0.89 

Silver none t o .  81 40.91 

Silver ama lg a mated t o .  84 +O,  92 

Cadmium none to. 81 +1.10 

Cadmium amalgamated to. 30 t l .  03 

96 Potential between the support metal and a Hg-HgO reference 
electrode at the two current  levels shown. The electrode area 
was 6.55 in2. 
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TABLE XV 
Effec t  o f  S t e r i l i z a t i o n  and Amalgamation on Hydrogen 

Overvoltage 

Treatment Voltages (v) a t  Two Currents 
10 (ma) 80 (ma) 

9AM 2PM 9AM 9AM 2PM 9AM 
h a  1 gama t e d* S t e r i 1 i z e d** 6/30 7 /1 6/30 7 /1 

No No 

Yes No 

Y e s  Y e s  

1 .51  1.54 1,54 1.64 1.64 1.68 

1.82 1.82 1 . 8 2  1.90 1-98  1.96 

1-39  1.68 1-76 1.47 1-90  1.94 

* 2% o f  Hg by Weight 
** 72 hours a t  135°C 

TABLE XVI 
Grid Studies ,  X-Ray Analysis 

Consecutive Treatment 

Ama lgama t e  d 
S t e r i l i z e d  
X-rayed 

Phase 
Phase 
Phase 

Reamalgamated 
X-rayed 

Phase 
Phase 
Phase 

S i l v e r  Sheet 
Sample 1 Samp€e 2, 

-38- 



r- 

Ln 

m 

Ln 

m 

Ln 

Ln 

Ln 

m 

rn 
a, 
c, 
id 
4 

pc 
w 
0 

r2 

x 
0 -  

k 

d c ,  d r n  
o a ,  

0 
d 

N 
d 

0 
m 
d 
d 

d 
d 

N 
d 

m 
rn 
d 
d 

In 
0 

N 
4 

m 
0 

N 
4 

k 
a, 
c, 
.rl d 

N 
w 
0 
rn 

M 
Ln 

E 
d 
d 

hD 
d 
c .rl 

.rl 
cd 
d 
0 
U 

c, 

rl 
0 
% 

-39- 



0 0 0 0  
n r - m n r - m  
N'N'N'N' 

n r - s - m  
C o n r - s n r -  

M N N N  
. . . .  

m s m s  
n r - d m n r -  
N N 4 4  
. . . .  

m m m o  
n r - m ( Y 4  
m m m m  
. . . .  

N s  d 
N r n  N 

m m  m 
e . I .  

a, u 

o s m o  
m n r - o s  
4444 

m *  m snr- nr- 
I .  4 4  m 

m c o o o  
d m m m  
m N N N  
. . . .  

s s o s  
m c o n r - m  
4 4 d 4  

u n  

.. 
M 
l3 
0 z 

-40- 



e, 
Id 
0 

F - 4  

bl 
a 
d 
Id 

c -  E4 Y 

m 
Q) 

.r( 
e, 
.rrl o 
td a 
cd u 

m 
=k 

1 
v l o o *  d 

N 
h4m* 

N' 

r- 
09 

VI, hi 

co m p c o  00 m t - m  9 N c o c o  m m m m  * 9 m N  9 m m m  . .  4 d i d  4 0 -1 4 d i d  

1 c o N 1  
1 m o m  
N' A i d  

r- o r - m  
4 m a 0  
0 d d d  

N m 
N' 

m 
4 

0 

N Ln 
N 

r- - 9- 
0 9 -9 

m 0 - 0  
. .  

co * 
m 

co co 
t 

4 

m 
c' 
m 

Q) 
M 
k 

m 
9 

0 

co 
cr) 

0 

5n 
t- 

0 

0 
02 

m 

N 
9 

4 

m 
m 
m 

- 41- 



M 
a, a 
0 
k 
c, 
0 

G :  

+- 
u 
cd a 
cd u 

c, 
.d 

3 I-l 

c, 
cd 

bb c u 
M 
.d n 
a, 
M 
cd 
m c, 
c, 
M 
4 

c, 
(d 

M c u 
M 

5 

iE 
Q, 
M 
cd 

a c 
nl 

x- 

cd u 
M c u 
M 
.rt cl 

: 
;35 

' M  a- 
d 
4 

1 

4 

c, 
rd 
0 
E 

N 

0 
w 

0- M 
d 4  

G 
M 
\ 

z 
4 

4 

a 
d 
a, 

id 
c, 

3 c 
-c o b b  

G 
4J 
.rl u 
cd a 
cd u 
d 
0 

cd 

k 
0 
%I 
a, 
&I n 

.d 
c, 

6 

-42- 



TABLE XXI 
Performance Data on Non-Sterilized Ag-Zn Cells Having 

Sintered Teflon Negative Electrodes 

Cell Number 93- 1 93- 2 
K 0 H c one e nt r a ti on 
Designed wet thicknes s of 

Nwmber of Separator Layers  6 8 

44 70 4670 

separator  (XI in) 2. 8 2.2 

Negative Electrode Mix (1) A A 

Formation: Amp h r s  /gm Ag 
Before Partial Cycle 0. 38 0.45 
After Partial Cycle 0. 03 -- 
Total 0.41 0.45 

Discharge Capacity (a,mp h r s / g m  Ag) 
First 0,  38 0.41 
Second 0.38 0.37 
Third 0. 36 0.39 

Load Voltages at 100 ma/sq in  
After 30 min 1.475 1.496 

60 ' I  1.442 1.425 
90 I '  1, 431 1.418 

120 ' I  1.424 1.409 
180 ( '  P. 365 1.383 

93-3 
4670 

2.2 
9 
B 

0.41 
0. 04 
0,45 

0. 38 
0.35 
0.35 

1.575 
1.424 
1.408 
1.397 
1.325 

93-4 
46% 

2. 8 
8 
B 

0.39 
0. 04 
0.43 

0. 38 
0. 36 
0. 36 

1. 622 
1.440 
1.418 
1.406 
1.315 

Note (1) A - 86% ZnO, 770 Compound 323-43, '7% Teflon 
B - 837'0 ZnO, 7% Compound 323-43, 10% Teflon 

-&3- 



N 0 
0 9 
N d 

9 in in 
co r- e 
d 4 d 

h 
N 
v 

N co co 
N N e 
d I4 d 

0 
m 

9 
in 
d 

a, a, a, 
k k k 

0 w 0 0 
%I 
a, a, a, 
9 n n 

w 
k 
a, 

Id 
el 

a, 
k 
0 

CH 
a, 
II 

a, 
k 
0 w 
a, 
Q 

k k k 
a, 
c, 

a, 
c, 

a, 
w w c, w 

rd rd rd 

k 
a, 

rd 
G 

In in In e * 0 0 0 0 r- 

0 

co 
d 

N 

co 
d 

N 

co 
4 

N N 

co co 
d d 

9 m 0 co 0 

VI co 
4 d 

d 4 
4 4 

G 
%-I 

A 

4 
v 

r- r- r- in in 

co 
d 

t- 

4 
d 

N 
I 

r- 
r- 
I 

N 
0 
d 

d 
I e 

4 
I 

N 
cr) 
d 

N d N d 
I I I I 

r- m m r- 
N in r- t- 
I I f I 

N N N N 
m m m m 
d 4 d d 

N 
I 
9 
I 

r- e 
d 

m e 
I I 
9 9 
i I 

r- r- e e 
d d 

4 
I 
9 
I 

r- e 
4 

- 44- 



a 
a, 
c, 
k 
0 
A rn 

0 
cT\ 

a 
a, 
k 
0 
A rn 

c, 

N rn 
m 

9 
0 
m 

k 
0 
k a 
.rl 

m 

(d B v-i 

3 0 

, v-i 

.rl 
rn k 

B cd 

5 
3 

0 

cd 

d 
c, 

k 
a, 
44 w 
cd 

0 

N 

co 
v-i 

b 

4 
d 

h 

m 
Y 

In 
I 
9 

I 
b * 
d 

2 
0 
d 

N 

co 
d 

co 
d 

h C S h  

Y V Y  
4 N m  

.. cn w 
E 
0 z 

-45- 



-46- 



DISCHARGED 

EXAMINE 
3-1- 1 
3-1-2 

Charged 

I 
PLACED ON SHELF FOR PERIODS 

O F  TIME CORRESPONDING TO 
TIME IN CYCLE LIFE 

3-S-2 
3-s-7 
3-S-16 

EXAMINE 

3-F-2 
3-F-1 

Charged 

I 

NOTE: Each Sample Title 
is Two Silver Grids 
for S and C Series.  

TO BE CYCLED AND EXAMINED 
AFTER DISCHARGE TO 1 .2  V 

3-C-2 AFTER 2 CYCLES 
3-C-7 AFTER 7 CYCLES 
3-C-16 AFTER 16 CYCLES 

FIGURE 2 

THE GRID EMBRPTTLEMENT EXPERIMENT 
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1 

FIGURE 3 

TAPERED CELL CAVITIES 

2 3 

-48- 


