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PREFACE

I'his final report is submitted in fulfillment of Air Force Contract F33615-74-C-
2071 and describes the development of the lithium-thionyl chloride electrochemic
system towards goals specified for three specific cell sizes ranging in capacity

from 2.6 to 600 ampere-hours.

['he effort ranged from experimental laboratory cell studies through the develop-
ent and testing of full size hardware. Energy densities ranging from 13,5 Wh
cnd 140 Wh/lb in small cells to 18. 6 Wh/in®> and 286 Wh/1b in the la rge cells wer

1cved.
Grateful acknowledgements are extended to all participants in this work. In
particular, out thanks to Mr. W. S. Bishop, the Air Force Project Monitor, for

his many valuable suggestions throughout the course of the contract.

Our thanks also to Mr. J. F. Fitzgerald, Supervisor, and Mr. D. W. Mueller,

F'ngineer of Honeywell's Ordnance Proving Grounds for their cooperation and hel

in testing of the large cells of this project.
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SUMMARY

in accordance with requirements of Air Force Contract No. F33615-74-C-2071,
HHoneywell Power Sources Center designed. fabricated, and tested hardware versions
of the lithium inorganic electrolyte oxychloride battery system. Batteries for three
potential operational uses were investigated in an effort to evaluate their performance
capabiliti-s for meeting optimum requirements for life support and spacecra ft

ipplications.

Goals embodying the desired performance of lithium inorganic electrolyte oxychloride
batteries for future and conceptual equipment were defined in the Statement of Work
1s targets for the tasks specified. The results achieved in prototype hardware ver-
sions show improvement over current operational systems, and considerable pro-

oress toward achieving the goals set for operational uses of this technology.

Mhe state of the art at the start of the project was embodied in the first series of
Life Support Cells, built on the basis of previous experience with this technology at
[loneywell and investigation into the literature. Two later series of Life Support
Cells and two series each of the two dilferent types of Spacecraft cells were built

ind tested on the basis of an analysis of the baseline series and ongoing cell improve-

ment studies.,

Recognizing the highly reactive chemistry of the cells, Honeywell performed tests on

the larger Spacecraft Cells at their ordnance testing ground and devised a scheme
or remcet ctivation., Safety testing beyond that required by the project was
cd ot hich justified the care exercised in handling the Spacecraft Cells.

I'he most severe problem encountered with the baseline series of cells was polariza-
tion of the lithium anode due to a severely passivating filmi, Dramatic improvemeat
cifected by the addition of 5 percent by weight of SO, to the elect rolyte solution.

s response to the passivation problem was developed by laboratory studies based

i \/

o s 1 F AV N ONE i 4o e ‘\.-."..a




N R T

on Honeywell's observation that cells stored after being partially discharped were

less passivated than stored cells having no predischarge and that SO, was among
the discharge products. The studies also showed that a better quality electrolyte
salt resulted in the formation of a thinner, less passivating film and that poor

quality lithium also contributed to the passivation problem,
i P P

Another important improvement over the baseline cells developed by laboratory
studies was in the cathode structure. The excellent voltage regulation exhibited by
the later series of Life Support and Spacecraft Cells was due to an improved

cathode structure,

By testing hardware models of cells and conducting cell improvement studies,
Honeywell's efforts during this project advanced the state of the art of this technology
as it applies to Life Support and Spacecraft functions. In so doing, specific areas
were identified for continuing studies for meeting the goals set for these Air Force
applications. The combination of long-term high-temperature storage a nd low-
temperature operation still presents scvere problems for meeting the requirements
of Life Support Cells, but the less severe storage and performance requirements of
the Spacecrafit Cells can be met with only slight improvements to the state of the art

as advanced during this project.

Roecommendations indicated by this proijcct include further experiments with elec-
trolyte composition and the investigation ol related inorganic electrochemical systems

employing less reactive materials.,

xvi




SECTION 1
INTRODUCTION

Air Force Coantract No. F33015-74-C-2071] provides for the design, fabrication,
and test of lithium inorganic electrolyte oxychloride cells. The technical effort
is divided into three separate tasks directed toward three applications referred to
in the Statement of Work as Life Support (Task I), Spacecraft "A'" (Task II), and

Spacecraft "B" (Task III}.

Fabrication requirements and performance goals for the three applications are

presented in the body of this report. Briefly, Honeywell was required to design,

fabricate, and evaluate an initial lot of cells in each category, based on prior

experience and information contained in the literature; and to conduct exploratory
development before designing, fabricating, and evaluating additional lots or improved

cells. There were three lots of the Life Support Cell and two each of the Spacecrart

"A"™ and Spacecraft ""B" Cells,

Il'his report also contains a detailed disclosure of cell design features and com-=-

position as required by the Statement of Work,

Eftorts directed to Tasks I, II, and III of the Statement of Work are described

under Life Support Cell, Spacecraft "A'' Cell, and Spacecraft '""B' Cell, respectively,

in this report.
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SECTION II

TECHNICAL APPROACH

['his project was limited to wet-type lithium inorganic electrolyte « ¢lls for three
classes of Air Force application, characterized as Life Support (Task I). Spacecraft
A" (Task 11), and Spacecraft ""B" (Task I1II), Specific design requirements for each

ipplication were implied in tne performance ooals set for each class of cell. Initial

ht and volume obijectives were calculated based on capacity objectives, antici-

pated average cell voltages and energy objectives. Current handling capability was

th he Life Support Cell and the Spacecraft "A' Cell.

he conimanding requirenment for the 1
|

ind volumetric encrgy density capability was the « ommanding requirement for the

Spacecraft "B Cell. Current densities of 5.0 mA/em” and 10,0 mA/cm” were

used for the initial desiga of cell components for Life Support Cells and Spacecraft

"A" cells, respectively. These goals represent desired performance for batteries

to be applied to future and conceptuil equipment. fable I contains a summary of

these objectives for the three types of cells,

nitial series of Life Support Cells was developed to demonstrate the state ol ¥
y vt for this tvpe of cell using a 1.5M LiAlCl; SOCI,; ele« trolvte tormulation. A
test program w cstablished to fully evaluate cells in terms of their ability to meect
yrogram goals and a cell improvement program was established to define and
evaluate svstem loss factors and to implement improvements 1n design, components,
nel iterials ver those used in the t st ructior
¢ test results document the feasibility evel ing a lithium inorganic electrolyte
loride battery that will meet the require ents for life support and the two
1 T ( nacecralt applications d« 1¢ the Statement Work for this project,
Not onl 1siderable rogress beot 1 rchieving the optimum require-
ments for these Air Force operational applications, but also the nroblems requiring
olution to meet these goals fully have been identified. The vastly imoroved pers-
forl NnCe the later s ries of Lite S port Cell ind of the Spacecraft \ ind
Sha e rait B Cells was based on the Lnaly f the baseline performance ined th



TABLE 1

BATTERY GCALS

Life Spacecraft Spacecraft
Battery Performance Objective Support s -
Energy Density:
Watt-hours per pound 120° 175 350
Watt-hours per cubic inch 184 15 25
Capacity (Amp hours) 2. 64° 220 600
Expected System Operating Voltage (Avg) 3o 3 B2 3 5
Weight! 1.2 oz 4.02 1b 6.0 1b
(33 g) (1.82 kg) (2.72 kg)
Volume! 0.4 in’ 47 in’ 84 in’
(6. 6 cc) {710 ce) (1377 ec)
Voltage Regulation:
of Avg load plateau voltage for £ 2 2 sk &
of useful life 50 95 95
Open Circuit and End of useful Life:
of Avg load plateau voltage % 210 * 25 k.29
yoltage Rise Time for all load changes:
of Avg Plateau voltage + 20 + 10 + 10
ime (milliseconds) 100 5 5
Oncrating Temperature Range:
F -65 to 165 50 to 140 40 to 120
C -53.9¢a 73.9 10 to 60 4.4 to 48,9 9
Storage Loss:
, Allowable/ 20% 169 5%
Duration/ Temperature Sl I wof BO°F 6 mo/ 80'F

Reliability/Confidence Lievel
S fety

Cost/Watt-hour/Quantity Basis

I v/ 140°F
0.999/0, 95
Safe to carry

$0.25/150000

0.9a6a/0, 97
Not Specified

Not Specified

0.9494/0.97
Not Specitied

Not specified

Bascd on Expected System Operating Voltage taverage) and Energy Density

Objective.

1 C).

Above 50°F




cell improvement studies that resulted

xnerience with the lithium inorganic electrolyte

Prior experience at Honeywell also dictated that the same chemistry could be used

he project. Therefore, the large part

to meet the goals of all three cell types in th

of the cell improvement studies were conducted on the less expensive L.ife Support

Cells. A whole series of these cells (second series) were used for cell improvement

ctudics addressing the lithium passivation problem. The resulting improvements were

incorparared into the final two series of Life Support Cells and 111 series of the

Shecial attention was given to safety considerations throughout the project. espec ia 11y

in the handling of the Spacecraft Cells. This emphasis had led to formulating detailed

lures in carrying out tests on large Li/SOC],; cells. Also, examina-

log1sti1c procedaur

tion of materials compatibility, the measurement of vapor pressure and density of

| not result in improvements to the

the electrolvte, and other 1nvestigations th

investigated for use in future cell studies.

e 1




SECTION I1]

LIFE SUPPORT CELLS

8 GENERAL

[he total program effort for the Life Support Cell resulted in the fabrication of four

)
(

series of experimental hardware cells and 10 prototype PRC batteries.

I'he first series of Life Support Cells fabricated and tested under this program pro-
ided the baseline data representing the state of the art at the beginning of the project.
Improvements were incorporated into other series of Life Support Cells as well as

into both scries of Spacecraft ""A'" and Spacecraft B'" Cells on the basis of the

experience gained and observations made on this first series.

\lthough exploratory development was planned from the outset to improve cells
scheduled Zor subsequent fabrication, the severe polarization experienced with the
(irst serics of Life Support Cells caused the priorities of cell improvement studies
1o shift to the solution of anade passivation, the cause of the severe polarization.
[he second series of Life Support Cells was devoted to the solution of this problem.
I'he third series was then subject to the established test and evaluation program,
but further passivation problems prompted Honeywell to produce and evaluate a
fourth series on their own initiative to provide a better example of the state of the

v rt in accomplishing the goals set forth for this Air Force application. (The entire

yassivation problem is discussed under "Cell Improvement Studies' in this report.)

Ihe final series of Life Support Cells tested under this program aporoached the
ipacity and energy goals set for Air Foroe application to life support equipment

unde r optimum conditions of storage and temperature during discharge testing, They

exhibited a marked improvernent over the baseiine performance ot the first series.

wir performance at low temperature alter high temperature storage, however,

far short of these performance goals, Even under these adverse conditions,
owever., the improvements incorporated into the later series of Life Support Cells

resulted in a marked improvement over the baseline performance.




v

fabrication., and evaluation of the PRC batteries was the result of a

riginal project tasks mutually advantageous to the Air Force and

B, DESIGN AND FABRICATION

e ¢ ross section of the Life Support Cell in Figure 1 and the photograph in Figure

ply to each of the four series of cells fabricated. Many of the cell componeats are
rd Honevwell parts. As Figure 1 shows, the case is 316L stainless steel and

the terminal pin incorporated into the glass-to-metal seal is 52 alloy. After con-

100 the spiral-wrap electrodes in the case, the cover was projection-

lded in place. The cells were built in Honeywell's dry room facility, where the

lative hamidity is maintained below 4 percent. Activation was ac« omplished 1n

closcd svatem, by first evacuating the cell through a hole in the bottem of the
cCas nd then automatically metering the electrolyte into the cell. The final seal
ermetic, ball seal.

r's yeries (Honevwell #G3013)

e hundred cells were built for this series. Table II presents a description oi

‘he comnonent designs. Cathode thicknesses and weights were controlled within
h and at 0.563 (£0.012) gram, respectively. The anodes weighed an
| vm and were capable of providing a capacity of 1.45 ampere-

re such that cell capacity was to be limited by

1 s Lo radle Aesigns we

(1.5M LiAlCls* SOCl,) was prepared using lithium tetrachloro-
inate =alt (7.4 parts per million iron) purchased from Foote Mineral Company.
nd thionvl chloride purchased from Matheson, Coleman & Bell. The SOCI,; had a

1 i ition which may be attributed to impurities suc h as sulifur chlorides.

le, and/or sulfuryl chloride.




COVER
316 L

ANODE LEAD.

TERMINAL (-~)
#52 ALLOY

316L

INSULATOK
I TEFLON)

GLASS INSULATOR

INSULATOR
(TEFLON)

;

CATHODE LEAD

OO R A S  S a

o

LSRN

S

T L, T . . T, T G O i O N O, O L O O . L W W “TE

S

RS

) f:*...__.].'-.’;'. s
AN

), A

S

e

g 316L
L1721
1ZlZkE
¢ / e CASE (+) 316L)
gai //; g
) V/} = GLASS MAT
.\./;_ / b SEPARATOR
2 ?', : LITHIUM ANODE
Zlizn:
ZE 10 CARBON CATHODE
";/% 1
o
IRIghy
A
v
%

[
e o

I

|

=
xfi'\
LE

BOSS
(316L)

Figure 1.

L—- BALL SEAL

(440 SS)

Cross Section of Life Support Cell




TRy e T Lo Sl -y

:__.,._._.u_,h::m::m::ﬁ_ﬁ%

ﬁ_..:é_:q_:_ﬁ_:‘?dgﬂsj .Jj ]

50 . 52 54 %6 58 60

__,_.&Jj._.géz__ﬁ:;‘.W“.\3.:4_5_7,d,*__w__:ﬁ:ia*z_a_:. _3
2 44

2 3 36 38 40 4 a6

i

L))

2 N39Z 1310 | 0

™

w , i . ot
Haiaa ...r—.:;:_._._:_TC:_ZLI._?Z;.:E.?I;:

E

Photographic View of a Life Support Cell

Figure 2.




L0 "0 o3ey Y3 M
9341013091 03 UoqIe)

D5/3 689 1 :Ajrsudg (2
IR[ON G ° :uoljexjuaduo) ¥[DIVIT (I 22 0L ¢ 93410132914
(194®] 2u0)
BN sS®ID 7€6-H YITOMSTUI[OY 1wGI0 "0 * 0S50 "T X ,,00S "6 1ojeaedag

F87-8-T91€-G (I9413) :PIID I0IST[OD (7
wmnry (1 WLTO 0 X ,0L6°0 X 1,009 °2Z apouy

F8Z-8-TI91 €6 (INT2Q) :PLIDH I03123[[0D (F
3 €96 "0 :Iydrom apoyyed 33N (¢
I9pulq 4L %07 pue
uoqaen uritwimeyg 0,08 :uonytsoduwior apoyie) (z

ssoroxd Axanys Aq apew apoyie) (] 1290 "0 X 046 °0 X 088 °1 PO €D
[99]}G SSa[uIeI§ T91 ¢ L08S "0 (1l ased [1°D
P uondiaoso(] X SUOTSUOLLI(] sjuauodiuo ) [eUIaju] /aIeMpI®]]

STTAD LY0ddNS JATT A0 ATING LSUIT AHL NI dFSN SNDISAAd LNINOJINOD

LS OTEE




prepa ration, the solution coloration changed from light brown to
) vnd finally to deep purple after an overnight stand. This was attributed to
resence of an organic solvent® in the LiAlCly salt. Salt containing large amounts
reanic solvent appears yellow, compared to the light brown color of material
ie in-house by fusing LiCl and A1Cl;. The capacity delivered from freshly acti-
vated cells using the yellowish salt was severely degraded. Therefore, only LiAlCls

salt prepared "in-house' was used in the electrolyte parparation for later series.

Cat les were made by a slurry process. A mixture of 11.43 grams carboa and
700 cc (approx. ) distilled H,O was stirred gently with an electric mixer until
ispersivn was achieved. Under controlled conditions, 3.2 cc of PTFE::
(T ype tdispersion) was then added. When the mixture became slurry, 0.72 gram
of paper pulp was introduced, and the mixture was stirred at 500 rpm for approxi-
mately 1 minute.
i thades, half of the slurry was poured into a vacuum mold 7-3/4 inches
nches o remove the excess water. A sharkskin filter paper had been placed
the bottom of the mold. An electrode collector grid was then pressed onto the
il the remaining half of the slurry was poured on top. After the
‘ woa b vas again removed and a second sharkskin filter paper had been
placed on top of the molded cathode, the package was sandwiched between two
ape rs and subjected to 25 psi hydraulie pressure to remove most of the
1 Ll
'he cathodes were trimimed to their predetermined dimensions and placed in an air
minutes to burn off the paper pulp and to sinter the cathodes,
2 Second Series (Honeywell #G3013)
H's were built for this series. Table III presents a description of the

] .
COMNIponent aesigns.

Vendor patent pending.

)’;‘ ted ra !"-»‘]N,](‘Ilt'.
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To improve cell performance for this series, the tollowing changes were incor-

| porated:

|

‘ a. Apparent surface area was increased for both the negative and positive

|

: electrodes. This was expected to reduce cathode polarization and the voltage

[l delay associated with passivated anodes.

B

i b. Cathode structures were preparcd by a dry compaction process. The use of

| unsintered cold-pressed cathodes circumvented possible problems with carbon

oxidation in cathodes made by the slurry technique.
0 ; Carbon active sites were increased and electrodes were optimized for thick-
ness. This was expected to improve cell capacity.

The dry compaction process used to prepare the cathodes for this series emploved the
same basic technique described for the slurry process, but paper pulp was not added.
Instead, the carbon-PTFE mix was poured into a vacuum mold to remove the excess
water, placed in a vacuum oven at 300 F, and the resultant dry mix was micronized
and then put into a mold under a pressure of approx. 100 psi. The cathodes were not

| sintered.

|

| 3. Third Scries (Honeywell #G3013C)

!

|

One hundred cells were built for this series. These cells incorporated design

changes developed during laboratory studies on the second series to alleviate scvere

passivation. The most significant differences were net cathode weight, dimensions

of the lithium electrode, and the composition of the electrolyte solution. Table IV

npresents a description of the component designs.

4. frfourth Series (Honeywell «G3013C

Forty cells were built for this series, which was independent of the contract and
aimed at producing cells embodying the best state-of-the art knowledge in Li/SOCH,

1s those used in the third series,

technology, Component designs were the same
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PRC-90 Battery

e 1Y Fhe Hthium, however, was purchased from a diffecent supplier, in
nt 1o overcome the passivation problem which persisted during the third

nd had been traced to the lithium uscd.

C-90 batteries were built based on the Life Support Cell design. A descrip-
the cell design is presented in Table V. The battery contains four series-
ted cells jacketed with ABS plastic., as illustrated in Figure 3. It was designed

. . 2 .
¢r 1.8 ampere-hours and an energy density of 12 watt-hours/in” when dis-

der cycelic loads of 120 mA (30 minutes) and 45 mA (30 minutes).

Project Requirements

s ved by 45 mA for 30 minutes, the two conditions alternating until the
¢ dr wlow &80 percent of the average voltage., Tests were to be conducted
jeritures ranging from =65 F to 165°F following temperature soak for 16
the pecified temperatures.
specified that the cells should be safe to carry on one's person and
lav of no more than 100 meg be achieved. (Voltage delay is the time
] ittain 80 percent of 1t « ge discharge voltage at the start
xternal load. )
1) ) [ests
sl D for the lLafe Support Cells consiste of discharge f\‘h’f].nf_'. storage

. nditions specified for testing Life Support Cells were 120 mA for 30

fety testing.,
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[he discharge tests were performed using the circuit illustrated in rigure 4, two
randomly selected cells being tested at cach of nine different temperatures from
-65°F to 165°F., The cells were subjected to temperature conditioning for 16 hours
inder OCV conditions before testing at the specified temperatures. The discharge
was under constant current conditions starting with a load of 120 mA for 30 minutes,
1lowed immediately by a load of 45 mA for 30 minutes - the cycle being repeated
until the cell voltage falls more than 20 percent below the average voltage level., The
basic raw data collected was (1) cell voltage versus time and (&) the voltage response

it the start of the 120 mA load application on stored cells.

The storage test consisted of storage at 140°F for periods of 1, 2, 5 and 12

months. After storage, randornly selected cells were subjected to discharge testing

tu . ctermine the effects of long-term, high-temperature storage on cell performance.
Five cells each of the first and third series were subjected to short circuit test, and

4

iv o maximum-power testing. All testing of this type was conducted at room
temperature (8 72 F). For short-circuait tests, the resistance value of an ammeter
in the circuit was used to record the short circuit curreat untii the cell was depleted.
1 tempe rature of the case was monitored throughont the test by attaching a
chromel-alumel thermocouple to the case. Dimensional and physical characteristics
of the cell before and after short ¢ircuit were recorded. The maximum power point

s found by determining experimentally the voltage at which the product of cell

1t

oltage and the current is a maximum. The cells were then tested under the [ (max)

ax) condition for maximum power,

0. FTEST RESULTS

I'his section contains the data produced by the regular test program set up in response
to the project requirements. Developmental tests performed in connection with

laboratory studies are reported in the section entitled "Cell Improvement Studies
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he second series of cells were not subject to the test program; therefore they are

not report<d in this section. Cells from the first and third series subjected to
Al

safety tests are reported in a separate subsection below.

k. First Series

Onlyv one fresh cell of the first series was discharged immediately after activation.

The 18 cells that were to provide baseline information for fresh cell performance

it

1t the nine temperatures between -65°F and 165°F showed severe passivation after
being kept at room temperature for only 3 weeks. The discharge history of the one
fresh coll is presented in Figure 5. Figures 6 and 7 illustrate the discharge pertor-

mance of 2 of the 18 cells after storage for 3 weeks at room temperature. Tests

were not run at temperatures below 75 F because of the anode passivation. Table VI

containg a summary of the results of tests on the first series after storage at 3 weeks
at room temperature.
72 cells subjected to high temperature storage

)
[4

' evaluate the performance of the

cells were discharged after 1| month storage. Figure 8 confirms the

severe offects ol passivation,

2 Second Series

Not subiect to test as explained above. (Sec Section entitled ""Cell Improvement

Studies''.)

Fwo fresh cells at cach of nine different temperatures were subjected to discharge
testing. All pertormance data are nreseanted in Table VII. Figures 9, 10, 11. and

12 show the discharge performance of four of the fresh cells at 165°F, 75°F, O°F

. respectively.
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After 1| month storage at 140°F, the third series of cells began to show the effects

of passivation. Heavy polarization precluded test at temperatures below 0 F

Table VIII contains a summary of performance data on all cells tested and Figures
13, 14, and 15 show the discharge history of three of the cells at 75°F, 32°F, and
0°F, respectively. Table IX shows the initial cell voltage response measured during
these tests. Voltage delay characteristics become a consideration as passivation of
the anode occurs during storage. In general, this problem increases at lower dis-
charge test temperatures. Aberrations in this delay data (especially at 0 F) are
probably the result of the limited quality control standards possible in a fabrication

for this kind of program.

After 2 months of storage at 140°F, the cells showed continuing effects of passiva-
tion as shown in Table X. Only those cells shown in the table could be tested.
Table XI presents the cell voltage characteristics for the 2 month tests.

After 5 months of storage at 140°F, useful cell capacity could not be obtained at
temperatures of 50°F or lower. Discharge voltage-time curves of cells at 165°F
and 75°F are shown in Figures 16 and 17, respectively.

After twelve months storage useful capacity could not be obtained at any temperaturec,

4, Fourth Series

Table XII shows a summary of the performance of fresh cells and cells subjected to 2

months storage at 140°F, Tests were performed only at temperatures shown in

this table for the fourth series. Notice that the tests at =20 F after 2 months

storage show some cell capacity - an improvement over the third series which showed
no capacity after two months below 32°F. Discharge curves for fresh cells at 75°F ‘
and -20°F are shown in Figures I8 and |19, respectively, and after two months

storage at 75°F and -20°F in Figures 20 and 21, respectively.




‘dure CZ80 "0 Jo prOj jaoddns QL] FFBIIAE JE 243E)[ON [[9D :_.”:n:L_: 2yi 10 (KR VO pasey

‘Peol yw 21 2431 1t LCCITNCT_:Q .»..;.i: Po1lgIyxa S31893 4 €9- pPUuU® 3 0O0F- ‘Jd.0Z- 101 pait iir =D

0 Y PS 0 ?8°2 b+ 18+ 0 " 67§

{ ¢ 6170 $L°? L°8 ¢t 0 ---- Q7€
L L9 6 "0 20" S ¥k el ¥ 7 1L Ieg
ZL L9 <6H 0 20" rA 4 o LL°% £xt L4 0¢e
Rt B ¢ 1 W . ] “b3 C9 ¥ 0¢ {28 tee |
tt At 0¢ "1 i [ 56 €8t 0¢ A ¢t
<l § "0 T L 0°29 bl 't sl WA ::l
+el &1 et "1 )€ c°L9 I8t <L gL "% ace ™
¢l S Pe 1 L 919 ¢8 P G T A Let
Ll 801 $E =1 Bt "¢ G cg ]9 *t tei+ 0L " +2¢
LI & "0 €e "l 8t ¢ €°¢9 S0 Fel+ 0L "¢ £7¢
011l 701 9¢ "1 0¢ "¢ ¢ "8¢ 6L Sho ) L9 "% et
1 801 €€ 0& =¢ 3 19 AL % 91+ £9 s tee @

qr/ 41 VAT THV A TeFE0 % ‘1008 8 Je ADO oN |
Ajtsuo(q ABaauyg ‘Kitoeden yjutodpiy JO UOT}RZI[L}N) “190S o 1M ¢ cdwe =0 3

d.0%1+ LV HDVHOLS HLNOW INO dd1LJAV

STTID 190ddNSs 41T 4O dTING AYIHL JHLI dO IDNVINIOJAdHd IDIVHISIA

IIIA d1dVL



A.0%1 3€ 28BI03G YIUO U I93YVY

d.6L 3 S[[9D 3oddng 9JIT JO ddUBWIOJIdg @3aeyd>syg ‘¢ 2Indrg
SINOH ‘auwl],
!
i 81 ik Pl 21 vl 9 14 <l 0
m L i i L . 3 c L T ;8 i :

PITY L
8eg----
6€¢ W LEE
(Ut p¢) YW G - (Ut o¢) vw 0271

11°D 3roddng aj17]
D *{ED0S/ DS * 1D0S * YIDIVYT NS “1/VI

spiing 112D

:SON 12D
‘Speor]
(90180
twd3shg

~N

“+

S‘]IO A

‘[eTIuajod 1100




J.,0F1 3® 23®BI0IS YIUOW 3UQ 191y
d.72¢ 3e s[1eD 3aroddng ajrrT jo sdurwaojiag 281eyostg ‘¢ 2andrg

SInoy ‘auwt]

81 91 14! 21 01 8 9 14 Z 0

) i 7 1 L 1 ) L] | L

PITqL ‘EIIE 119D

Qo
1EE iSON TI®D
(Ut 0¢) yw 6 = (Ut g¢) vw 021 ispeo]
112D 31oddng aJ17] 19019

‘U1D0S/?0S *Y1D0S PIDIVIT WG “1/11 1wa3shg

SHOA ‘Teniuailod (12D

€20 -2z

33




d.0¥%1 3€ 28®I03G YIUOW U I3y
Jd.,0 3e s[1®D 3roddng ajirT Jo aduewWIO}Idg 23IeYdSI ‘G 2andr g

SINOK ‘auwir]

81 al bl A 01 8 9 v v4
| A T i3 i T T | L | |

ADO

pPATY L pring 112D
i Pl

62¢ iSON 112D
(Ut g§) YW 6§ - (Ut o¢) vw 0z1 ispeor]
112D 31oddng 9y t90189(
D ‘UD0S/?0S*UDO0S FIDIVIT WG 1/11 HECELEPAS

SITOA fTR1IUa3O (12D

$20 -1

34




0°¢1¥ SpUOdASI[{IW O] > 287 0 6T¢
0°12F SpuoOISI[TW (] > GL"? 0 82¢
0 T IE ArojeIpawuu] 720 °¢ 7¢ 1¢¢
Q=TLF iR el 20 "¢ Z¢ 0¢¢
GG F S DINULLL G =), 5k 0¢ ¢Es
8¢ ¥ sejnuIwr (¢ €1 "¢ 0¢ 7€t
09 = SPHODIESTTEEAE() T be ¢ &L bte
0°S ¥ sojnuItw 1| (o} il = cL Q¢ ¢ y
=S SPUOLISIITWL (T LE ¢ SL Let
S°¢ ¥ SPUOLIASIIIW ()] 9P * ¢ ¥21 124
G'¢ d SPUOOISI[IW ()¢ /¥ ¢ d €Tt
09 ¥ SPUODISI{IW g7 06 "¢ col cee
0°0 = Apojerpawaway 056" 91 F6¢

“o “OJTT (19D Injesn adejjo Jutodpi jo A ‘95 ®IOA d. ‘rdwal *ON 110D

JO 9,08 1SeI[ je I94A0 0507 F Yyoeay 03 awily, jutodpiN :

uorje[ndoay 98 BJ[O A

d,07T LV IOVIOLS HLINOW INO 4314V

STTdD LI40ddNsS 41T 4O dTINE QUYIHL IHI 40 SOILSISILOVIVHD HOV.LTOA

XI 19 VL




*SpeOT yW G 9Yj pu® yw 07 924} yioq e uoljezixejod AAeoy pajIqIyxa $3s93) . ( I0] Pajed0[[¥ S[[2D

*owul) Ae[op 23®3[0A Jsuled e pajdoasron sandede)

*dwe gzgp "0 Jo peor jxoddns aj1] 93evaoa® JB 98 BJ[0A [[2D JUTOdpIW Sy} JO U ) U0 pasey

‘3d1LON

06 LY 0L "0 88 "¢ 9 =G L0"9 7€ 0L "¢ 75¢

‘peOT vw (071 uhCQQ:m jouued (12D LE 0L ¢ 16¢

u LL 9°9 ¥6 0 0 "¢ i 0L ¥ 0§ 69 *¢ 06¢
08 G G0 T G0 "¢ 1°LY S6°% 06s 69 "¢ bte

VA 8°0T 0% "1 1¢°¢ S "¥9 28°% S5 0L "¢ 8¢

€1l S 0l 9¢ "I 7€ °¢ [ 529 L8'¥ SiL 0L "¢ 9% ¢

M 20T GG 8T °1 Ly ¢ 6IGE 69 °¥% S91 89 °¢ Sve
: 801 0°0T1 ¥Z°1 LY "¢ 899 ¢8°¥ S9I 89 °¢ Pe
at/+aum ur/aym gy K TSREIOL % ‘T1D0S Jo 8 de ADO "ON
Ayrsuo( ABaauy “Kyoeden JUTOGPIN uoT3eZI[IIN ‘TIH0S JO IM ‘sdwa 11eH

d,07T LV IDVIOLS SHINOW OMI dA1AV

ST14D LMOddNS A4d1T 40 a1ind AUiHL AHL 40 AONVAYOJduAdd AD U VHOSIA

X dTT9V.L

36




‘PEOT VW ()71 @2Yj 0} oanp awir) Ae[dp 33 eI OA

SIH 61 88 2 2¢ 7€
69+
T Apoerpau] PO "¢ 0¢ 05t
G TH%
0°9% % SIH 672 50 ¢ 0 b ¢
oA ‘utwr ¢ I'c Sl Q¢
0ret J
S Areserpawi] gEcE ¢! 9%
grss
g 208 '] L <91 cte
g 3 (
Lo B e,
6%
' 298 §°] LY <91 tre
L1+

7, 3T 119D 33®3[0A JUTodpIIN JO NEEEE TN e oy *ON (12D
[Jasn Jo 7,08 1SedT e %07 F yoeay o3 swr], JuTOdpIA

I9A() UOT}RINTIY 98 BIOA

.07 LV HDVIOLS SHLINOW OMIL 414V

STTHD LI0ddNS FAT'T dO ATING TYIHIL IHL A0 SOILSIHHILDVAVHD dDV.LTOA

11X d T VL

~




A.0¥%1 3e 23BI103G SYJUON 9AT T 1933y
d.591 3% S[1°D 3d1oddng aj17] jJo 9doUBWIOIIDJ @3I'YISI 9 2INJL ]

SINOH ‘awWl]J,

il Pl 0l 8 B b

o~
—

)

- - - -

PITY T, ‘PIIng 112D

Giie S
i { ISON 112D
(Ut 0¢) yw g - (Ut O¢) yw 071 ‘speo]
112D 31oddng o317 190189

D DS CIDES  FTOTVIL NG T/ 1T fwaysfg

~)

(2]

‘eryualod 112D

SITOA

» & U~

.

38




d,0¥1 3e 238I103G SYJUO AT T I3PY
d.52 3® (12D 3r1oddng 9jI7T ® Jo 2ourWIOJIad 23Ieyosig ‘L] 2Indryg

SINOH ‘awilJ,

~)

9il ja! 2l 0l 8 9 i

PITYL ‘pIIng 112D

69¢ ‘ON T1°D

(Ut p¢) yw ¢ = (Ut 0¢) W 0Z1 tspeo]
112D 3xoddng o317 =) 9 %-Tg

D ‘UIDOS/?0S "!MDOS "YIDIVIT WG "1/11 ‘wegyshg

o

SIOA ‘Tejudjod (19D

%20-14

39




*AQ"Z 1B 93BJ[0A 3SOMO] ‘YW (7] 3B SIINUTW Q¢ - 29% ‘ON 112D

"A0Q 7 3' 93B[0 jsamol ‘yw g7 3 AnOY [ - [9F ‘ON [I®D
*A¥I °Z 3 98®j04 }S9MO] ‘YW (Z] 3® S9INUTW , - gGH ‘ON 112D :Ae[ag a3ej10A
*A31oeded jo 9,06 3€ 98®I[OA =

——-- --- --- -—-- QUON o%- 69% J.0t[+ 3e sow P
---- --- --- - duoN 0¥~ S9%  .0F[+ 3@ sSow 7
10°1 82 €2 087 9¢ "0 02~ ¥9%  4.0f[+ 3® SO 7
6€°1 6¢ cants Ll 2 050 02- €9%  d.0t1+ 3B sow 7
GZ°¢ 68 9e L 20°¢ 80°1 ¢ 9% Jd.0t1+ 3esow 7
98°2 8L L9 S6°2 L6°0 2¢ 19%¥ Jd.0t1+3esowy
69 °¢ 201 9°8 21°¢ 81°1 0§ 9% Jd.0F1+ e SOWE 2
=
ye ¢ 6 Clisys 60 °¢ 80 °1 06 6S¥ J.Ct1+ 3esow P
S0°g 8¢l 8°11 pe e 16°1 SL 8S¥ Jd.0v1+ 3e sowr g
S9 % 0¢l 801 (47 0¥ °1 SL SS¥  A.0t1+ 3 sow 7
29 ¢ €L 1°9 88 °¢ 16°0 02- L9% SUON
96 ¥ el SISl 8 't 1S 1 (43 LYY SUON
08 °S SSI S°¢el g ¢ SL°l SL (0} 64 SuoN
ym qi/ym mcm\:%. <A ‘98BI OA ayy ‘Ayoeden d, ‘ rduwaag, *‘ON 11°D 93®I038

‘A8aaurg Kjytsua(q ABxaur jutodprn

J.0%T LV IDVIOLS SHINOWN OML YALAV ANV HSTY4

=STTdD 1490ddQS 41T 40 dTINE HLYNOA HHL 40 HDNVINHOJddHd HOIVHOSIA

IIX dT9V.L




d.G62 3® (12D 31oddng oj177 ysoaJ e jJo aouewIOjIad ¥31eydsig °Q] 2and1jg

SINOY ‘ouwil]

02 81 931 1A 21 0l 8 9 14 Z 0
T T Y T Y i Y T T T 0
11
17
1 =
MDD
T ¥
Y3Ino g ‘PIIng 112D
0¥ ‘ON [I°D
(utw g¢) yw g - (Ut 0¢) vw 021 ‘speo]
11eD 31oddng ajiT i90189(
I “IO0S/ <08 “IDOS "IV YT NS “1/VT QESELENNS

‘1e1uajod 112D

SITOA

420= 442

41




A.027- 3® (12D 3roddng o317 ysaa g e jo adurwIojiad 981eydsiq ‘(] 24n314

SINOH ‘owil],

02 31 oI 1A 4! 0T 3 9 14 Z 0
r— Y T ) T T T T 1 S 0
4 1
0
S
~ o
Z & &
=
S
¢ =
w
ADO
-
14
yjinoq ‘PIInd 1120
L9¥ ‘ON TI®D
(utw 0¢) v 6 = (U 0¢) VW 021 :speor]
112D 3xoddng aJ1] t901A9(
D ‘UUD0S/?0S "1D0S *YIDIVIT WS "1/11 twayshg

0€0 -4




A.0F1 3€ 23EI0IS SYJUO 7 19YV
d.6L 3® 12D 3roddug 9J1T © jo 2dUBWIOIA BIeYISIA 07 2INIg

0¢

sanoH ‘swiiJ,

81 91 Pl 2l 01 8 9 . 4
r T T T T T T y ’ .
ADO
y3jino g ‘PIIng 112D
SS¥ ‘ON TI®D
(UTw 0¢) VYW 6F - (utw o¢) yw 0zl Bpetl
112D 31oddng o317 :@2143(Qg
D “ID0S/?0S *UADOS *MIIVIT WS *1/V1 tweyshg

SIOA ‘TenIuajod 119D

180 - 22




A.0F1 3€ 288103)S SYJUON 7 123]VY

d.02- 3% 112D 310ddng ajir] € jJo 9duewWIojIad 98deydsyg ‘[Z 2Ind1jy
sInol ‘ot 1],
0¢ 81 gl Pl 21 0l 8 ) 14 Z 0

r Y L T T — v T T T T 0

71
0
o
42 8
m”
<
- ¢ ml
=

ADO
*I

ypnod  ipring 112D

¢9% 0N TI°D
(Ut Q¢) Vw6 = (Ut o¢) yw 0z1 ispeo]
12D 3roddng aj17T t90189(

D ‘UTD0S/?0S “UD0S "PIDIVYIT WS “1/VT ‘wagsAg

2f0 - 4214

U LY G O T vy o

44




After five months storage at 140°F, five cells of the fourth series were tested and
exhibited the results shown in Table XIII. Discharge data for the cells tested at

75°F and at 32°F are shown in Figures 22 and 23, respectively.

5. PRC-90 Batteries

The design, fabrication and evaluation of LLi/SOCI1, batteries around the requirement

for the PRC-90 battery was the result of original project task tradeoffs mutually \
advantageous to the Air Force and Honeywell. Specifically, the fabrication and

testing of nine Spacecraft "A'" units were eliminated and the design, fabrication and

testing of ten PRC-90 Li/SOCI; batteries made up of four cells connected in series

were substituted. To accomplish this within the time constraints of the contract,

cell parts already available in-house were modified. Terminal plates containing the
glass-to-metal seal were long lead time order items of which only 43 were available.
Therefore, a total of 43 cells of the size to be used in the PRC-90 battery were

fabricated. During electron beam welding of the terminal vlate to the cell case,

eleven cells were lost because of internal shorting. FEight batteries were made from

the remaining 32 cells.

e eight PRC-90 Li/ﬁ()C]: batteries were tested according to the prescribed life

support loads. Table XIV summarizes their performance and Figures 24 through

28 show their performance at 75, 32, =20, -40, and -65°F, respectively.

6, Safety Testing

Nine cells irom the first series were subject to short circuit and maximum power

tests, the results being tabulated in Tables XV and XVI, respectively.: Representa- y

tive plots of current, temperature, and power versus time curves are shown in
Figures 29 and 30, The rising portion of the power curve in Figure 30 is attributed
to the existing passivating film at the lithium electrode: this anodic film could also

affect the magnitude of the short circuit current values shown in Figure 29, None

1

of the cells exhibited any dimensional change
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One cell of the first series was subject to forced discharging. Using a constant
current of 120 mA or 5 mA/cm?®, the cell was allowed to go into reversal for 24
hours. Figure 31 shows that the cell went into reversal during the initial portion
of discharge - attributed to passivation at the negative electrode. Neither cell

temperature rise nor dimensional change was detected.

Because of the effects resulting from passivation from the first series of cells,
additional safety testing was performed on the third series of cells. Of the four
cells of the third series tested, two were short-circuited and two were force dis-
charged at 1 amp constant current (28 mA/cm*). All the cells were insulated with

asbestos paper and tested at 70°F without adverse incident.

Representative results of the short-circuit and forced-discharge tests are shown
in Figures 32 and 33, respectively. During the short-circuit tests., the current
peaked instantaneously to about 6.8 amp, and the skin temperature of the case

rose to a maximum of +278°F in 5 minutes.

Under forced discharge conditions of | amp constant current (28 mA/cm?®), the maxi-
mum temperature (+216°F) occurred 15 minutes after 0.75 amp-hour had been
withdrawn from the cell. An exponential temperature decay then occurred as

the cell remained at the 1 amp load for one additional hour.

Additional results that are safety related to these Life Support Cells are:

’ Heating of one cell containing 1.5M LiAlCly SOCI; electrolyte
to 600°F did not cause the cell to explode even after maintaining

this temperature for over three hours.

A group of cells were allowed to be discharged over a weekend; one cell
was found to have ejected itself from the plastic sample holder. Burn

spots were noticed near the bottom of the cell and at the bottom of the

sample holder.
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Figure 32,

Short-Circuit Test of a Life Support Cell at 75°F
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E, ANALYSIS OF TEST RESULTS

The first series of Life Support Cells constitutes the baseline performance for
the entire project. The basic chemistry was the same for the three types of cell
considered; thercfore, the first series of both Spacecraft "A'" and Spacecraft '""B"

cells also represent further extensions of this ba seline performance.

Only one fresh cell of the first series was subjected to the regular discharge test,
because of the unexpectedly severe passivation described in the previous section

under Test Results.
(8 Passivation

The poor performance of the first series of Life Support Cells after only three
weeks storage at room temperature was attributed to a passivation film that
developed on the lithium anode. Previous data identified the passivating film to be
predominantly LiCl with trace amounts of S, which was known to develop during high
temperature storage, but was not expected to be as severe during short term storage

at room temperature.

To confirm the occurrence of lithium electrode passivation, the bottom of a cell
from the first series was removed to permit the inonitoring of both the positive and
negative electrode potentials with respect to a lithium reference. The cell bottom
was separated from the lithium reference by a glass separator and tested in a
sealed glass vehicle. The results shown in Figure 34 substantiate that the causc

of cell degradation is anode passivation.

A postmortem on the same cell indicated no signs of corrosion on the 316L stainless
steel collectors, leads, nor at the spot-welded junction between the cathode lead

and the 316L stainless steel can.
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At temperatures below 75°F, all cells were given a 5 ohm load in an attempt to
reduce the effect of anode film on cell polarization, but to no avail. Only at cur-
rent densities below 0.1 mA/cm? could a passivated cell be efficiently discharged
as shown in Figure 35. Total cell current was 2.4 mA discharged to a 2.0 volt
cutoff. It delivered 1.24 amp-hours and energy densities of 10,8 watt-hours/in?

and 108 watt-hours/lb.

Two cells of the first series were subjected to discharge at 0.1 mA /cm® after 3.5
months storage at 140°F and still demonstrated efficient performance. One cell
was given a 28.6 ohm (¥ 120 mA at 3.2V) pulse load for 5 seconds after 238 hours
of discharge and the other the same pulse load at various intervals as shown in

Figures 36 and 37, respectively.

As a result of this analysis of the effect of the passivating film on cell performance

the following points can be made:

i The passivation phenomenon does not interfere with the cell chemistry,
because heavily passivated cells did not exhibit significantly reduced capacity

when discharged at a low rate.

b. Passivation adversely affects cell performance in two ways: (1) increased
time delay in reaching acceptable voltage levels at the onset of load applica-
tion and (2) decreased cell capacity at high discharge rates, and at low

temperatures.

o The improved performance after high temperature storage of the third and
fourth series of Life Support Cells shows the effectiveness of the measures
taken to counteract anode passivation during this project; viz. adding 5 per-
cent weight SO, to the electrolyte solution and using a good-quality lithium

and LiAlCls.
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The effects of passivation on cell performance of the first series of Life Support
Cells are considerably reduced in the third and fourth series as demonstrated by
their performance after various durations of storage at high temperature. The
fourth series shows a noticeable improvement over the third series that is due
entirely to decreased passivation because the only difference in cell design and
fabrication is the use of a better grade of lithium in the construction of the anode
for the fourth series. Even after 5 months storage at high temperature, cells of
the fourth series show considerable capacity when discharged at the prescribed

rates.

Cells from the fourth series after 5 months storage at 140°F were discharged at

1 mA/cm? (36 mA) (greater than ten times the discharge rate of the low rate dis-
charge of the first series) and at 2.0 mA/cm?, Their performances are shown

in Figures 38 and 39, respectively. The cells exhibited at least 98% of the capacity

of a fresh cell (nominal 1.60 Ahr).

& Effect of Temperature

The results of discharge testing of cells in all series, both fresh and after high
temperature storage, show a deterioration in performance characteristics at
temperatures below room temperature. The deterioration includes lower cell
capacity and midpoint voltage and longer delays in reaching 80 percent of mid-

point voltage at the start and during a change in the load of a discharging cell,

Data for the third build of cells illustrating the effect of temperature on cell capacity
are shown in Figure 40 and on midpoint voltage in Figure 41. Capacity data as a
function of temperature for the fourth build is shown in Figure 42. The figures

also show performance after storage at high temperature.

e Cell Performance

The optimum performance demonstrated by a Life Support Cell during this project

was that of a fresh cell of the fourth series, which exhibited the following:
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Capacity - 1. 75 Ahr
Energy Density/Vol - 13.5 watt-hours/in’
Energy Density/Wt - 155 watt-hours/1b

These results approach the ultimate performance goals that will be required for
future Air Force application as described in the Statement of Work and even exceed
the goal set for energy density by weight. They further compare favorably with
the best performance of a fresh cell of the first series fabricated to provide base-

line data and representative of the state of the art at the start of the project:

Capacity - 0. 85 Ahr
Energy Density/Vol - 7.1 watt-hours/in’
Energy Density/Wt - 70. 8 watt-hours/1b

These results represent the best performance from ea ch respective series of
fresh cells tested at room temperature. As described above, the performance
deteriorates in cells stored at high temperature and discharged at lower than room
temperature. The test results show, however, that these deteriorating influences
were considerably abated in the later series of cells, that incorporated changes

identified and developed in cell improvement studies carried on during the project.

The discharge time and battery voltage of the PRC-90 batteries, an adaptation of
| the G3013 Life Support Cell, are consistent with the fresh cell data provided by
the Life Support Cells. The battery can operate above 10.0 volts at temperatures
as low as -65°F. The discharge time ranges from about 19 hours at +75 F to §
1.2 hours at -65" F. :
One of the batteries discharged at +75°F exhibited very early voltage drop to 10.0
volts after 2 hours of run time. The cause of this problem was due to an a bnormal
| behavior in one cell. After about 19 hours of run time had pa ssed, this cell exhibited

a voltage of -68 mv at the 120 mA load and -24 mv at the 45 mA load. Deep dis-

charging of this cell did not, however, cause adverse safety hazards.




SECTION 1V

SPACECRAFT CELLS

The Spacecraft Cells consist of two tvpes: Spacecraft "A' - a high power output
cell with a nominal capacity of 200 Ahrs, and Spacecraft "B - a low power output
cell with a nominal capacity of 500 Ahrs. Two series each of these ¢ ¢lls were
built and tested, the first series of cach incorporating improvements based on
studies conducted after the first series of Life Support Cells. The second series

of cells of ecach type exhibited performance characteristics that approached the

goals for capacity and energy output set for Air Force applications,

Elaborate safety precautions were taken in ha ndling and testing the Spacecraft

e

e

cells including the use of the Honeywell Ordnance Proving Ground at Elk River, MN. .

and the remote activation of cells. These measures were taken because lone wellts

in-house experience with cells of this type and familiarity with the literaturc on the

subject dictated that caution be observed with cells of this size a nd electrochemical

system.

The chemistry of the Spacecraft Cells is the same as that developed during laborat

studies on the second series of Life Support Cells

A DESIGN AND FABRICATION

lf Spacecraft ""A'" Cell

The design and fabrication effort for the Spacecraft A" Cell resulted in the produc-
tion of two series of experimental hardware cells. Although the project originally
specified that eac h series was to contain 20 batteries, changing requirements 1 el

radeoffs during the course of the project resulted in the production of two cells in

the first series and nine cells in the second series,

ey

\




Figure 43 shows a representative cross section of the Spacecraft Cells and the

Figure 44 photograph applies to each of the two series of Spacecraft "A'" cells
fabricated. The case and terminal plate were positive and made of 316L stainless
steel. The negative terminal was made of nickel and its isolation was provided by
a glass-to-metal seal using a 316L stainless steel header. This header was then
projection welded to the terminal plate. Final closure of the terminal plate to the

cell case was accomplished using electron beam welding.

The hardware and internal component designs for the first series of Spacecraft "A"

Cells is presented in Table XVII.

This basic design was retained in the second series, except that the number of
cathodes was increased from 26 to 27, thus increasing the total cathode area from
4843 cm?to 5029 ¢cm?., The operating current densities under the Spacecraft "A’

load orofile for this final design are:

50A - 9.9 mA/cm?
30A - 6.0 mA/cm?
25A - 5.0 mA/cm?
16A - 3.2 mA/cm?

2., Spacecraft ''B" Cell

The design and fabrication effort for the Spacecraft "B' Cell resulted in the produc-
tion of two series of experimental hardware cells. As a result of changing require-
ments and priorities during the project, the original requirement for [2 units in
each series was reduced to three units in the first series and nine units in the
second series. A representative cross section of the Spacecraft "B'" Cell, shown

in Figure 38 and the photograph in Figure 40 apply to each of the two series of cells

fabricated.
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Figure 44. Spacecraft ""A'" Cell
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Figure 45,




[he hardware and internal component designs for the first series of Spacecraft

""B'" Cells is presented in Table XVIII. 4

[his basic design was retained in the second series. The electrode height, however,

was increased from 3.30 to 4,3 inches to enable the cell to deliver a nominal |

capacity of 500 Ahr by making more active carbon available for the reduction of

2 2

SCCl,. The outer cell dimensions for this series were increased to 3. 63 x 4,25 x i

6. 18 inches.
k3. TEST PROGRAM

ke Project Requirements

Consideration of storage conditions, load profiles, temperature and safety specified
in the Statement of Work for this project governed the overall plan used for cell test

ind evaluation.

Discharge conditions for testing Spacecraft "A' Cells were 50A for the first 30

OA Trom time +31 seconds to time +10 minutes; 25A, from time +10
minutes to time + 60 minutes; 50A, from time +60 minutes to time +61 minutes;
25A, from time +61 minutes to time +120 minutes; and 16A, from time +120 minutes

ntil the voltage drops below 75 percent of the average voltage. Tests were to be

conducted at temperatures ranging from 50°F to 140°F. However., due to modi-
ficaticns 1n the scope of work, resulting in the testing of less cells, both the |
torage and/or discharge temperature were changed to 80°F for all cells, A ‘
oltage delay of no more than 5 milliseconds was desired.

Discharge conditions for testing Spacecraft '"B'" Cells were a constant 0.417 A with
two pulses of 5 seconds duration each, spaced one minute apart. Fach set of pulses

15 of the same amplitude, 7.5A and 15A on alternate hours. These conditions

were repeated until the voltage dropped below 75 percent of the average voltage.
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Tests were to be conducted at temperatures ranging from 40°F to 120°F, How-

ever, due to modifications in the scope of work, resulting in the testing of less
cells, both the storage and/or discharge temperature was changed to 80°F. A

voltage delay of no more than 5 milliseconds was to be achieved.

i Description of Tests

For safety reasons, a test program was devised for the testing of Spacecra ft

Cells which would eliminate contact between personnel and the activated cells. The
tests were conducted at the Honeywell Ordnance Proving Ground in Elk River,
Minnesota, according to the set-up shown in Figures 46 and 47. Test boxes were
insulated for controlled temperature testing, Not shown were x-rod shaped ~harges
located so as to destroy discharged cells. The set-up shown in Figure 46 was used
to store Spacecraft "A'' cells, and discharge fresh and store Spacecraft "B" cells.
Discharging fresh Spacecraft ""A'" cells and safety testing of these cells used the

set-up shown in Figure 47.

An in-house built electrolyte activation scheme (shown in Figure 48) was used. It
was prepared in the following way: (1)a 1/4'" OD Swagelok port connector with a
1/4" Swagelok nut was welded to the terminal plate of the cell; (2) a one-way Whitey
ball-valve was screwed onto the nut; (3) the outlet of this valve was connected to an
11-foot 316L stainless stcel tube with a 1/4" OD. (An 8-inch diameter port provided
entry into the control house.); (4) a one-way shut-off valve was connected to the end
of the 11 foot tube, the other end of which was connected to a ""T'" union; (5) the "T"
union connected the electrolyte reservoir with a vacuum pump via Teflon lines

fitted with Swagelok nuts, one of which was connected to the reservoir and one to the
vacuum pump by a one-way ball valve. After activation, the outlet of the shut-off

valve was disconnected from the "T' union and capped tightly with a Swagelok cap.

Spacecraft ""A" Cell

I'he test plan for the Spacecraft "A" Cells consisted of discharge testing, storage

testing and safety testing.
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discharge tests were performed using the circuit illustrated in Figure 49 at

ntrolled temperature of 80°F. Cells were allowed to remain for two hours
clectrolyte filling under OCV conditions before discharging. The discharge

conducted according to the prescribed load profile for Spacecraft ""A' Cells.

¢ basic raw data collected was (1) cell voltage versus time and (2) voltage

ility within 5 milliseconds after load change.

I'he storage test consisted of storage at 80°F for periods of 1 and 3 months,

stain safety data for high discharge rate applications, discharged cells from
oth the first and second series were subjected to continuing discharge after the
itoff voltage was reached (forcing the cells into reverse polarity) and to charging
st (first series). One cell of the final series was subjected to short circuit testing.
I his test was conducted using No. 8 size copper wires series-connected through a

unt and a relay. The total loop resistance of this circuit was 0.026 ohms.

Spacecraft "BY" Cell

st plan for the Spacecraft ""B'' Cells also consisted of discharge testing,

ge testing and safety testing.

scharge tests were performed using the circuit illustrated in Figure 50 at a
olled temperature of 80°F. Cells remained for two hours after electrolyte

it OCV conditions before discharging. The discharge was conducted accord-

he prescribed load profile of Spacecraft '"B" Cell. The basic raw data

cd was (1) cell voltage versus time and (2) voltage stability within 5 milli-

of load change.

orage test consisted of storage at 80°F for periods of three and six months.
2 I
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To obtain safety data on these large, low discharge rate cells, one cell of the
first series was subjected to a charging test and one to a polarity reversal test
using discharged cells. Two cells of the second series were subjected to short-
circuit testing. Voltage, current and temperature data were monitored through-

out the tests,

(&P TEST RESULTS

b Spacecraft ""A! Cell

This section contains results of tests on Spacecraft "A'" Cells conducted in response
to the project requirements. They are reported by serics except that safety testing

is reported in a separate subsection.

Of the two Spacecraft "A'" Cells of the first series, one was subjected to discharge
within 2 hours of cell activation and the other after 45 days of storage at 95°F

+ 18°F. The voltage and temperature history of both cells during discharge test-
ing is shown in Figures 51 and 52. The voltage delay characteristics of the stored

cell is shown in Figure 53. The fresh cell exhibited no voltage delay.

The fresh cell delivered 166.2 Ahr of capacity and energy densities of 11. 6 watt-

hours/in® and 153 watt-hours/lb. The stored cell exhibited a 7.7 percent degrada-
tion in capacity and a 10.3 percent drop in energy densities. Neither « ell exhibited
thermal runaway, and both maintained a voltage regulation within £ 10 percent over

95 percent of useful life.

Three of the nine cells of the second Spacecraft '"A"" series were short circuited
during electrode stack insertion into the case and after electron beam welding of
the terminal covers. Of the remaining six cells, one was safety tested, one dis-
charged fresh, two discharged after 1 month storage ind two after 3 months storage
at 80°F. The discharge history of the fresh cell, a typical cell after 1 month
storage, and a typical cell after 3 months storage are shown in Figures 54, 55,

and 56, respectively. Voltage delay data of the stored cells are shown in Figure 57.
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Safety tests were conducted on the Spacecraft ""A'" Cells to determine the effects
of charging already discharged cells, or of continuing discharge past the ¢ utoff

voltage, forcing voltage reversal. A short circuit test was also conducted.

After the cutoff voltage was reached on the first cell tested, the discharge was
continued. The voltage remained positive for one minute and then electrode

polarity reversal occurred. (See Figure 58 for analysis of voltage and case tempera-
ture versus time.) Nothing unusual occurred in the first 15 minutes while subjected

to a 16A load (the steady state load for this type of cell). The load was then increased
to 25A. Three minutes later the case temperature rose rapidly from 121 F to 147°F
accompanied by a ''pressure release sound' of moderate noise level. W ithin one
minute after the noise, case temperature rose rapidly to about 196°F, Three
minutes after that, the case temperature decreased to about 149°F (not shown on
figure). (Above ''pressure release sound' may be due to breakage of the glass-to-

metal seal ) The cell did not explode and was destroyed by the charge placed on the

cell before activation.

After the cutoff voltage was reached on the second cell tested, the cell was put on
charge at a constant current of 16A. After 62 minutes, the cell exploded. Salvaged

parts are shown in Figure 59.

One cell of the final series was allowed to undergo a deep discharge through 0.0
volts and was then subjected to cell reversal for about 36 minutes at a constant

current of 16.4A. Neither violent reactions nor cell venting were detected.

Another cell of the final series was subjected to short circuit testing. For safety
reasons, the lowest resistance which could be applied was 0. 026 ohms. After 37.5
minutes, the battery voltage dropped instantly to 0. 35 volts and the battery exploded.

(See Figure 60 for an analysis of current and case temperature versus time during

this test.)
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Figure 58, Reversal Test Data for a Spacecraft "A'" Cell (Final Build)
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2. Spacecraft ''B' Cell

This section contains results of tests on Spacecraft "'B' Cells conducted in response
to the project requirements. They are reported by series except that safety testing

is reported in a separate subsection.

The discharge histories of a fresh Spacecraft ""B' Cell and of one stored at 84°F for
48 days are shown in Figures 61 and 62, respectively. The fresh cell delivered
390.1 Ahr of capacity and 16. 4 watt-hours/in’ and 262 watt-hours/lb of energy
density. During the 863.4 hours of discharge, the average voltage was at 3.6 volts
more than 95 percent of the time. After storage, the cell exhibited no change in

voltage characteristics, but the capacity and energy density dropped 2.3 percent.

The discharge history of fresh Spacecraft "B'" Cells from the second series as well

o

as cells stored at 80°F for 3 moaths are shown in Figures 63 and 4. Voltage delay

characteristics on the cells stored for 3 months are shown in Figure 65,

In order to determine whetherthe cathode structure used for the Spacecraft "B"
Cell can sustain higher continuous discharge rate, one cell from the final series

was discharged at the 100-hour rate. These data are shown in Figure 66.

Safety tests were conducted on the Spacecraft "B' Cells to determine the effects
resulting from charging cells at a constant current, from reversing « ell polarity,

or from short circuiting the cells.

One discharged cell of the first series was subjected to a charging test at 7.5A
and 15A constant cuarrent. Voltage and case temperature data versus time are
shown in Figure 67. It is noteworthy that this cell was able to accept 7.5 hours ol

charge without generating a hazardous incident. In contrast, the Spacecraft "A"

Cell exploded after accepting charge for only one hour.




Jd.L8 3e (Uud1sa@ IYyvy 00¥)

119 ndg,, B¥eIdededg Yysaa g e Jo 9dUBWIOJISg 93IeYdSYg '[9 2In3r g
SINOH ‘auwIr]
006 008 00L 009 00¢ 00% 00¢ 002 001

T T T T T T T T T 0

0°1
Q
(o]
0z &
5
m.
30D A 88" )
L 3 : ot §
Jﬂ’ W.ﬂ

PrOTy S shd v 0G| L
0°%

PESHIRS SN IRYAG N
peor] 9s®g V LI¥ "0

292 - q1/I4m

b91 - JUT/IYym

1YV 1°06€

a1yoad €, Werdddedg

(PTG 3s1) 112D g, Werd9dedg

D ‘““1D0S/?08 *1D208 FIDIVIT WS "1/¥1

:Ajtsuag ASaaur

:A3t0edR)
‘peOr
tao1A9(
rwa3ysAg

180~ 24

104




Jd.¥8 e a3e103g sheq 8y 19UV Jd.68 3T (USIsaQ
1Yy 00¥%) 119D .9, Werdadoedg jo aduewI0jIad 93aeyosig ‘29 24n31 g

SaANoy ‘awr]
0001 006 008 00L 009 00§ 00% 00¢ 0072 001 0
1 1 T L { G i T T T T 0
4 0°I
4
<402
5 ,b
5 o
JJOMD A §8°7 g
4 o¢ <
o g
peorT dsind Vv 0°S1 |\ 0°F
peoT @sIng v G °L
peorT @sed V L1¥°0
967 - qr/Iym
91 - [UL/IYym :K31suag ASasu
1YV 18¢ :A3roede)
orjoId ,,d,, Peadedwedg ‘peor
(P1Ing 3sS1) 112D ., d,, ¥eidadedg 1901A2Q
D ‘U1D0S/?0S 21008 FIDTVIT NG "1/11 fwayshg
es0- L}




d,08 3e (urse@ 14y 009)
112D 1y, 3JeIDIDBGG YSaa g ® Jo 9durwWIOjIag d3aeyosi(g ‘¢9 2angd1 g

SINOH ‘aul],

00IT 000T 006 008 00L 009 00¢ 00% 00¢ 002 001

v ! ' I T I 1 T T T T

I

LB

peoT @sind V 0 "Gl I\

peoT 9siid V S °L

peor] 98Ind V L1¥°0

292 - q1/14yMm
2°L1 = uY/aum :Aytsuag ASioug

1Yy 26¥% hyoede)

°[yoId ,,d,, Wes ddedg ‘peorT

(P1Inq pug) 119D ,,d,, Weid3dedg 190149(

D ‘4D08/208 #1D0S - *IDIVIT WS "1/ 1wa3sAg

0°2

0°¢

0¥

§I0A ‘Tejuajod (12D

880 -4




d.,08 3 28v1038 SYyjuopy 921yJ 193y (ulrsaQg

1YV 00S) 11°D g ¥eidededg e jo aduewIojaad 981eydsiq ‘$9 2an31g
sanoy ‘swrfg,
0021 0001 008 009 00¥ 0072

T T T T T T 0
6t £
g
2
o
2
2
0z &
<
o)
pr
w

0"t

/
peOTT 9sihd V 0 'S1
peoTT °snd V G L
peorT punoadyoedq vV L1¥ 0 0°¥

292 - qU/4ym -- €°L1 - Ut/aym  :4jyisua@ ABxdug

Y4V G '¥s¥ :Ajroeden

arjoad ,,d,, ¥eroasedg ‘peory

(p1InQ pug) 112D €, WeId9oedg 1901A0(

D ‘?1D0S/%0S *?1008S *1D1VIT NG "1/11 iwa3shg

0%0-44

107




Ad,08 3e 29838I03G SYJUOJN @2aY], I23JVy (udisa(Q
IYVy 00S) SI1°D ,,g,, ¥eid9dedg jo J,08 3e Aeje @8e3[0A °G9 2an31 g

SPUODISI[IIN ‘dwWIL],
00¥% 002 0 00¥% 002 0 00% 002 0
| |} T T 0
<40°'l O
o
o
@)
M o0
- =
2.
-10°2 *~
=
e,
4
HSTIPD omT,,
—0°¢
Vo o “-l \
YV E L V S1
V L1¥°0
0°¥
(PTINg pU?) 112D /g, P¥eidodoedg 1901A9(Q
D “UUD0S/?0S -21D0S FIDIVIT WG '1/11 ‘weysAg

190-44




d.,0L-09 3e 238y INOH-(00] 243 3e (udlsa(
14y 00S) 112D ., d,, ¥eideoedg e jo aduewaiojiad ad1eydsi ‘99 2an3dig

SInop ‘swrtg,

0Z1 001 08 09 0¥ 02 0
r T T T =T T 0

Q
o
<1 01 =
3
0 % -
5 x
-1 02 .A
o
o
- 0°¢
982 - qI/IUyMm
9°91 - mca\“ﬁ::ﬁ :Ajtsua(g A8asuyg a4 o'
UV 9 LTS :A3roedE)
LU /yun ) T tA3TsUd( JudIaIny
wyo ) *( ipeory
(PITNQ 3s|) [T®D ,, €, PeId3deag i921489(Q
D ‘UDOS/?0S -AD0S "1DIVIT WG "1/ fwaysfg

CLO-94




jusxany) juejsuo)
e 3so Burdaey) - (uS1saQ IYV 00G) 119D €, Weid9dedg -,9 aandry

SINOoH ‘Lawrg,

8 L 9 g ¥ € I 0

oL+ T T T T T T 0

e 0°1
- G
o ®
5
o [
v 08+ F = prg ™
2. )
g o
e o
= -
() o
a 0°¢ -
o = 3 -

3 8+

kv <
2 <
v 3

06+ 0%

VSl \.ﬁlv VGL
V Sl
ver  \ doc
T.067 TS T YO 0°9
(P1Inq 3s1) 112D g, 3yrID3d®dg 190149
2 ‘IDOS/?0S -A11D0S P IDTVIT WG *1/1T twajsg

290" 11




Another discharged cell of the first series was subjected to a reversal test at 15A

constant current. Figure 68 presents voltage and temperature data versus time.

Again, no hazardous incident occurred even after five hours of polarity reversal.

Two cells of the final series were subjected to short circuit testing. (Actual loads

of 0.020 and 0.026 ohms were applied due to the resistance of the shunt wiring.)

Data drawn from Table XIX are presented in Figure 69 showing plots of current. case
temperature and power as functions of time. Ambient temperature during the test
ranged from 65°F teo 75°F . The maximum case temperature reached was 214°F,
which is 16° below the melting point of sulfur and 142° below the melting point of
lithium. Results indicate that these low discharge rate cells can be safely short-
circuited for at least one hour (longer tests were not conducted. ) After removal of
the short circuit, this cell was permitted to remain at OCV for about 18 hours. The
cell was again reshorted for about 30 minutes exhibiting a peak current of 44 ampere.
Approximately 35 minutes after removing the short circuit, this cell was subjected
to rifle fire. Three (3) .22 long rifle slugs caused no change in cell performance
(OCV) although the can was dented. A fourth .22 long rifle slug penet rated the can

and some sparks and smoke occurred. The voltage droped to 2. 70 volts,

Shots with an M-1 (30-06) rifle were taken. During this time the voltage fluctuated
around 2.75 to 2.80 volts, decreasing to 2. 12 volts and rising as high as 3. 15 volts,

) -
{

then decreasing to 1.87 volts and rising to 2.87 volts. At this time the case was

penetrated by a 30-06 slug and an explosion occurred. A large « loud of white smoke

engulfed the test pad.

I3 ¥ ANALYSIS OF TEST RESULTS

Vs Spacecraft "A' Cell

Figure 70 summarizes the performance results on the final series of Spacecralt "A’

Cells. After one month storage, capacity and energy density performance degraded

by about 13%. This degradation rate then decreases an additional 2. 9% with respect




jusiany jueISUO) YG| 3®
389 ] [esi19a9y - (udrso@ IYvy 00%) 11°D .. g, ¥erosdedg -°gg ain3rjg

SINOH ‘Quwir],

9

2 0°9-
T
(e}
0]
=
] N .
L .
HL
0
o]
]
[=f ON = O.NI
V]
~
()
bre)
A
)

0¢ —
m 0
@
~
()]
Q.
8
P (0374 = 0°2+

05 0¥+

d.9¢
(PTIng 3s1) 112D ., g, WeId9dedg
D ““1D0S/%0S **1D0S FID1VIT WS “1/171

:dwa J, xog
i90189(Q
twayshg

SI[0A ‘TPLIUajod (12D

£€90- 42

112




SHORT CIRCUIT (= v.u2 OEMS) TESTING OF A

SPACECRAFYT "B CELL

Time, Minutes Voltage Current, Amps. . Tomnpneyature, °F
0 1.85 119 G4
1 1595 104, 6 -
2 2.00 100. 8 6
3 2.03 L S 71
4 2 .05 98.8 7
5 297 98.2 80

10 2,09 98. 6 97
15 2.97 96. 6 113
20 2,03 95 132
25 1.96 92.4 142
30 1. 8% 91,8 156
35 1.68 84 172
40 1.49 78.4 190
45 Ee 11 61.2 202
50 .71 43 208
55 =Dl 36,8 210

60 .52 34,6 214
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to the capacity and 7.0% with respect to the energy density after 3 months of

storage. A linear drop in cell voltage occurred at a rate of 50 mv per month.

Continued drop in the instantaneous cell voltage and voltage delay time based on
the first 50A (9.9 mA/cm? pulse were exhibited during the course of cell storage.

After one month of storage, the voltage delay time was 80 ms to recover to 2. 49

volts (759 of the average load voltage), This recovery time increased, after 3
months of storage, to 320 and 560 ms to reach 2.45 volts (75% of the average load
voltage) for the two cells tested. Voltage delay was exhibited at only the starting
50A pulse.

A Spacecraft '""B'' Cell

The capability of the second and final series of Spacecraft '""B'" Cells to deliver a
nominal 500 Ahr capacity was demonstrated via discharging a cell at the 100-hour
rate (1.7 mA/cm?. A lesser output (452 Ahr avg) was obtained at the prescribed
Spacecraft ""B'" loads whereby cutoff voltage was dictated by the 15A pulse (5.8

mA/cm?) to a cutoff voltage based on 807 of the average load voltage.

Neither cell voltage nor capacity showed any degrading trend based on three months
of storage at 80°F. Discharge performance data for all Spacecraft '""B'" Cells tested

are presented in Table XX. !

Two Spacecraft '""B'" Cells of the second build were to be discharged after 6 months
of storage. The six month storage period was completed on 15 November 1976.
Since no degradation due to storage had occurred in three months and OCV values
were good (3. 68V) after 6 months of storage, the benefits of discharging these two
remaining cells after 6 months storage was questioned. The technical people at
Honeywell and the Air Force involved in this contract agreed that longer term
storage would better serve the needs of the Air Force and therefore storage and
eventual testing of these two cells will be continued by Honeywell at no cost to the

Government,




TABLE XX

DISCHARGE PERFORMANCE OF SPACECRAFT "B'' CELLS

Storage Temp: = 80°F

Discharge Temp: = 80°F

Cell* Storage Discharge Capacity FEnergy Density
Build Time ILead Delivered, Ahr Whr/lb Whr/in®
First None Spacecraft "B" 390 262 1o, 4
First 1.5 months Spacecraft ''BY 381 256 Lo, ©
First 1.5 months Spacecraft "'B" 354 238 14.8
Second None Spacecraft "'"B" 452 257, | AN
Second None Spacecraft ""B" 444 257 [o. 9
Second 3 months Spacecraft "B 455 262 17, 3
Second 3 months Spacecraft "B" 455 262 il O
Second 6 months At the completion of this contract, OCV values were 3. 08\
for both Cells. Due to the need for long term storage.

Second o moaths these cells are still on storage at 80" F.

Second

Note:

None

0.7 Ohms 518

The cells tested under the Spacecraft "B' load profile were considered complete when

the 15 A pulse load first reached 2. 88V,

Approximately 10% more capacity was delivered

before the voltage of the background load (0,417 A) reached 2. 88V,

First and Second cell builds were of identical designs except that the cells of the

second build were larger. Cell dimensions are: First build - 3.6 inches x 4.3 inches x

5.5 inches; Second build - 3.6 inches x 4. 3 inches x 6.2 inches.




After the three month storage period, voltage delay was not displayed at either
the 0.417A background load or the 7.5A and 15 A pulse loads based on recovery

time to 807 of the average load voltage.

Operation of the Spacecraft "A'" and "B" Cells under the normal discharging and

deep discharging modes did not cause any adverse pressure venting and/or explosions
to occur. The high rate Spacecraft "A'" design is more dangerous since it exhibited
either instantaneous pressure venting and/or cell explosion when subjected to
charging, polarity reversal and short circuit testings. For the low rate Spacecraft

"B'"' design, neither pressure venting nor cell explosion occurred when they were
’ I J

charged, force discharge into polarity reversal or short circuited.




SECTION V

CELL IMPROVEMENT STUDIES

A. GENERAL

The Statement of Work for this project called for exploratory development to
improve the performance of the cells. The laboratory studies conducted were

based on Honeywell's previous R&D experience with the Li/SOC], system, familiarity
with recently published material, and the results of various tests on the first series
of Life Support Cells. Particular attention was focused on (1) negative electrode
passivation, (2) optimization of the positive electrode structure, and (3) electrolyte

studies.
B EXPERIMENTAL TECHNIQUES

As a result of previous experience with the Li/SOCI, system, Honeywell employed

several devices and techniques that have proved useful in diagnosing the cause of

poor cell performance and either effecting improvements or identifying promis- l
ing areas for further exploratory development. Some of these devices and |
techniques are: (1)a laboratory cell sealed in a glass test vehicle, (2) cyclic

voltammetry for determining anodic film thickness, and (3) scanning electron

microscopy for analyzing the surface structure of anodic films. Standard tech-

niques were used also for measuring the vapor pressure, density and other

properties of the electrolyte solution and for the preparation of an improved

electrolyte salt.

I Laboratory Cell
Figure 71 shows a typical laboratory cell in a sealed glass test vehicle. This cell

used a three-plate electroide configuration., It was used to « onduct studies for
improvement in cathode structure and to determine the vapor pressure build up

during cell discharge. The glass vehicle was also used to obtain vapor pressure

data on electrolyte solutions as a lunction of temperature.
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Figure 71. Typical Laboratory Cell in Sealed Glass Test Vehicle




2. Cyclic Voltammetry

Severe polarization of the anode revealed during testing of the first series of Life
Support Cells prompted the use of cyclic voltammetry to investigate the purity of
the electrolyte solution. Also the improved voltage delay performance of some
partially discharged cells prompted its use ia evaluating the effect of employing
additives based on the discharge products. The technique also proved useful in

making approximate calculations on the thickness of film formation at the working

electrode.

All the conducted experiments used a Princeton Applied Research Electro-
analytical Instrument Model No. 170. A pola rographic cell, Model No. 9312, was
employed and it comprised of a lithium reference electrode, a working platinum
electrode and a platinum auxiliary electrode. Before each experiment, the

surface of the working electrode was wiped with a soft paper cloth and then rinsed

in distilled water. Scan rate was fixed at 100 mv/sec.

3 Scaaning Electron Microscopy

Further information concerning anode passivation was obtained by observing the

LiCl film with the aid of the scanning electron microscope. It was impossible to |
obtain photomicrographs of actual cell anodes because the glass separator could :
not be removed without damaging the lithium surface. Photomicrographs were !

obtained, however, of lithium strips stored in sealed glass ampuls in the clectrolvte

solution selected for study.

i (SalT.

After a specified period of storage, the ampuls were broken and the specimens
thoroughly rinsed in pure SOCl,. After allowing the specimens to dry in a desiccator,
they were pasted onto aluminum mounts with Ag paint. Up to this point, specimen g

preparation was conducted in a dry room with RH £5%. Neither dry room nor glove f
g

box facilities were available at the SEM site. Therefore, the time period required




to transfer the specimen mount to the microscope chamber was kept to a minimum
and was never allowed to exceed ten seconds. Coatrol specimen using pure Li

confirmed that no "artifacts' were created during this ten second time period,
G ANODE STUDIES

The unexpectedly severe passivation of the anode that occurred on the first series of
Life Support Cells after only 3 weeks storage at room temperature caused most of
the cell improvement effort to be directed to the solution of the anode passivation
problem. As stated earlier, the entire second series of cells was employed in

1 laboratory studies addressing this problem. One approach to solving the passivation

problem was based on the following considerations:

: The poor voltage delay response and poor cell capacity of the first
series of cells proved to be largely caused by the passivated condition

of the lithium anode.

: It was observed that partially discharged cells exhibited temporary
improvement in voltage delay response after storage when compared

with fresh cells.

g Honeywell's analysis of the chemical reaction during discharge was:

4Li + 2S0OClI, —= 4 LiCl + SO, + S (1)

These considerations led to studies of the effect of pretreating the lithium anode
with anhydrous SO,, hopefully, to effect a lithium dithionite coating, using pre-
discharged electrolyte, and doping electrolvte solutions with various amounts of S,
S + SO, and SO, (a concept borrowed from the Li/SO, technology). The effects of
these modifications were analyzed in laboratory cells and on the anade itself by
means of cyclic voltammetry and scanning electron microscopy and on the second
series of Life Support Cells by varying the chemistry of the electrolyte as described

in Table XXI.
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Also considered in the studies of anode passivation were the quality and purity of

materials used in cell fabrication especially the electrolyte salt and the lithium.

| ¢ Analysis of the Passivation Problem

Previous Honeywell work on the lithium inorganic system indicated that the cause

of lithium passivation is due to the LiAlCl,4 salt. X-ray diffraction and x-ray energy
dispersive studies identified the passive film at the lithium surface to be predominantly
LiCl and trace amounts of sulfur. Dark field optical microscopy and SEM work

showed conclusively that the lithium surface remained clean for as long as one year

at 165°F when exposed to pure SOCI, containing no salt. Presence of excess AlICl;

in the salt can accelerate the growth rate of the anodic film. Strong evidence exists

to support this adverse role of AICl; on film formation based on detailed morphologi-
cal studies on lithium surface exposed to electrolyte solutions doped with excess AICIl3*,
It is imperative then to determine the effect of different grades of the LiAlCly salt on

the relative degree of negative electrode passivation.

Based on the results obtained through x-ray diffraction and gas chromatographic
analyses, Honeywell believes that the overall cell reaction during discharge in the

Li/LiAlCl14:SOCI1,/SOCI1,:C system is:

4 L4 + 280CL, ——— 4 LiGE + SO, + 5

Lithium chloride exists as the insoluble solid product at the cathode during dis-

charge. The observation that partially discharging a cell can provide a temporary
solution on minimizing Li passivation directed importance to the functional role of
SO, and S. It is further believed that on a partially discharged cell stored at 140 'F

and above, a concomitant reaction:

2S80Cl, + 38§ — 285,Cl, + SO, (2)

* Work performed by Honeywell prior to award of this contract.




could occur which gives stroanger support to the beneficial role aof SO, in minimiziang
anode passivation. The proposed reaction (2) could be used also to account for the
lower capacity output obtained at high temperature and also the trace amount of

sulfur detected on the surface of the Li stored at high temperature.
Sulfur dioxide may act as a complexing agent in the SOCI, solution. The solubility
of SO, in pure SOCI, is 5. 0% by weight and 11.5% by weight ina 1.5M LiAlCl,-SOCI,

solution (See Electrolyte Studies).

2. Iavestigative Procedures

Based on the analysis of the passivation problem discussed under the preceeding

heading, the following variables were investigated:

: The use of purer and better quality electrolyte salt.
: The use of partially discharged cells.
. The use of electrolyte from cells discharged in laboratory cells.

Pretreating the lithium anode with SO,.

: Doping the electrolyte with S, SO, and S + 50, 1n various quaantities.

The c¢ffects of these variables on the passivation problem were analyzed as

follows:

e Measuring the voltage delay and capacity characteristics in laboratory
cells.
b. Evaluation of the anode film structure and thickness by cyclic voltammetry

and scanning electron microscopy.




C. Fabricating hardware cells containing all possible electrolvte variations

and discharging them after storage at high temperature.

When the investigation indicated that doping the electrolyte solution with SO, was
the most effective response to the passivation problem, the effect on a strip of
lithium of partial immersion in an electrolyte solution containing 0%, 5%. 10%,

and 207 by weight of SO, was determined.

When the third series of Life Support Cells exhibited poorer performance than
expected after storage at high temperature, it was attributed to a worsening of
the passivation problem. A group of hardware cells were fabricated to investigate
all possible variation between the better performing cells resulting from studies on

the second series and the cells of the third series.

s Results of the Anode Studies

The following is a summary of the results of the separate investigations into

possible causes of anode passivation and remedies to reduce it:

a. Cyclic voltammograms (Figure 72) indicated distinct difference among the
three grades of LiAlCl4 salts (See Electrolyte Studies). The peak area is
relatable to film thickness using a model calculation proposed by Shaw
Film thickness calculations presented below show detrimental effects of the

poorer quality LiAlCly prepared by a vendor from an organic solvent.

Calculated Film Thicknesses on Platinum Surface
From Cyclic Voltammetry Data

Preparation Method

of LiAlClg Temperature, °C Film Thickness, A
Supplied by vendoi's patent pending 24 896
Methathetical 24 293
Fused 24 259

1

M. Shaw, "Electrochemical Characterization of Systems for Secondary Battery
Applications', NASA CR-72069.
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d.

These calculations are consistent with the hardware results (Life Support
Cells) based on high temperature storage,

Doping the electrolyte solution with 5% by weight of SO, caused the
greatest reduction in the effects of anode passivation. Laboratcry and
hardware cells so doped exhibited better voltage delay response characteris-
tics and cell capacity after high temperature storage when compared with
cells with undoped electrolyte, cells doped with different amounts of SO, or
other doping, and cells partially discharged or containing discharged elec-
trolyte. Typical photomicrographs of lithium surfaces are presented in
Figures 73 and 74, showing respectively a highly preferred surface structure
after high temperature storage in an LiAlCls SOCI, solution containing the
fused salt and 5 percent by weight of SO, dopant, and a highly passivated
surface after high temperature storage in the same solution containing salt

srepared in an organic medium with no SO, additive.
I P § 2

Doping the electrolyte with 107, and 207 by weight of SO, had a detrimental
effect on the voltage delay characteristics and capacity of hardware cells

after storage at high temperature (Figure 75).

The quality and purity of the lithium used in fabricating the anode has some
effect on passivation as evidenced by the superior performance of the fourth
series over the third series of Life Support Cells after storage at high tempera-

tare.

The following procedures resulted in no improvement in ell nassivation:
(1) doping the electrolyte with S and S + SO,: (2) pretreatment of the lithium

anode with SO,; (3) the use of predischarged electrolyte; and (4) nartially dis-

charging cells.
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Figure 73. Surface Structure of Lithium when Stored in 1.0M LiAlCIl,
(Fused): SOCI, + 5% by Weight SO, at 162°F for One Week
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Other noteworthy points are:

1.5M LiAlCls: SOCI, electrolyte solution doped with yellow sulfur

would not dissolve at room temperature. Its dissolution in the electrolyte
takes place only at 140°F and above. All the sulfur in the sulfur-doped
solutions had been pre-dissolved at 165°F before the solutions were
used to fill cells. Once dissolved, the sulfur would not reprecipitate
when cooled providing more evidence for the validity of reaction (2).
Irrespective of the doping levels of sulfur in the solutions, polarization
studies on a fresh cell (cell voltage (E) versus current density (I) curves)
showed that these solutions give exceptionally high cell voltages uader

load. At current density of 3.47 mA/cm®, about 130 mv difference

(baseline cell: 3.37 volts) was obtained when compared to the baseline

cell (1.5M LiAlClsSOCI, solution). The high load voltages could pro-
2)

bably be due to the presence of S,Cl, (reaction (2) - giving rise to two

distinct ""plateaus’’ during discharge.

The first high voltage plateau (3.55 volts) always exhibited very good
voltage regulation. But the second voltage step in the discharge ilwavs
displayed high polarization (Figure 76). The discharge time correspond-
ing to the first step was found to vary directly with the doping level of
sulfur. Significartly, only the first step can be discharged at -20°F
(Figure 77).

Pretreatment of the lithium surface with SO, at 165°F did not effect a
uniform protective coating on the surface. SEM photomicrograph
(Figure 78) showed only discrete crystals (not identified) being formed on

the surface.

Withdrawing only 5% and 107 capacity from cells before they were
subjected to storage at 140°F for one month caused drastic capacity
degradation, as much as 37% and 54%, respectively, when discharged

at 15°F,
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19 BELECTROLY TE STUDIES

I'o effectively evaluate cell reactions, characterization of the electrolyte during
and at end of discharge must be considered. As it was dete rmined in work previous
to this contract that the LiAlCl, salt caused passivation, attempts were made to
evaluate different forms of this salt to determine their comparative effects on the

system.

Three grades of LiAlCly SOCI1, electrolyte solutions have been considered for use

in these cells:

1) ) 15 F

( 2
TR 011 +) DLl A s P LiAICl,- SOCI,

3 4 280-300°F
> 2.1 moles 1413 + 2.0 moles alc,tt! 22200F  gha1c1, (neutral)
soct, '
LI SOCE wiesd  T5F
ﬁ . ) A (4) 75°F NS
3o (X + 1.05X) mole LiCl + X mole AICl; = LiATC] 4 SOC], (basic}

socl,

The fused solution (2 above) had a clear amber color. The metathetical solution

(3 above) was clear and colorless.

The specific conductance of the above electrolyte solutions were found to be equivalent
. NS . 2 o »

using a Jones-type conductivity cell with a cell constant of 100 cm . The conductance

valie of 23 mmhos/cm for 1.5M LiAlICls: SOCL, solutioas at room temperature was

obtained using an AC impedance bridge at 100K Hz.

(1) Purchased material prepared by vendor in an organic medium (patent pending i,

(2} Matheson, Coleman & Bell Grade. Thionyl ¢ hloride is clear and colorless and
was used as received without further distillation.

(3) Matheson, Coleman & Bell Grade. LiCl salt was vacuum dried at 150°C.

(4) Fluka Grade., Water and iron free.

1 5t

___—_—M




Measured density of a 1.5M LiAlCly: SQCI, electrolyte was 1. 683 g/cc at 7T37F.

It reduced to 1.655 g/cec when the electrolyte was doped with 5% by weight of SO,.

The vapor pressure characteristics were significaatly different between the two
electrolytes - 1. 5M LiAlCl,;»SOCI; (Figure 79) versus l.5M LiAlCls. SOCL; + 5

by weight of SO, (Figure 80). As expected, the cells containing electrolyte

solution doped with SO, exhibited higher pressure build-up during the course of
discharge. Using the doped electrolyte solutioa (5% by weight of SOL), a laboratory
cell containing a PRC-90 cell wrap started with a pressure of 5 psig and ended at
14 psig after it had been discharged to 0.8 volt at 75°F. After about one month at

the same temperature, the pressure gage registered 35 psig. This pressure then

remained constant for one additional month.

| Effect of Excess Aluminum Chloride

Flectrolyte coataining excess AJCl; was observed to cause the cell to have high

open circuit voltage; also, it caused even (resh cells to perform at reduced capacity.

Of more importance, however, was its adverse effect u.at(’rials corrosion

during high temperature storage.

Pi Effect of Iron and Water

o avoid possible attack on the materials components by HCI (due to reaction ol

moisture and SOCIL,) and because of the difficulty in drying ATCTs, LAAICIs salts

prepared by the fusion process was sclected to serve as the baseline electrolyte silt.

The LiAICL, salt prepared for the third series of cells contained a lower water con-

tent (1300 ppm) than that used in the preliminary series ol cells (3000 ppm). Since

the performance of the third series was poorer than expected despite the use of lowe
1

water content, it appears that doubling the moisture content trom 1500 to 3000 ppm

does not add. in anyv significant wav, to the degree of Li passivation.
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The electrolvte used to fill both the third and the fourth series of cells contained

0.8 ppm Fe (Fe content of fused LiAlCL: 7.7 ppm). Electrolyte solution stored in

a 304 SS container had an Fe concent ration ranging from 0.3 - 3 ppm after about
months storage at ambient condition, Since the basic cell design was around a

positive case configuration, it simulates the above storage tank condition.

In cases where there was severe lithium passivation, the sources other than Fe

causing the problem were identified.

e Effect of Electrolyte Concentration

In a test to determine the influence of LiAlCl, concentration on cell capacity,
twelve 3-plate laboratory cells witn different electrolyte salt concentrations were
discharged uader flooded conditions at a current density of 5 mA/cm?, 1.0 molar
vs 1.5 molar concentrations of the salts were tested at three temperatures: -40F.

75°F, and 165°F.

The results of these tests are summarized in Figure 81. In contrastto published
(2) . = .

results -~ . these tests show that electrolyte concentrations of 1,5 molar result in

higher cell capacity, However, whether the same conclusion could apply to ha rd-

ware cells still must be confirmed.

4. Effect of Sulfur Dioxide Doping

[n a test which compared the solubility of SO, in pure SOCI, to its solubility in a 1.5M
LLiAICl4- SOCI1, solution, a known quantity of liquid SO, was added to an equivalent
amount of pure SOC1, and to an equivalent amount of LiAlCl,* SOCI; solution. The

mixtures were left at -20°F and shaken to insure proper mixing.

(2} Sealed Primary Lithium Inorganic Elect rolyte Cell, Report ECOM-74-0109-1.

July, 1974.
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r 1

Results of the test showed that the solubility of SO; in pure SOCl1; was 5. 0% by
weight and in 1.5M LiAlCls SOCI, solution was 11.5% by weight indicating that the
LiAlCls salt contributes significantly to the solubility of SO, in SOCI,; electrolyte

solutions. The color of the mixed solution was a clear brown.

The effects of doping a 1.5M LiAlCl4. SOCI; electrolyte solution with various levels
of SO, (0%, 5%, 107, and 207 by weight) were determined in sealed glass ampuls
and in the presence of Li strips after storage times of one month and of ten months

at 140°F.

The following conclusions can be derived from these tests (illustrated in Figure 82):

a. Fresh electrolyte containing 0% SO, is clear and colorless. After storage,

however, the solution becomes a clear yellow color.

bis The coloration of the electrolyte solution was more sensitive to SO, levels

than to storage time or temperature.

Gl The color of the electrolyte solution deepened as the SO, concentration
increased. A sharp change in color occurred between the 07 level and the
other levels. Although a marked change can be noted between the 107 and
the 20% levels, no change at all is apparent between the 5% and 107 levels.

At the 207, level, severe corrosion was observed on the lithium surface.

d. The observations noted in a, b, and ¢ above appear to correlate to the degrada-

tion in cell performance seen with SO, doping concentrations higher than 5%.

15 CATHODE STUDIES

| Cathode Structure

The cell design used for the first series of Life Support Cells was capable of
. : : 8 - 3 A
delivering maximum energy densities of 7.1 watt-hours/in and 70.8 watt-hours/lb.

In the absence of anodic passivation, however, a wide variety of energy densities
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was observed. This performance variability was attributed to the cathodes, which

exhibited variations in voltage when polarized in laboratory cells.

Studies showed that cathode polarization can be attributed primarily to overmixing
the carbon slurry when preparing the cathodes, but that the sintering process also

effects significant polarization.

Changing the internal component designs and preparing the cathodes by an unsintered,
dry-compaction process (rather than a slurry/sintering process) produced signifi-
cant improvement in cell design. These improvements, discussed under CELL
DESIGN AND FABRICATION (Second Series of Life Support Cells) resulted in a

cell design capable of delivering maximum energy densities of 13.5 watt-hours/in?

and 155 watt-hours/1b.

Additional studies showed that optimum packaging efficiency can be attained with

cathodes having a net weight of 800 mg and a thickness of 0.040 inch (See Figure 83).

2ls Spacecraft '"B'' Battery

To obtain an optimum cathode design, cathode capacity was evaluated at four plate
thicknecses: 0.080, 0.160, 0.320, and 0.480 inch. A total cathode thickness of
2.24 inches was used as the design parameter to determine the required number of
plates of a specific plate thickness. By this method, the maximum and minimum
current densities required to meet the 15 A and 0.417 A loads respectively for the

Spacecraft ''"B'' Battery were fixed.

Electrolyte-flooded laboratory cells of the three-plate configuration were used to
evlauate cathode performance. Test cells were discharged continuously at the mini-
mum current density, as a function of plate thicknesses. At various times during

the discharge period, the cells were subjected to 45-second pulse polarization tests.
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\s ecxpected, the average voltage drop and reduction in capacity were shown to
increase with increasing plate thickness (See Figure 54). The 0.080 inch thicl
plate, however, exhioited only ma rginally better performance, a nd the following
idvantages of the 0. 160 inch thickness lead to its selection for the construction ot
the Spacecraft "B" i‘nl'f(‘!‘yt

(

L., Fewer plates required (14 for the 0. 160 inch., versus 25

b, Better handling characteristics.

Maximum volume available to the electrolyte due to use of less inert

materials.,

d. Less chance for internal shorting.
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SECTION VI

CONCLUSIONS

[he capabilities of the lithium-thionyl chloride electrochemical system in terms of
Life Support and Spacecraft applications have been demonstrated in this program.
Three types of cells - the 1.6 Ahr (Life Support), 200 Ahr (Spacecrailt TAYY. and
500 Ahr (Spacecraft '"B'"), were used as vehicles for demonstrating performance
against goals set forth in the Statement of Work for this contract for each of the
three cell sizes. Some goals were achieved while others were not, however, in
all arcas the Lithium-thionyl chloride cell performance capabilities towards the

specified goals was significantly improved.

In addition to the major task of improving and maximizing hardware performance, a
significant portion of this contract was devoted to defining, understanding and pro-
viding solution(s) to two fundamental problems confroating the lithium-thionyl system:
they are 1) detrimental anodic film growth during storage and 2) safety during the
normal and abnormal operation of the system.

Below are specific points that can be concluded based on the experience and obscerva-

)

tion gained in both the laboratory and the developmental hardware phases of this

program.
A, ELIFE SUPPORT CELIL

3est delivered performance for fresh cells were 1.75 Ahr and energy density of
13,5 Whr/in and 155 Whr/lb. On a weight basis, it exceeded the goal by 29%,

while it achieved 75% and 667, of the goals on a weight and capacity basis. respec-

1‘:»«'13.

Interestingly, capacity outputs at temperatures > 124°F were moderately dependent
on temperature. At 165°F, the capacity was reduced by as much as 5.0%., Because

of the higher cell voltage at high temperature, the energy density performance was




not affected and maintained its constancy at temperatures 75°F. A sharper
dependency with temperature was found for both the capacity and ¢nergy density
at temperatures below 32°F. Performance degraded at a rate of approximately

0.9% per degree Fahrenheit,

Starting at 50°F, a moderate 0.05% improvement in the average « ¢ll voltage per
degree Fahrenheit can be achieved above this temperature, but it decreased at a
rate of 0,27 per degree Fahrenheit at temperatures below 50°F. Voitage regula-
tion as defined in the contract Statement of Work of + 3. 5% can be maintained at

75°F. It approached + 2.5% at 165°F and 11.0% at -65'F.

Through the use of 1.5M LiAlCl4 SOCI1, electrolyte containing 5. 0% by weight ol
SO,, storage capability has been extended 1rom 3 weeks at 75°F (First Series) to
5 months at 140°F (Fourth Series) whereby useful capacity can still be obtained at
temperatures > 32°F. Voltage delav, however, was still distinctly present at
these temperatures ( 75 to 32°F ). When the discharge rate was lowered from
2.3 mA/cm* (average life support current density) to 1.0 mA/cm*~, about 98", of the

nominal capacity (1. 60 Ahr) can be obtained at 75°F without exhibiting any voltage

delay.

The Life Support Cell was redesigned and four series-connected cells were built

into PRC-90 type batteries. These batteries were tested to determine the perfor-
mance capabilities of PRC-90 batteries should the Li/SOCI1, technology be used in
the PRC-90 radio. At 75°F the battery had an OCV of 14. 30 volts and an operat-

ing midpoint voltage of 13,30 volts. Delivered capacity and energy density were

.61 Ahr, 11.6 Whr/in and 134 Whr/lb. The battery can operate above 10.0 volts

g A R e 2T e

at a temperature as low as -65°F but at a significantly reduced capacity.

4

J

From the aspect of safety, the Life Support Cells were operated salely under both ‘:
normal and abnormal modes (short circuit, deep discharge, forced discharge into 3
cell polarity reversal and charge) of operations. j




B, SPACECRAFRT “AM CELT,

The delivered capacity was 84", of the project goal of 220 Ahr, This percentage

reduced to 717 after three months of storage at 80°F. On a weight basis, the
energy density met the goal of 175 Whr/lb, and achieved 877 of the goal (15 Whr/in’)
on a volume basis. On the average, the achieved energy density was 707 of the
goals after three months of storage at 80°F.

A typical fresh cell can maintain voltage regulation of +40% and -8.4", over 957, of
the useful life of the cell. Because of the exceedingly high starting pulse current
(9.9 mA/cm®), voltage delays ranging from 320 - 560 msec were displayed atter
three months of storage at 80°F, It should be noted, however, that no voltage delay

were observed after the initial pulse had been applied.

Adverse safety problems did not occur during the normal and deep discharge (to
0.0 volt) operations of these high rate cells, However, extreme conditions
(short circuit, forced discharge, or charge) caused either spontaneous pressure

venting (polarity reversal) or explosions (short circuit and charging).

C. SPACECRAFT "BY CELL

There was no trend indicating any performance losses based on 80°F storage for a
period of three months. Achieved capacity was 75% of the goal of 600 Ahr. Energy
density goals were 25 Whr/in® and 350 Whr/lb, and the achieved values were 697
and 75", respectively.

After three months of storage at 80°F  voltage delay was not observed at either the
0.417 A background load or the 7.5 A and 15 A pulse loads if the voltage recovery

time is based on the time to reach 80% of the average voltage.




A typical fresh cell can maintain a regulation of +0, 37, and -15", over 957 of the

useful life.

Under both the normal and abnormal modes (short-circuit, deep discharge, forced
discharged into polarity reversal and charge) of operation, neither spontaneous

pressure venting nor cell explosion occurred.
B, LABORATORY STUDIES
Storage capability of the Li/SOCI], system appeared to be a one-time memory effect;

that is, partially discharged cells caused dramatic reduction in cell capacity after

they were placed on storage.

Capacity delivered from stored cells was found to be anode limited at low tempera-
ture. This appeared to be due to the effect of concentration polarization due to

the existence of the anodic film barrier,

In terms of doping the SOCI,; electrolyte with SO,, the effectiveness of minimizing
lithium passivation can only be achieved at the five percent by weight level. In a
1.5M LiAlICls SOCI; electrolyte, the ratio of LiAlCly to SO, was 1.16. Beyond the
5% weight SO, level, not only did it not improve voltage delay but it had a detri-
mental effect. Lithium strips partially immerced in the test solutions showed signs
of severe corrosion beyond the 10% level. Furthermore, the surfaces exposed to

the vapor phase tarnished more than the immersed surfaces.

Postmortem analysis on fresh cells that were subjected to storage gave evidence

of lithium reaction with the glass separator. This evidence was supported by the 3

inability to peel off the separator from the lithium surface.




SECTION VII

RECOMMENDATIONS

The tasks expected to bring about the improvements required of the lithium

inorganic electrochemical systems to provide even further advance in power source

technology towards Air Force needs are listed below. The two broad areas requir-

ing most development are Safety and Storage Capability.

SAFETY

Build a statistical data base on safety problems encountered in Li/SCCI;

cells,

Elucidate reaction mechanismi(s) operating during normal discharge and

deep discharge.

Investigate other high energy inorganic systems:

= CalS0Cl,, SO,ClL;

: Li/SO,Cl,

¥ Li alloy/SOCl,, SO,Cl,

Investigate reserve packaging concepts for high rate Li/[SQCIL, cells,

STORAGE

Elucidate mechanism(s) responsible for beneficial cifects of SO, at the 5°

weight level in alleviating pdh.\‘i\.nli(m.

[nvestigate reactivity/compatibility of glass separator with lithium anode in

terms of reliable cell performance and very long term storage needs.,




3)

4)

Evaluate separator materials other than glass rmat, such as boron nitride

paper.

Determine storage capability of cells as a function of state-of-charge.




