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NOTICES

Disclaimers

The findings in this report are not to be construed as an official Depart-
ment of the Army position, unless so designated by other authorized
documents.

The citation of trade names and names of manufacturers in this report is
not to be construed as official Government indorsement or approval of
commercial products or services referenced herein.

Disposition

Destroy this report when it is no longer needed. Do not return it to the
originator.
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I. INTRODUCTION AND SUMMARY

This report documents the technical efforts conducted by
the Mallory Battery Company in compliance with Contract
No. DAARBO7-76-C-1735. The provisions of subject contract
required the design, development and manufacture of three 1
cell and battery types which would meet the appropriate
electrical and safety requirements set forth in the
Technical Guidelines. This section deals with two of the
E three battery types, namely, the BA-5598 and BA-5585 and
i the LO025S and LO30S cells respectively. Originally this
| contract was to span 13 months and encompass a multitude
] of cost reduction and safety projects. These projects

‘ included evaluation of:

- Electrolyte fill on underside of can using welded
fill eyelet instead of fill tube in glass seal.

- Alternate materials as a substitute for the present
glass to metal seal such as a thermoplastic seal
fused to steel eyelet and an aluminum terminal
(fluorocarbon and other plastic bonded seals).

Rasie il Guvines

: - Various welding methods to seal top to can such as
] TIG, laser and resistance welding.

- Possible replacement of tantalum by molybdenum or
titanium as the positive feed through to reduce cost.

- Possible reduction in vent convolution height to
increase cell internal volume and capacity.

° Optimization of cell design for safety and capacity
performance under extreme temperature and abuse con-
ditions.

The contract was initially divided into three phases; an
Initial Cell Development Phase which included all of the
above projects, a Preliminary Design Fabrication Phase
which tested the most promising cell design from the first
phase, and a Battery Fabrication Phase which utilized the |
successful Phase II cell design in completed batteries !
i with minor modifications.

During the Initial Cell Development Phase a change in
contractual requirements was initiated by the Government.
This change resulted in redirection of our activities--
deleting a major portion of the programs outlined above and

| ’
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concentrating Mallory's efforts in cell safety and perfor-
mance optimization and vent convolution height reduction.

Extensive efforts were directed toward isolating the pri-

mary cell components related to safety and identifying

the effects of changes of these components on cell safety

and capacity.

During the Initial Cell Development Phase numerous cells
were made with varying component designs to determine the
most viable approach to a safer more efficient cell design.
The BA-5598 cell, L0O25S, was used as the test vehicle.
Approximately 300 cells were fabricated and tested. Test-
ing included short circuit, charge, high rate discharge
with forced voltage reversal and capacity at various
temperatures. Based on the results of these tests ECOM
selected a design to be used for the Preliminary Cell
Fabrication Phase. However, at the time of selection all
safety testing was not completed due to the aforementioned
increased scope and the selection was based primarily on
the merits of electrical performance.

Sixty cells of each type were then fabricated and tested
for the Design Fabrication Phase in accordance with para-
graph 4.0 of the Technical Guidelines while 40 cells of
each type were shipped to ECOM for separate evaluation.
Testing at the Mallory Battery Company included 30 days
storage at 160°F, complete environmental testing regime,
safety and capacity evaluations. All cells tested met
all program objectives and in all cases the required
capacity performance was achieved or exceeded.

Upon approval of these tests and data by ECOM the Mallory
Battery Company proceeded to fabricate 45 batteries of
each type as required in paragraph 5 of the Technical
Guidelines. However, in light of safety test results,
one half of each type battery was made with thinner
lithium anode per Government request. More specifically,
one half of the batteries of each type contained cells
with .010" lithium and the other half with .008" for
safety consideration. All batteries had undergone com-
plete environmental testing and 10 days at 160°F prior

to electrical testing. Batteries were tested at high

and low temperature extremes for capacity, underwent re-
verse discharge at the C/2 and C/3 rates and charging at
the C/5 rate. The safety vent worked under all abuse
conditions, and the electrical performance was as expected
in all tests.




INITIAL CELL DEVELOPMENT PHASE

The Initial Cell Development Phase of this contract orig-

inally was to utilize four months and contain studies on

bottom £ill techniques, substitute glass seal materials,

bonded seals, welding methods and terminal feed through
changes in addition to tiie evaluation of new vent and
safety designs. However, early in the program Mallory

was directed to delete all studies from the contract with
the exception of new vent and safety designs.
of study was then concentrated on the new vent and safety
designs with the primary attention given to cell component

evaluation.

A.

Vent Designs

The Mallory Battery Company utilizes a convolution

vent in all Li/SO, cells. This vent is integral with
each cell can and is intended to relieve over pressur-

ized conditions in cells and thus the possibility of

explosions and/or ruptured cans is minimized. This de-

sign involves the use of two diametrically opposed
convolutions in the base of the nickel plated steel
container. There are two notches 180° apart at the
meeting of these two convolutions (see Figure 1 for
a sketch of the area). The center portion of the
convolutions acts as a motor disc and as the cell's
internal pressure increases the disc tends to more
outward applying stress primarily at the notches
(the convolutions tend to yield and unfold at the
same time). At the point of venting the notched
section(s) have reached a stage where they begin
tearing open allowing the cell gasses to be expelled
and relieving the over pressurized condition. The
height (shape) of these convolutions diminishes the
utilizable cell internal volume and electrode width.
An increase of one or both of these parameters (in-
ternal volume, electrode width) would allow for im-
proved electrical performance. During this phase of
the contract a reduction of the convolution height
was explored to determine the merits, if any, of re-
ductions in height versus capacity improvement and
related vent characteristics. Variations of 50% and
75% of the standard convolution height were tested
using the LO26S cell as the test vehicle. Short
circuit and incineration tests at 1,000°F were used
for evaluation. Both changes in vent design heights,

50% and 75%, resulted in cell explosions, bulged and/

’
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or ruptured cans. The standard vent operated with
only a quiet hiss. Table I contains a summary of the
cell tests. Based on these results no change was
made *‘n the design. It was concluded that a change
in the vent structure would be unfeasible and no
further work was performed.

Unbalanced Cell Testing

During this preliminary work phase of the contract
Mallory exerted its major effort on cell safety and
component optimization. Numerous cell designs and
tests were conducted to investigate the effects of
changes in cell component ratios on capacity and
safety performance. The basic intent of this program
was to alter the cell balance by both increasing and
decreasing the relative amounts of lithium, carbon
and SO,. The standard LO25S cell design was used as
the control test vehicle. Since internal cell volume
is the basic capacity constraint for all Li/SO, cells,
this parameter along with cathode current density was
kept constant whenever possible. In this discussion
the following assumptions and ground rules have been
made to facilitate calculations and maintain con-
sistency:

- Theoretical lithium capacity = 3.86 AH/g
- Theoretical SO, capacity = .418 AH/g

- LO25S rated cell capacity = 10.0 AH/at 75°F,
24 hour rate

- Electrolyte at 70% SO .293 AH/g

- Cathode aluminum exmet = .072 g/in.2
Density = 2.71 g/cc

- Typical cathode density = 1.97 g/cc
-+ 24 hour discharge rate = 7Q load = .4 amperes
* Cutoff voltage = 2.0 volts

- Discussion will be limited to data compiled
under this contract.




+ The term "electrolyte" used in this text will
refer to the combination of depolarizer (SOz)
and actual electrolyte (AN and LiBr) as one
common entity.

Before proceeding to cell designs the volumetric
efficiencies of each cell component were required to
assure proper fit. It should be noted that approx-
imately a 10% void volume at 75°F was sought on all
designs to allow for SO, expansion at high tempera-
ture storage (l60°F+). Table II defines the relative
volumetric efficiencies of each cell component with
respect to capacity attainable (75°F and 1 mA/cm?).
These were the basis for calculating the unbalanced
design changes to follow. An excess/deficiency of
approximately 30% of one component from the control
constituted an unbalanced design. Table III summa-
rizes the design changes and variables studied. Two
cells of each type along with controls were tested
for safety using the following abuse tests:

High Rate Discharge - C/2 rate for twice the
rated cell capacity taken into voltage reversal
at 75°F (C/2 = 5 amperes) (time = 4 hours).

Short Circuit at 75°F using <.01Q load

Reverse Discharge - C/3 rate for twice the rated
capacity taken into voltage reversal at 75°F
(3.33 amperes for 6 hours).

Charge - C/5 rate for rated cell capacity (2
amperes for 5 hours)

Incineration ~ 15 minutes at 1,000°F minimum

All safety and abuse tests were conducted in a spe-
cially constructed "explosion room". This room is
lined with Transite and equipped with a high velocity
exhaust facility and scrubber to control noxious
gasses etc. All seitching and controls were remotely
operated. Cell voltage and temperature along with
current were continuously monitored using a Gould
multiposition strip recorder and/or a Fluke No. 2240
data aquisition system.

Figure 2 represents a comparison of the typical temp-
erature rises of the most critical unbalanced cell




groups while Figures 4 through 6 reflect typical cell
discharges with voltage, temperature and current
plotted against time.

As can be seen, the groups with low electrolyte and
high lithium resulted in maximum temperature rises
when forced into voltage reversal. In addition to

the rate of temperature increase, these cells not

only vented but caught fire a majority of the time.
The only group which did not catch fire when brought
into voltage reversal was group 5A, low lithium. The
reason and/or explanation for this is presented in

the discussion to follow. This data was not available,
however, when ECOM chose the design for the Cell Fab-
rication Phase. Group 7C was chosen therefore; based
on its superior electrical performance as noted in
Table IV. Once the data on the above safety tests
were reported changes were made to the 7C design for
the Battery Phase of the project. These changes and
specific cell designs will be discussed in the Battery
Fabrication Phase of this report.

Capacity evaluation consisted of two cells from each
group (Takle III) discharged at the 24 hour rate at
75°F and -40°F (79 load). Table IV summarizes the
capacity tests. From this table it can be seen that
groups #7C, High Carbon Cathode Alternate, and #3C,
High Cathode, delivered the best combination of ca-
pacity at 75°F and -40°F with group #7C being slightly
superior.

Electrode Efficiency

The following is a brief discussion of the electrical
efficiencies derived from the unbalanced cell groups.
In order to calculate meaningful efficiencies the
data must be taken from groups which were limited by
the electrode in question. Namely, lithium limited
cells for determining lithium efficiency, carbon
limited for cathode and SO, limited in the case of
electrolyte.

1. Lithium Efficiency

Basic lithium efficiency can be calculated by
taking the unbalanced groups which were deficient
in lithium and determining the capacity derived
in relation to its theoretical figure. 1In group

’
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5A (low lithium) the lithium was the limiting
electrode, where 2.63 grams of lithium yielded
7.8 AH at 75°F or 2.96 AH/g.

2.96 Actual - < T
3.86 Theoretical 76.7% Efficiency

For convenience a conservative 75% efficiency

will be used as a representative number. This
anode (lithium) efficiency will vary from cell

to cell depending on electrode geometry and thick-
ness. The present cell design utilizes lithium
which is cold welded to the can at the end of the
strip and contains no tabs or current collectors.
The lithium is on the external portion of the

cell (jelly roll) wrap. A large degree of in-
efficiency is caused by this external, noncon-
sumable, wrap of lithium where one half of that
external wrap does not enter into the cell re-
action. This amounts to a 8.1% loss in efficiency
before discharge begins. The lithium efficlency
could be increased if a current collector were to
be used, if more than one tab were placed on the
strip or if the cathode was located on the outside
of the wrap. Utilization could also be improved
by using shorter and thicker lithium, but the cell
rate capability would suffer due to surface area
reduction of the opposing cathode.

Carbon Efficiency

To be meaningful the carbon efficiency must be
specified with respect to current density, discharge
temperature, porosity of the structure, amount of
electrolyte and type of electrolyte utilized. For
ease of presentation, current densities of .88 -
1.1 mA/cm2 will only be considered in this dis-
cussion along with 70% SO, electrolyte, 84.5%
porous carbon and both 75°F and -40°F discharge
temperatures. Using data from discharges on group
7A where carbon was the limiting electrode, calcu-
lations are presented as follows:

Group 7A Cathode Dimensions - 21"x.033" nominal
x 1.35". Weight 6.4 g.

Aluminum exmet weight - .072 g/in2x1.35"x2l1" =
2.04 g. 6.4 - 2,04 = 4.26 g carbon

Vg
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Capacity at 75°F = 7.9 AH.

7.3 38 = 1.8 y 2
4.36 g carbon 1 AH/g carbon at 1.09 mA/cm

Porosity - Exmet Volume = g.gi = .752 cc
A g/cc

Apparent Cathode_Volume = 1.35"x.033"x
21"x16.39 cc/in.” = 15.33 cc

Carbon Volume = i.gg = 2.21 cc
. g/cc

(Cathode) 15.33 cc - (Exmet) .752 cc =
14.578 cc apparent Carbon Volume

Actual Solid Volume 2.21 cc - 1515 id
Apparent Volume 14.578 cc Ba e

Porosity = 1 - solid = 1 - .1515 = 84.85%

Using the above method for calculations, the
porosity in groups 5, 6 and 7 varied from 84.2%
to 84.9% while that in group 3A was only 80.1%.
Efficiency from this cathode was as follows:

Group 3A dimensions 26"x.023"x1.35". Weight 7.5 g.

Exmet weight = .072x1.35x26 = 2.53 g.
7.5 g - 2.53 g = 4.97 g carbon

Capacity at 75°F = 9.36 AH - 1.88 A[-I/g carbon
2.97 g

at .88 mA/cm2

Electrolyte Efficiency

Group 6A (low electrolyte) is the most desirable
group to compute the SO, efficiency since these
cells were most deficient in electrolyte. At 75°F
capacity obtained was 7.46 AH. These cells con-
tained 25.7 grams of 70% SO electrolyte:

(25.7x.7 = 17.99 g of SO3)

Electrolyte Efficiency = 7.46 AH - 29 an/
: 25.7 g electroiyte

4




SO, Capacity = 7.46 AH = _414 aH/g SO,
17.99 g

SO, Efficiency = .414 Actual = L
.418 Theoretical ggzeat e

Since the control groups were also SO, limited
they too are valid samples for efficiency calcula-
tions. In fact, due to the greater number of
samples these may be more representative of actual
yields.

Control groups average capacity 9.9 AH for 35.0
grams of electrolyte.

The efficiency for this group can be calculated
identical to above:

9.9 AH =
(35.0x.7) g SO .404 aH/g SO2

.404 Actual _ o s
418 Theoretical ~ 20-6% Efficient

This efficiency is more realistic and accurate
due to the greater sample size than in group 6A.
This number 96.6% will be used for any future
optimization trade-offs.

Table V summarizes the capacity of various cell
groups relative to cathode current density. As

a result of the above capacity tests and data,
designs were chosen for the Preliminary Design
Fabrication Phase cells. In addition, data re-
flecting the relative efficiencies of each cell
component with respect to capacity and rate were
accumulated and used to develop subsequent cell
designs. In these designs, consideration was
given to cell safety and why lithium limited had
no fires when brought into voltage reversal.

The following paragraphs are presented as one
possible explanation why limited cells are advan-
tageous in helping to prevent cell fire hazards.
Heat and discharge rates are also critical param-
eters in relation to cell hazards and the con-
jectured explanation below must be tempered with
those parameters when scrutinized.
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D. Component Limited Designs

X.
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Case I Carbon (Cathode) Limited

If carbon limits the cell reaction the excess
lithium was, at one time, thought to be protected
by the remaining SO,. However, in situations of
forced discharge where the cell is forced into
voltage reversal and discharge is continued, the
cell normally vents due to the high internal
impedance and heat generated. This condition is
identical to a cell in a battery pack where one
cell is prematurely discharged for whatever
reason. When the SO, is allowed to escape (vent)
and discharge continues the remaining lithium
(hot) becomes exposed to the organic solvent in
the electrolyte, acetonitrile (AN). This is a
likely fire hazard since lithium and AN can re-
act violently together and also form methane.

In addition, once the carbon electrode becomes
blocked and cannot sustain the Li/SO, reaction to
LizS204 the lithium itself may be plated on the
cathode. This electrodeposited lithium is highly
reactive due to the high surface area and is very
hazardous with AN.

Case II SO, Limited

If SO, is deficient, Case I may again apply since
the remaining AN and lithium would be allowed to
react without the protection of SO,.

Case III Lithium Limited

With lithium as the limiting electrode, the hazard
of cell fires or explosions is likely to be re-
duced because lithium is one of the two consumables
of the exothermic reaction. In fact, lithium alone
is a serious fire threat. When lithium is consumed
ahead of the other electrodes (carbon and SO;) the
change in its physiochemical characteristics renders
this component less hazardous and minimizes the
changes of a lithium to AN reaction. In addition
the lithium would not be plated onto the cathode

in forced discharge. In a lithium limited cell
design, however, the cell capacity at ambient low
rates is likely to be reduced by overall efficiency

’
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of the electrode. The exact amount of this re-
duction in capacity and resulting safety enhance-
ment must be thoroughly investigated and a com-
plete trade-off made.

With proper proportioning of all parameters an
equivalent ambient performance could be reached
with only slight degradation of cold temperature
performance. This and other investigations would
be applicable for future studies.

=11~




III. PRELIMINARY CELL FABRICATION PHASE

A.

Design

As mentioned earlier, the cell designs utilized in
this phase of the contract were selected from various
unbalanced groups by ECOM prior to the completion of
safety tests. The design incorporated thinner (.010"
rather than .012") lithium and longer electrodes while
maintaining a Li:SO; ratio of approximately 1l:.72.
Table VI contains a summary of the cell designs as
made and the relative range of variations. In both
designs the lithium was cold welded to the side of
the can and a tantalum tube used as both the fill
port and positive feed through. No problems were
experienced in fabrication other than in the case of
the LO30S cells, where the jelly roll fit slightly
tight in the can.

Test

Following fill and three days at 160°F storage both
sets of cells were subjected to the environmental
tests as outlined in paragraph 3.6 of the Technical
Guidelines. For convenience these guidelines are
contained in Enclosure I.

Stanford Technology Corp. performed all environmental
tests for Mallory on this contract. Figure 7 outlines
both the environmental and electrical tests performed
by Stanford Technology and the Mallory Battery Company.

The electrical performance of all cells surpassed

that required under the Technical Guidelines and data
is contained in Tables VII and VIII. Weight loss
determinations were made over the 30 day storage using
an analytical balance. The BA-5598, L025S cells had

a mean loss of .010 gram with a standard deviation of
.003 gram. The BA-5585, LO30S cells had a mean loss
of .0097 gram and a standard deviation of .0344 gram.

Discussion of Results

Both lots of 100 cells were subjected to the above
environmental tests with no detrimental effects.
The data contained in this report demonstrates the
design as proposed will meet the required mechanical
and thermal abuse set forth in the Technical Guide-
lines.

Vg
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All electrical testing was performed by the Mallory
Battery Company's Quality Control Department at
North Tarrytown. Every cell tested met the required
capacity at each temperature and no problems were
experienced. Although the electrode parameters and
Li:SO2 ratio on the cell design selected was not
optimum for safety, the design exhibited excellent
cold temperature (-40°F) performance after 30 days
storage at 160°F. Approximately 66% of the 75°F
service life was obtained at -40°F. This can primar-
ily be attributed to the longer cathode with high
carbon content and more efficient use of the lithium.

During the 30 day high temperature storage only one
cell showed signs of electrolyte leakage. This cell
was an LO30S type which developed a leak between the
top and can rim weld. Although this leakage was
slight, steps have been taken to minimize the possi-
bility of poor welds in the future. These steps in-
clude improving the seat of the top to the can prior
to welding and a closer scrutiny of the welds after
fabrication. An additional two week waiting period
prior to battery fabrication has been implemented to
assist in the screening of potential leakers. All
cells for the Battery Fabrication Phase of this pro-
gram underwent these additional checks.

Graphical representations of the typical safety tests
as required by the Technical Guidelines are contained
in Figures 21-26. 1In each graph the cell voltage,
temperature, and current is plotted against time. In-
cluded is the time of cell venting and notations de-
picting any abnormal happenings, such as fires, sparks
or explosions. During both tests where the cells were
taken into voltage reversal, sparks, fires and vent-
ing occurred at or about the point of SO, exhaustion
in the cell. One possible explanation for this be-
havior is the reaction between AN and lithium. This
has been mentioned earlier in this report but this
point should be emphasized. Once the cell is brought
into voltage reversal and current is forced in the
discharge direction, lithium begins to be plated onto
the cathode instead of combining with the SO,. At

SO0, exhaustion the lithium plating action becomes
more primary.

The deposited lithium is a very fine structure with
a large surface area and is subsequently highly

”
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reactive. As forced discharge is continued, heat is
continually generated and the lithium finally reacts
with the remaining AN from the electrolyte. This
reaction can be violent and results in venting, fires
or sparks. Because the above designs result in excess
lithium at the end of discharge, this unused lithium
also enhances the severity of hazard.

In the charging tests, a majority of the L025S units
vented and exploded approximately 3 hours into the
test while the LO30S cells, charged at the same
proportional rate (C/5), did not even vent after 5
hours. No explanation for the difference in behavior
is available.

-14-
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Iv.

BATTERY FABRICATION PHASE

A.

Design

After successful completion of the Cell Fabrication
Phase and upon approval of the Preliminary Design

and Visualization Plan the Mallory Battery Company
fabricated 46 batteries of each type (BA-5598 and
BA-5585) for ECOM. Per Government request and in
light of the aforementioned safety tests just then
completed one half of each lot of cells and batteries
were made with .010" thick lithium and the other half
with .008" thick. The purpose of this change was to
reduce the lithium content in the cells in such a way
as to have minimum impact on cell performance and yet
lean toward safety. Volume saved by the thinner
lithium was compensated with an equal volume of elec-
trolyte. These changes reduced the Li:SO, ratio
while maintaining equivalent cathode current densities.

The actual designs and electrode parameters utilized
for each battery design are contained in Table IX.

The BA-5598 battery consists of five LO25S cells con-
nected in series and protected by a slow blow fuse.

The BA-5585 battery, however, consists of ten LO30S
cells in series also fuse protected. During all of

the tests conducted at Mallory the fuses were bypassed.
Figures 8 and 9 depict the configurations and dimen-
sions of the BA-5598 and BA-5585 batteries respectively.

Test

Testing for this phase of the contract was performed
in accordance with paragraph 5 of the Technical Guide-
lines. Originally 45 batteries of each type (BA-5598
and BA-5585) were to be made and tested, 25 at Mallory
and 20 delivered to ECOM. Due to the change in the
number of batteries and different designs (lithium
.008" vs .010") the exact quantity of batteries were
not tested to the specific requirements at each
environment. Per mutual agreement a compromise

number of batteries were fabricated and tested to
best evaluat: the overall performance. Figure 10
contains a Jock diagram depicting the tests performed.

Electrical and storage tests were performed at the

Mallory Battery Company while the environment portion
was performed at Stanford Technology Corp. No problems

’,
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were experienced in either the fabrication or test of
either battery type. After environmental testing all
batteries were subjected to 10 days at 160°F prior to
capacity or safety tests.

Capacity tests on both battery types were performed
at 130°F and -20°F to appropriate pulse regimes for
each unit. BA-5598 required discharge at 14.2Q for

2 minutes followed by 2912 for 18 minutes. AB-5585
pulse discharge requires 39Q for 1 minute and 560Q
for 9 minutes. Eight ohms was applied during the
first 100 ms of each 1 minute load. These cycles
were repeated until the 10.0 and 20.0 volt cutoffs
were reached. Table X contains a summary of the elec-
trical performance of each battery type. As shown,
the 130°F capacity was better in batteries containing
the greater amount of lithium while the cold tempera-
ture performance was just the opposite. This can be
explained by the fact that at 130°F the lithium was
the limiting electrode but at -20°F the cathode be-
comes limiting. Since the .008" lithium cells had
slightly more electrolyte this enhanced the perfor-
mance of the cathode and resulted in better capacity.

Discussion of Results

Required capacity for the BA-5598 batteries was 45
hours at 130°F and 30 hours at -20°F. 1In every case
the delivered capacity exceeded that required by more
than 31% at 130°F and 47% at -20°F. The BA-5585 bat-
teries also exceeded the capacity requirements in
every case. At 130°F the excess capacity was a mini-
mum of 109% at 130°F and 102% at -20°F. Reference SCS
459/12 and 459/3 for BA-5598 and BA-5585 electrical
requirements respectively.

Start-up of the BA-5598 batteries was met in every
case. Each battery was up to the 10 volt minimum

on the first cycle at 130°F and -20°F tests. This

was expected since there are no initial heavy pulses
which tend to keep the operating voltage low during
start-up. BA-5585 batteries, however, do have a heavy
pulse requirement (&7 mA/cm2) and were expected to
take a few cycles to start-up. Both the 130°F and
-20°F start-up as shown in Table X took excessive (24
cycles) time to reach operating voltage. This slow
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start-up can be attributed to two conditions.

1. Excess moisture in the cell causing film formation
on the lithium electrode during storage.

2. Questionable cathode conductivity resulting from
poor adhesion of the material to the aluminum
exmet during fabrication.

The second of these conditions, cathode, was the cause
of the slow start-up based on the following rationale.

The first pulse voltage was 7.2 volts whereas the
second pulse rose to 15.4 volts. This initial 7.2 to
15.4 volt jump was the effect of opening the film on
the lithium electrode and reflected cell moisture.
Continued operation just below 20 volts reflected a
high internal cell impedance. It was also later found
that at the time of subject cell assembly there was a
problem with the cathode operation. This problem ex-
hibited the characteristics of a high cell over poten-
tial. The over potential was measured and found to
reflect the typical voltage differences that were
observed in the batteries. This problem has since
been corrected and cells tested at similar current
densities do not exhibit any start-up problems.

Battery safety tests were performed on both battery

types and followed similar patterns. Tests consisted

of forced discharge at the C/2 and C/3 rates and

charging at the C/5 rate. All tests were performed

at ambient temperatures in the explosion room described

earlier. Specific discharge currents were as follows:
BA-5598 Forced Discharge C/2 - 5.0 amperes
BA-5598 Forced Discharge C/3 - 3.3 amperes
BA-5598 Charge C/5 - 2.0 amperes
BA-5585 Forced Discharge C/2 - 2.45 amperes

BA-5585 Forced Discharge C/3

2.3 amperes
BA-5585 Charge C/5 - 1.38 amperes

In all batteries forced discharge tests were conducted
for twice the rated capacity into voltage reversal.

»




Results of the battery tests were similar for both
the .008" and .010" lithium and BA-5598 and BA-5585
batteries. 1In all cases the cells/batteries vented
then burst into flame with some more or less violent
explosions. Figures 11-16 reflect typical discharge
curves with temperature and voltage plotted versus
time. Figure 17 represents pictures taken of the
fires during the aforementioned safety tests on
typical units. There was no apparent difference be-
tween cells/batteries containing .008" or .010"
lithium either in severity of hazard or time it took
to reach the hazardous condition. Figures 18-20 are
pictures of both type batteries taken after safety
testing. It is apparent that these batteries can be
hazardous when abused.
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CONCLUSIONS AND RECOMMENDAT IONS

Results of both the Initial Cell Development and Cell
Fabrication Phases of this contract demonstrated that
the mechanical and safety techniques employed for the
Battery Fabrication Phase were the most feasible means
of achieving a reliable, safe and efficient design. The
use of less lithium and greater SO, in the cell designs
reflected state of the art techniques developed during
this period. Although no significant differences were
seen during battery testing with regard to thinner
lithium and safety performance the data generated, along
with the specific cell inputs of the unbalanced cell
tests, resulted in design techniques applicable to all
Li/SO, cells. These techniques can be summarized as
follows:

1. The cell vent mechanism as originally designed is
a most reliable and efficient method for relieving
an over pressurized situation in cells. This vent
operated reliably in all cell types during every
abuse situation.

2. The Li:SO, ratio is an important parameter for safe
cell operation. The lower the Li:SO, ratio the less
likely the hazard of cell fires, etc. No ratio,
however small, will completely eliminate the hazards
of cell operation under all abuse conditions, (i.e.,
cell charging or uncontrolled forced over discharge
at high rates).

3. The use of thinner lithium and longer electrodes
allows for minimum Li:SO, ratios with better cold
temperature performance with a slight decrease in
ambient capacity. The better cold temperature and
rate performance can be primarily attributed to longer
electrodes (greater surface area) and higher carbon
content of the cathodes. Lower ambient capacity (low
rate) is due to the low discharge (consumption) effi-
ciency of the lithium anode.

4. The cell designs as made utilized an exterior wrap of
lithium in the wind. This allowed for efficient use
of cathode material but degraded from the overall
utilization of the lithium.

5. The component efficiencies established during unbalanced
cell testing are representative of state of the art

’
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techniques throughout the industry and may be utilized
to derive future cell designs as required.

The Mallory Battery Company recommends that future work
be directed toward further evaluation of electrode con-
struction versus performance and safety. Namely, it is
suggested that an extensive effort be directed toward
achieving cell designs which allow for complete consump-
tion of lithium during discharge and low Li:SO, ratios.
Present cell/battery designs of the BA-5598 and BA-5585
do not allow for this lithium consumption and have re-
sulted in hazardous conditions during forced over dis-
charge.

Methods to accomplish these goals should include cell de-
signs with an exterior wrap of cathode and prudently
matched lithium to cathode thickness. Although these
cell designs could diminish maximum cell capacity the
overall performance and safety would be greatly enhanced.
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INTRODUCTION

This report documents the efforts made by the Mallory
Battery Company in the design, development and manufac-
ture of organic electrolyte battery type BA-5090 under
Contract No. DAABO7-76~C-1735.

The design, development and manufacture of cell type LO0O37S
for battery type BA-5090 was completed in September, 1977.
Forty cells were shipped to ECOM, while 60 cells of this
type were tested by Mallory in accordance with the Tech-
nical Guidelines. The efforts were detailed in the Pre-
liminary Design and Visualization Plan Report, copies

of which were sent to ECOM.

It was observed by Mallory and ECOM that the first group
of 100 cells delivered lower capacity than expected. The
lower capacities were attributed to cathode inconsistency
and a glass to metal seal problem. The cathode problem
was resolved and ECOM conditionally approved the Prelimi-
nary Design and Visualization Plan.

Mallory fabricated 45 batteries, 25 of which were tested
by Mallory in accordance with the Technical Guidelines.
The remaining 20 batteries were shipped to ECOM in August,
1978.
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CELL FABRICATION PHASE

A.

Cell Construction

Cell type LO37S for the battery, BA-5090, is hermetic.
A glass to metal positive feed through was developed
consisting of a glass seal, solid post/positive ter-
minal and a nickel plated CRS eyelet. The flange of
the eyelet around the glass seal is resistance welded
to the surrounding nickel plated steel cell top.

A pressure sensitive venting mechanism is formed into
the base of the nickel plated steel container. This
type of mechanical vent structure allows the cell to
relieve an overpressurized condition between 350-500
psig for safety considerations. A fill tube is re-
sistance welded to the base of the cylindrical con-
tainer for electrolyte filling.

Cells are constructed by winding rectangular strips

of anode-separator-cathode-separator layers of the
appropriate width into a cylindrical roll. This roll
is then inserted into the nickel plated steel con-
tainer. The anode is electrically connected to the
steel container. The cathode terminal is electrically
connected to the central metal post of the glass to
metal seal. The top is then hermetically sealed in
place by welding the periphery to the can. Electro-
lyte is subsequently dispensed through the fill tube
in the can bottom. The fill tube is then hermetically
sealed by resistance welding. Figure 27 depicts the
actual cell configuration.

Incoming parts and hardware are checked by Receiving
Inspection. At every fabrication stage, the operation
is inspected by Quality Control. All welds are checked
to be hermetic to 4x10-8 std. cc of He/sec. on the

leak detector. The electrolyte batches are analyzed
for percent SO, and parts per million water content.
The electrodes are checked dimensionally, and each
carbon cathode is weighed.

Cell Design

The LO37S cell (for the BA-5090 battery) was conceived
by Mallory prior to the date this contract was awarded.
It is also the smallest size Li/SO, cell developed

by Mallory to date, which resulted in unexpected
fabrication problems.

’
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To maximize the cell internal volume, the top shell
and the glass to metal seal designs were optimized.

Unlike most conventional cells, the top shell was de-
signed to be flat with minimum overall height. The
initial design resulted in a top shell whose overall
height and material thickness was too small to allow
successful welding to the rim of the can. The modi-
fied design utilized greater material thickness and
overall height permitting a successful weld to the
can.

To maximize the available internal cell height, a
thinner glass to metal seal was used initially. This
glass was .050" thick instead of the standard .090".
Upon welding this assembly to the top shell, the glass
cracked, resulting in loss of hermeticity. Therefore
the standard thicker glass eyelet was used with a
terminal post of minimum length.

The initial vent mechanism resulted in unanticipated
problems, caused by extreme extrapolation of existing
vent design data. The cans vented at very high pres-
sures resulting in violent vents and excessive move-
ment. The safety vent design problems were resolved,
and satisfactory cans were available at the end of
November, 1976.

The cell geometry and available internal volume were
the constraints on the internal components.

The cell height restricted the width of the anode and
the cathode to .500". The cell internal diameter of

.500" was the constraint on the length and thickness

of the electrodes.

Experimental cells were made to meet the dimensional
requirements using several electrode/electrolyte con-
figurations. Various design parameters that were in-
vestigated are illustrated in Table XI.

For non high rate Li/SO, cells, a cathode current
density of 1.0 mA/cm2 is used as a standard design
parameter. It can be observed from Table XI that the
cathode current density of different designs ranged
from .790 to 1.07 mA/cm2.

Cathode phickness of less than .024" was not evaluated

-




due to manufacturing limitations. Cathodes of .033"
thickness were also not considered since they would
require reduced electrode lengths, thereby increas-
ing the current density (m&A/cm?).

As mentioned earlier, the primary purpose of this
section of the contract was to develop a cell with
maximum capacity performance. For this reason and
due to the aforementioned fabrication problems which
did not allow for extended test time, safety and
Li:SO, ratio optimizations were secondary in design.

Scrutiny of Table XI shows that in designs 1 and 2
both the lithium and SO, were in excess of the de-
livered capacity at 75°F (ref. Section 1 Electrode
Efficiency). Designs 3 and 4 which contained re-
duced lithium showed slightly less capacity at 75°F.
However, the actual lithium content in the cell was
reduced by 33% (760 mAH to 506 mAH) compared to de-
sign 1 but the cell capacity dropped by only 7%. It
may be concluded that at 75°F the cell designs 1 and
2 were cathode limited and designs 3 and 4 were mar-
ginally anode limited.

Design 5 verified the above observations. This design
contained more electrolyte than in design 1 but 5 1/2%
less lithium and 6 1/4% less cathode. Capacity at
75°F was subsequently reduced by 5 1/2%.

The standard electrolyte contained 70 weight percent
SO2. To increase the electrolyte capacity and reduce
the Li:SO, ratio with minimum design impact, electro-
lyte containing 80 weight percent SO, was evaluated.
It can be seen from Table XI that cells containing 80
weight percent SO, in the electrolyte delivered lower
capacity at -40°F than was delivered by cells con-
taining 70 weight percent SO2. This may be attributed
to the lower conductivity of the 80 weight percent SO
electrolyte at -40°F than of 70 weight percent SO, elec-
trolyte.

Considering all of the above observations the follow-
ing design was chosen for the Cell Fabrication Phase:

Anode ~ 4.5"x%.010"x.5" f
Cathode ~ 4"x.024"+.002"x.5"

Electrolyte - 70% SO,, 1.65+.05 grams

/
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Cell Test Program, and Discussion of Results

One hundred cells were fabricated to meet the dimen-
sional requirements for the battery assembly. Forty
cells were delivered to ECOM, and 60 cells tested by
Mallory in accordance with the Technical Guidelines.
Table XII illustrates the test program. The Technical
Guidelines for this section are contained in Enclosure
I for ready reference.

The mechanical shock, altitude and vibration tests

were conducted by Stanford Technology Corp., Glenbrook,
CT, for the Mallory Battery Company. The temperature
shock test was conducted by the Quality Control Depart-
ment, Mallory Battery Company, North Tarrytown.

During environmental testing there was no significant
change in open circuit voltage. There was no visual
evidence of physical damage or leakage as a result of
these tests. During vibration there were no resonant
frequencies on any of the cells tested.

After the environmental testing the cells were sub-
jected to a 30 day storage at 160°F. Open circuit
voltage and cell weights were taken before and after
the storage.

Fifty out of 60 cells gained an average of 3.2 mg upon
storage at 160°F. This weight gain may be attributed

to the weighing technique and cosmetic changes on the

cells.

The remaining ten cells lost 21 mg on the average, one
of which lost 97 mg. A part of this weight loss may
be attributed to electrolyte leakage.

After 30 days storage at 160°F, it was also observed
that 40 of the 60 cells exhibited low 0.C.V. At room
temperature, the 0.C.V. specification is 2.915 - 3.050
volts. Before storage the 0.C.V. of all cells was
within the specification. The lowest 0.C.V. after
storage was 2.859 volts.

Voltage at the fifth second with an 18Q load was
measured before environmental testing, after environ-
mental testing, and after the 30 day storage at 160°F.
Before environmental testing, all 60 cells reached 2.0
volts within 5 seconds. After environmental testing
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17 cells out of the 60 delivered under 2.0 volts with
an 189 load, seven of these giving between 1.88 and
1.99 volts. After the 30 day storage at 160°F, the
load voltage deteriorated significantly. Only 18
cells delivered more than 2.0 volts, and 18 cells
gave between 1.90 and 1.99 volts.

These results indicated that the cell hermeticity and
performance had deteriorated after storage at 160°F
for 30 days. However, the testing was continued in
accordance with the Technical Guidelines.

Ten cells were subjected to reverse discharge at 142
mA (C/3 rate). The test was carried out for 110 min-
utes, and no venting or explosion occurred. The max-
imum cell temperature during the test was 100°F.

Ten cells were discharged at a high rate (C/2 - 213
mA). No venting or explosion occurred. The maximum
cell temperature during test was 114°F. The cells
reached 105°F - 110°F in 40 to 70 minutes, but then
started to cool down. The cells ran for an average
of 30 minutes to 2.0 volts cutoff, delivering 106
mAH capacity.

Ten cells were charged at 85 mA (C/5 rate) for a

total of 70 minutes. No venting or explosion occurred

during the test. The temperature increased to a maxi-

mum of 105°F. The cell voltages during the test ranged
from 3.95 to 3.63 volts.

It should be noted that during both of the above re-
verse discharge tests the cells were to be discharged
into voltage reversal for twice their rated capacity.
That is, 6 hours at the C/3 rate and 4 hours at the
C/2 rate. Charging was to be performed for 5 hours
at the C/5 rate. However, in all of the safety tests
the required discharge time was not carried out due
to various equipment malfunctions. These problems
were corrected prior to the Battery Fabrication Phase.
Any mention therefore, to safety results should be
tempered with these facts. Typical observations are
illustrated in Figures 28, 29 and 30.

Twenty-nine cells were discharged with a 15502 load at
70°, 130° and -20°F (ten cells each at 130° and -20°F,
and nine cells at 70°F). The results are indicated in
Table XIII. The cells delivered an average of 343,

Vs
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272 and 181 mAH at 70°, 130° and -20°F respectively.
Three of the ten cells delivered less than 2 hours to
2.0 volts when discharged at -20°F. The average ca-
pacity delivered at 70°F is 19% less than the estimated
capacity (425 mAH), and the capacity delivered at -20°F
was 16% less than the estimated capacity (215 maAH).

It may thus be concluded that the capacity retention
of these cells is not satisfactory after 30 day stor-
age at 160°F. To verify this, a few cells which had
not undergone high temperature storage were discharged
at 70° and -20°F with 25, 75 and 250Q loads.

Figures 31, 32, 33 and 34 illustrate the discharge
curves with the four different loads. The 1550 load
corresponds to a 24 hour rate and the cells delivered
425 mAH at 70°F, and 220 mAH at -20°F.

Four additioral cells (without any high temperature
storage) were discharged at -40°F with 155Q load.
Two cells did not deliver 2.0 volts, while the other
two ran for 10.1 and 12.6 hours. One of the failed
cells was found to have a poor internal tab weld.

The above results lead us to the following conclusions
relative to 30 day storage at 160°F:

a) Ten out of 60 cells lost an average of 21
mg in weight.

b) cCells after storage gave low 0.C.V.
c) Cells after storage gave low load voltages.

d) Cells after storage delivered between 15 and
20% less capacity than expected.

The leakage described by item a) above was investigated
and found to be caused by insufficient heat sinking of
the top during top to can TIG welding. It was found
that the glass seal lost hermeticity during this TIG
welding operation due to the close proximity of the
weld to the glass seal. This failure was not in all
cells welded but varied with the fit of the top. This
problem was corrected prior to the Battery Fabrication
Phase by redesigning the heat sink and introducing a
100% check of hermeticity after welding.

e
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Items b), c) and d) above were also attributable to

a glass seal problem but of a different nature. Upon
disassembly of failed units, the glass on the inside
of the seal was found to be covered with a precipitate
after storage at 160°F. The amount of precipitate

was directly proportional to the time at 160°F storage.
It was clearly observed that the glass was etched and
this chemical attack not only deteriorated its sealing
integrity but also formed a bridge between the steel
eyelet and the positive feed through. This bridging
resulted in slow self-discharge which accounts for

the reduced capacities delivered after storage and

low open circuit voltage.

The precipitate and resulting ohmic path formed on
the glass after storage is identical in the LO037S
cell and in the larger cells, L0O25S and LO26S. 1In
each cell type the absolute value of capacity lost
due to self-discharge across the glass is the same.
However, since the LO37S has approximately 1/20 the
rated capacity of the larger cells this absolute ca-
pacity loss becomes significant (i.e., .05 AH &~ 11l%
of LO37S but less than 1.0% of LO26S).

The above phenomenon of deterioration of glass was
not observed on cells stored at 70°F for the same
storage period of 30 days.

The time when the subject cells (100) were fabricated,
Mallory was also having an unexpected cathode problem.
It was observed that the adherence of carbon to the
aluminum screen was unsatisfactory giving rise to in-
consistent and lower capacity after storage, and poor
start-up. The cathode problem has since been resolved.

The Preliminary Design and Visualization Plan was
conditionally approved by ECOM. The Battery Fabrica-
tion Phase was initiated using adequate cathodes.

All cells were also checked for hermeticity prier to
electrolyte fill.
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III. BATTERY FABRICATION PHASE

A.

Battery Design

Organic electrolyte battery type BA-5090 consists of
three LO37S in series. This battery typically exhibits
an 0.C.V. of 9 volts and is provided with an internal
0.25 amp slow blow fuse. Each cell in the battery is
enclosed in a plastic sleeve to prevent shorts between
the cells. Each cell also has washers at the vent end
to ensure space for movement at the time of cell vent-
ing.

The battery assembly is illustrated in Figure 35.

Battery Fabrication, Tests and Discussion of Test Results

At the time when manufacturing resumed cell fabrica-
tion for the batteries, it was realized that the 4.5"
long anode and 4" cathode could not easily be inserted
into the cylindrical can. To insure battery reliability
the electrodes were shortened by 0.25" each, and the
electrolyte weight increased by 0.05 g. This cell de-
sign is illustrated as design 5 in Table XI. Cells of
this type delivered 420 mAH and 210 mAH at 70° and -20°F
respectively, without high temperature storage.

Forty-five batteries were fabricated in August, 1978.
Twenty batteries were delivered to ECOM and the re-
maining 25 batteries were tested by Mallory in accor-
dance with the Technical Guidelines.

1. Environmental Tests

The shock, vibration and altitude tests were con-
ducted by Stanford Technology Corp. in Glenbrook,
CT. There was no visual evidence of physical de-
terioration or leakage as a result of these tests
and there was no significant change in 0.C.V.

The temperature shock test was conducted by the
Quality Control Dept., Mallory Battery Company in
North Tarrytown.

It is concluded that the batteries can withstand

all the environmental tests without physical
damage or leakage.
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High Temperature Storage

The 25 batteries were next subjected to 30 days
storage at 160°F. After storage all the batteries
exhibited satisfactory 0.C.V.

Electrical Tests

Ten of the 25 batteries were discharged at 636Q
load in accordance with SCS 459. Five were dis-
charged at 130°F and the remaining five at -20°F.
The test results are shown in Table XIV. Typical
discharge curves are illustrated in Figure 36.

It can be observed from Table XIV that battery 4
delivered only 8.4 hours to 6.0 volts when dis-
charged at -20°F. The other four batteries de-
livered 19.75 hours under the same conditions.
Battery 4 was therefore disassembled for failure
analysis.

It was observed that one of the three cells had
leaked at the glass to metal seal. This leakage
was the cause of the low capacity delivered by
the battery. Battery numbers 1, 2, 3 and 5 de-
livered an average capacity of 229 maH.

Batteries discharged at 130°F delivered hours
ranging from 23.7 to 26.0 hours, the average life
being 25 hours. This corresponds to an average
capacity of 324 mAH.

The capacities delivered by the batteries were
lower than expected due to the following reasons:

a) It has generally been observed that cells/
batteries deliver approximately 10% lower
capacities after storage at 160°F for one
month. Thus part of capacity loss may be
attributed to the high temperature storage.

b) Cells disassembled after discharge re-
vealed a precipitate on the glass of the
positive feed through which resulted from
the chemical attack on the glass during
storage at 160°F for 30 days. The pre-
cipitate produces an ohmic path across

' the cell terminal which results in a slow
self-discharge.
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It may thus be concluded that with a more com-
patible glass to metal seal the problems of leaks
and chemical attack could be eliminated. The
cells/batteries would then initially deliver 420
mAH at 70°F and 230 mAH at -20°F without any stor-
age. After high temperature storage for one month
they should deliver 380 and 220 mAH at 70° and
-20°F respectively.

Scrutiny of Table XI along with the electrode
efficiencies generated in Section 1 leads to the
following conclusions relative to the tested and
proposed designs.

- Designs 1 and 2 which were cathode limited
with the 80% SO, electrolyte showed a marked
decrease in performance at -40°F.

- Designs 3 and 4 were also cathode limited
since they utilized an exterior cathode
wrap. Their cathode surface area was then
limited by the adjacent opposing lithium.

- In designs 3 and 4, 506 mAH of lithium
yielded 408 mAH of capacity at 75°F (&~ 80%
efficiency).

- Both designs 3 and 4 have desirable Li:SO;
ratios of 1:1.04 and 1:1.19 but yielded
minimal capacity.

Based on the above, design number 6 is suggested
as a future alternative which would minimize the
Li:SO; ratio and maximize capacity. This design,
however, does not utilize an exterior wrap of
cathode. Therefore it is still a compromise with
respect to safety but it reduces the Li:SO, ratio
considerably.

Safety Tests

a. Reverse Discharge

Five batteries were reverse discharged (i.e.,
driven into voltage reversal) by placing each
battery in series with a power supply and
driving it at the C/3 rate (133 mA) for twice
the rated capacity. Battery temperature and

-
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voltage were monitored throughout the test.

All batteries reached the maximum temperature
(98° to 105°F) after about 3.5 to 4.0 hours

in the test. Typically the batteries delivered
259 mAH to 2.0 volts. Typical voltage and
temperature profiles are illustrated in Figure 37.
No vent or explosion was observed in any of
the cells.

It is concluded that at the C/3 rate which
corresponds to a cathode current density of
5 mA/cm2, the batteries did not vent or ex-
plode upon reversed discharge.

This data conflicts with the results of Section
1 where the BA-5598 and BA-5585 batteries
caught fire during the same test. It should
be noted that during the tests of Section 1

the C/3 rate resulted in a current density of
~6 mA/cm2 on the cells. Therefore, the 5
mA/cm2 on the BA-5090 battery is an extremely
marginal condition.

High Rate Discharge

Five batteries were discharged at the C/2 rate
(200 mA). Temperature and voltage were re-
corded throughout the test. Figure 38 illus-
trates the typical voltage and temperature
profile versus time. Again batteries were
tested for twice their rated capacity (C/2
tested for 4 hours minimum).

One of the five batteries tested vented vio-
lently with indications of an explosion/fire.
The 200 mA rate corresponds to a cathode
current density of 7.75 mA/cm2. Four of the
five batteries did not vent. As mentioned
earlier, at high current densities such as
7.75 mA/cm2, the cells/batteries generally
have not been safe upon reversed discharge
(ref. Section 1).

It may be concluded that the batteries are
not safe upon reverse discharge at the C/2
rate. The batteries delivered an average

capacity of 217 mAH at 200 mA to 6.0 volts.
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¢. Charging Test

Five batteries were charged at a C/5 rate (80
mA) for 15 hours. Temperature and voltage
were recorded throughout the test. The bat-
teries attained a maximum temperature of
106°F. Upon opening the batteries it was
observed that none of the cells in the bat-
teries had vented or exploded. Figure 39
illustrates typical battery voltage and
temperature versus time.

It is concluded that charging the BA-5090

batteries at 80 mA for 15 hours resulted in
no venting or explosions/fire.
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CONCLUSIONS AND RECOMMENDAT IONS

Organic electrolyte cell type LO37S was developed for
battery type BA-5090. The battery consists of three
LO37S cells in series with an internal .25 amp fuse.

The cells and batteries as developed demonstrated the
capability of successfully passing all the environmental
and structual tests as outlined in the Technical Guide-
lines.

Initial cell tests at 70° and -20°F yielded 420 mAH and

230 mAH respectively. After high temperature storage

the capacities dropped to 380 mAH at 70°F and 220 mAH at
-20°F. The reasons for the drop in 70°F performance were
attributed to glass seal incompatibility and unsatisfactory
adherence of the carbon to the aluminum exmet in the
cathode. The adherence problem of the carbon was resolved
prior to cell assembly for the Battery Fabrication Phase.

Battery testing after 30 days at 160°F yielded 229 mAH
at -20°F and 324 mAH at 130°F. The 130°F test results
were again lower than expected due to the aforementioned
glass seal compatibility problem resulting in slow dis-
charge across the glass. Efforts are being made by
Mallory to resolve this problem. All future cells will
have this problem corrected.

Reverse discharge tests on the LO037S cell and BA-5090
battery at the C/2 and C/3 rates disclosed the existence
of safety hazards under such conditions. To minimize

these hazards it is suggested that lithium limited cells
(Li:SO2 ratio = 1:<£1 within specified tolerances) should
be made for future procurements. Consequently, a develop-
ment program is recommended for this and all future organic
electrolyte batteries.

No explanations or design recommendations are presently

available to completely preclude the hazards attendant
to cell charging.
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Group

#4 Cathode Mix
A) + Graphite

B) Low Carbon

C) Control

#3 Cathode
A) Low

B) Control

C) High
#5 Lithium
A) Low

B) Control

C) High

#6 Electrolyte

A) Low
B) Control
C) High

#7 Ccathode Alt #1
A) Low

B) Control

C) High

TABLE IV

CAPACITY TEST SUMMARY

Load Test Temperature

Hours To 2.0V

7 ohm Ambinet
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
7 ohm Ambient
7 ohm -40°F
-38-

25.1,
12.3,

27.2,

26.0
12.4

25.1

8.6, 12.6

25.6

8.3, 11.6

23.2,

23.6

8.0, 8.3

24.4,
12.0,

25.4,
14.8,
19.0,
12.1,

25. 1,
13.6,

25.9,
9.6
18.5,
5.2

25.8,
13.3,

22.8,
12.4
20.7,
9.7

24.3,
11.1,

25.7,
17.2'

23.2
14.1

25.5
15.0
20.0
14.1

24.0
13.2

25.9

18.8

25.3

24.6

18.8
24.2
14.4

25.9
17.6

Al




TABLE V
CELL CAPACITY TESTING 3
LO25S Unbalnaced Cells j
i
|
f Ambient ~40°F Current Density
4
] Lithium Lo 5a 7.8 AH 5.24 AH .88 ma/cm?
7 Hi 5C 10.36 AH
Electrolyte Lo 6A 7.46 AH 2.08 AH .88 mA/cm?
Hi 6C 9.48 AH 4.96 AH .88 mA/cm?
Carbon Lo 7A 7.9 AH 3.88 AH 1.09 mA/cm?
Alt #1 Hi 7C 10.32 AH 6.96 AH .73 mA/cm?
-3
i STD 5B, 6B, 7B 9.9 AH 4.99 aH .88 maA/cm2
b Cathode Mix + Group 4A 10.2 AH 4.94 AH .88 mA/cm?
Lo C 4B 10.46 AH 4.24 AH .88 mA/cm?
f Carbon Lo 332 9.36 AH 3.26 AH .88 mA/cm?
' Hi 3C 10.18 AH 5.96 AH .88 mA/cm?2
:
1
! 4
-39~




TABLE VI

PRELIMINARY CELL FABRICATION

BA-5598 L025S Cells

CELL DESIGNS

Anode 1.35"x.010"x32.5"
Cathode 1.35"x.033"x31"
Separator 1.625"x.001"x70"

Electrolyte 70% SO
Li:S0, 1.38:1

BA-5585 LO30S Cells

Anode 1.625"x.010"x18.75"
Cathode 1.625"x.033"x17.625"
Separator 1.875"x.001"x70"

Electrolyte 70% SO,
Li:S0O, 1.42:1

=§0=

Surface area
Celgard
36.5 g

Surface area
Celgard
24.7 g

510 cm?

370 cm?
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TABLE VII

CELL FABRICATION PHASE
CAPACITY TEST SUMMARY
LO25S CELLS (BA-5598)

Cell Discharge Discharge -
Number Temp. Load ocv
2 70°F 79 3.007
3 70°F 79 3.007
4 70°F 7Q 2.996
5 70°F 79 3.003
7 70°F 79 3.005
8 70°F 79 3.009
9 70°F 79 3.006
10 70°F 79 3.016
11 70°F 79 2.997
14 70°F 79 3.013
Mean = 24.65 Std. Dev. = .90
15 160°F 7.450Q 3.000
16 160°F 7.45Q 3.001
18 160°F 7.459 3.004
20 160°F 7.45¢9 3.015
21 160°F 7.45Q 3.004
22 160°F 7.45Q 3.004
24 160°F 7.450 3.012
27 160°F 7.45Q 2.999
28 160°F 7.45Q 3.005
29 160°F 7.450 3.000
Mean = 25.52 Std. Dev. = 1.64
32 -40°F 7.450Q 3.020
33 -40°F 7.450 3.009
35 -40°F 7.45Q 3.004
36 -40°F 7.45Q 3.016
38 -40°F 7.450 3.006
39 -40°F 7.45Q 3.010
40 -40°F 7.45Q 3.011
41 -40°F 7.45Q 3.001
42 -40°F 7.45Q 3.022
44 -40°F 7.45Q 3.001
Mean = 16.66 Std. Dev. = 1l.21

-

Hours To
2.0V

25.22
25.00
24.69
24.75
22.19
24.95
25.24
24.65
24.64
25.25

25.60
25.70
25,25
27.50
23.25
Bad Connection
26.60
27.18
26.00
22.68

17.85
16.75
15.90
17.75
18.75
17.25
15.53
15.66
16. 20
15.00




TABLE VIII

CELL FABRICATION PHASE
CAPACITY TEST SUMMARY

LO30S CELLS (BA-5585)

Discharge Discharge Hours To
Temp. Load ocv 2.0V
70°F 9.6Q 3.006 23.48
70°F 9.6Q 3.008 23.20
70°F 9.6Q 2.992 23.96
70°F 9.6Q 3.002 23.62
70°F 9.6Q 3.003 23.45
70°F 9.69 3.007 23.40
70°F 9.6Q 3.000 23.40
70°F 9.69 3.008 23.47
70°F 9.6Q 2.998 23.63
70°F 9.6Q 3.005 23.60
Mean = 23.52 Std. Dev. = .20
160°F 9.99 2.991 23.75
160°F 9.9Q 3.000 24.75
160°F 9.99 2.998 24.15
160°F 9.9Q 2.993 23.75
160°F 9.9q 3.001 23.60
160°F 9.90 2.993 24 .28
160°F 9.9Q 2.987 23.70
160°F 9.99 3.002 24.35
160°F 9.90 3.002 24 .35
160°F 9.9 2.990 23.97
Mean = 24.065 Std. Dev. = .37
-40°F 9.90 3.002 15.25
-40°F 9.90 3.003 15.00
-40°F 9.90 3.005 15.20
-40°F 9.90 3.004 15.00
-40°F 9.90 3.008 14.50
-40°F 9.99 3.010 15.08
-40°F 9.9Q 3.007 15.13
-40°F 9.90 3.013 15.20
-40°F 9.9Q 3.014 15.55
-40°F 9.90Q 2.999 15.25
Mean = 15.12 Std. Dev. = .27
-42-




TABLE IX

BATTERY FABRICATION PHASE

CELL DESIGNS

BA-5598 L025S Cells

Type A

Anode
Cathode
Separator
Electrolyte
Li:S0O;

Type B

Anode
Cathode
Separator
Electrolyte
Li:S02

1.35"x.010"x32.5"
1.35"x.033"x31"
1.625"x.001"x70"
70% SO2

1.38:1

1.35"x%.008"x32.5"
1.35"x.033"x31"
1.625"x%.001"x70"
70% SO2

1.06:1

BA-5585 LO30S Cells

Type A

Anode
Cathode
Separator
Electrolyte
Li:S0O2

Type B

Anode
Cathode
Separator
Electrolyte
Li:S0;3

1.625"x.010"x18.2"
1.625"x%.033"x17.3"
1.875"x.001"x40"
70% SO»

1.38:1

1.625"x.008"x18.2
1.625"x.033"x17.3"
1.875"x.001"x40"
70% SOz

1.14:1

-

Surface area
Celgard
36.5 g

Sur face
Celgard
38.0 g

area

Surface
Celgard
24.6 g

area

Surface
Celgard
25.6 g

area

540

540

363

363

cm2

cm?2

cm?

cm?2




Battery
S/N
5598 - 116
5598 - 117
5598 - 146
5598 - 147
5598 - 114
5598 - 115
5598 - 144
5598 - 145
5585 - 114
5585 - 115
5585 - 144
5585 - 145
5585 - 112
5585 - 113
5585 - 142
5585 - 143

TABLE X

BATTERY FABRICATION PHASE

DISCHARGE TEST SUMMARY

(Pulse Regime)

Lithium Temp.

Thickness (°F)
.010" 130
.010" 130
.0o8" 130
.008" 130
.010" -20
.010" -20
.008" -20
.oo8" -20
.010" 130
.010" 130
.008" 130
.0o8" 130
.010" -20
.010" -20
.008" -20
.008" =20

al)ij~

Req'd.

Cap. Actual Start-Up
(hrs) (hrs) Cycles
45 73 1
45 73 1
45 59 1
45 63.3 1
30 46.7 1
30 44,3 1
30 52.7 1
30 48.3 1
19 42.5 8
19 41.7 5
19 42.0 7
19 39.8 21
10 20.2 44
10 24.3 40
10 25.0 39
10 24.8 49
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TABLE XIT

CELL TEST PROGRAM
(Continued)

Sixty cells subjected to the following Environmental Tests:

a) Weigh and record weight of each cell to the nearest
mg.

b) Temperature Shock - MIL-STD-810B, Method 503 for five
cycles (omit step 9).

c) Shock - MIL-STD-810B, Method 516, Procedure I, Curve 516-2,
for ground equipment. Do not operate during or after
test.

d) Vibration - MIL-STD-810B, Method 514, Equipment Category
(h), Procedure X, Curves AA and AQ, Time Schedule IV.
Do not operate during or after test.

e) Altitude - MIL-STD-810B, Method 500, Procedure II, omit
step 5. In step 6, return chamber to standard ambient
conditions.

f) Reweigh all cells and determine the weight loss if any.

-47 -




dn 3oeq swed =6e3ITOA ING ‘AQ°Z O3 SWILxx
peoT USST ‘d,09T 3© °bexols sAep Of I=3IVx

HYW €. - "bay HYWw T8T - "bay HYW ¢y€ - °~bav ]
~ £€6C 8°91 ST6°C coc S°?1 ¥96°C s i T .&
&
” 682 9°9T1 906 °C santred L°1 €06°C 06¢ 072t S€6°C
| 85S¢ 8 vl c06°C aanyted 9°1 606 °C 8G¢€ 2°0c v68°C
_ P11
374 8°61 2S86°C 781 *»»(2°2) v68°¢C 91¢ 8°LI S06°¢C
L4744 0%l ¥06°C Leze T°¥%1 G86°C LOE €°LT 188°C w l
)
(4 %X4 €°€1 £68°C 691 S°0T 868°¢C LEE 0°6T €26°C ,
GLe 8°ST €Ev¥6°C €91 T1°0T 0T6°¢ ELE 0°T2 €86°C |
oLz S ST 968°C Laniredq T°1 c06°¢ 6€E 1°61 206°¢
0°0T
L8Z S 9T €26°¢C 191 *»x(T°%) 0Te°¢ 86¢ 8°9T1 068°¢
0°0T
(0} 44 8°€T ¥68°¢C 19T *»*»(T°%) 688°C €LE 0°1¢ £€66°C
Hvu AO°C *A°D°0 HYu AT *"A°D°0 HYu AT *A°D°0
KA3toede) O, SanoH A3toede) Ol Sanol K3toede) O], SaInoH
hoom.ﬂ -NOONI' -WQON.

#SLSHL ALIDVAVD TIHO

IIIX JI9VL _

e
r e e e ;




'

TABLE XIV

BATTERY CAPACITY TESTS*

Test Estimated ?
Battery Temp. Start-up Hours To Capacity |
No. 0.C.V. °F Seconds 6.0V mAH
1l 8.82 -20 Instantaneous 18.6 216
2 8.81 -20 Instantaneous 20.4 237
3 8.80 -20 12.0 19.2 223
4 8.81 -20 7.25 8.4 R—
5 8.82 -20 33.9 20.8 241
6 8.83 130 Instantaneous 23.7 308 i
7 8.82 130 Instantaneous 25.7 334 ‘
8 8.83 130 Instantaneous 26.0 338
9 8.82 130 Instantaneous 24.1 313 {
3 10 8.79 130 Instantaneous 25.2 328 ‘

*After 30 days storage at 160°F, 6369 load
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CONVOLUTION A J

BRIDGES (2)

CONVOLUTION

BRIDGE

SECTION B-B

SECTION C-C

BRIDGE COINED
TO TEAR AT LOW PRESSURE

FIG. 1
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PRELIMINARY CELL FABRICATION PHASE TEST OUTLINE

—————

Figure 7

100 CELLS

[TEMPERATURE SHOCK (160°F. TO — 65°F) |
i}

[MECHANICAL SHOCK]

VIBRATION

ALTITUDE

[ocv, weiGHT, visuaL ]
$

€60 CELLS
30 DAYS STORAGE AT 160°F

SHIP 40 CELLS
TO ECOM

T
[ocv, weigHT , visuaL |

10 CELLS — CAPACITY
24 HOUR RATE AT 75° F.

10 CELLS — CAPACITY
24 HOUR RATE — 40°F.

IO CELLS— CAPACITY
24 HOUR RATE 160°F.

10 CELL SAFETY
REVERSE DISCHARGE C/3 RATE

10 CELL SAFETY
HIGH RATE DISCHARGE C/2

10 CELL SAFETY
CHARGE C/S RAT
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Figure 10

BATTERY FABRICATION PHASE TEST OUTLINE

46 BATTERIES OF EACH

ST L

;z TYPE BASS98 & 5585
|
ﬁ 23 23
i
E .010" LITHIUM .008" LITHIUM
I3 " 13
ENVIRONMENTAL TESTS ENVIRONMENTAL TESTS
2 — —40°F CAPACITY ‘ 2 T —40°F. CAPACITY
-2 —Esw F  CAPACITY ] —=— 2 —{160°F. CAPACITY
-~ 2 —| REVERSE DISCHARGE (/3 ——2 REVERSE DISCHARGE C/3
# 2 —{HiGH RATE _cr2 | {—=—2 —{nien RaTE C/2
L~ 2 —| cHARGING C/5 —— 2 —{cHarRGING Cc/5 ,
b
-3 —] sPaRe | | 3 —{sPaARE |
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