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PREFACE

This report presents the work performed under U.S.A.F., Contract
No. F33615-76-C-2144 to develop an improved thermal battery by
advancing state-of-the-art technology to extend thermal battery
capabilities for military applications. To meet the requirements
of some systems which necessitate the use of more complicated and
expensive reserve batteries, goals were set for 30 minutes' life,
one second activation, voltage of 28 * 2 volts, capacity of 15
ampere hours at 30 ampere discharge rate, 17 pounds weight and
140 cubic inces volume; with a target cost equal to or lower than
present state-of-the-art thermal batteries.

An exhaustive study of the Ca/LiCl—KCl/CaCrO4 system (which
included investigation of the physical, chemical, and thermal
properties of the components of the system) produced sufficient

. i A N AT MRS | 4 SRR K

test data for determining composition, thickness, density, and

configuration of the required pellet. Based on battery test results,

it was determined that at 90 mA/cmz, a life of approximately 10

minutes could be projected, since the longest life attained was
5 minutes,

Investigation of a number of new electrochemical systems showed
Li—Al/LiCl—KCl/Fe82

35 minutes at 90 mA/cm2 while providing an energy density of 248.9

to be a superior system, producing a life of over

Whr/kg, in single cell tests. In battery tests using the Li-Al/
Fosz system, life of 24 minutes at 90 mA/cm2 and energy density of
38.4 Whr/kg were achieved.

It is therefore concluded that the Li-Al/FeS, system is
superior to the Ca/CaCrO4 system as it exhibits v:ry predictable
performance at less cost, provides three to four times greater
energy densities up to 1000 mA/cmz. is capable of providing longer
battery lives at higher current densities, and it exhibits very
low internal resistance and is therefore capable of sustaining

2]
very high current pulses (up to 2000 mA/cm™).
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SECTION 1

INTRODUCTION

Thermal batteries have always been desirable for military applications
because of their long shelf life, high reliability, and relatively low cost.
However, their use in long life (over 10 minutes) and high energy density ap-
plications has been limited because of the innerent characteristics of con-
ventional electrochemical systems. The production, replacement, and mainten-
ance costs, and lower reliability, of other primary, reserve batteries have
been major factors in stimulating the demand for an improved thermal battery.
Consequently, in June 1976, the United States Air Force Aeropropulsion Labora-
tories awarded KDI SCORE, Inc., a contract for Improved Thermal Batteries.

The objectives of the program were advancement of the state-of-the-art through
optimization of the calcium/calcium chromate system and investigation of new
electrochemical systems. The program goal was to develop a 28 volt, 30 ampere
battery to operate for thirty minutes.

Thermal batteries are non-rechargeable, electrochemical power sources
employing molten salt electrolytes that are solid and non-conductive at normal
ambient temperatures. A pyrotechnic source within the battery, when ignited,
provides sufficient heat to melt the electrolyte and raise the temperature to
a desired operating level. Electrical energy can then be drawn from the system.
Various electrochemical systems and cell constructions used in thermal batteries
have been described in detail by R. Jasinski (High Energy Density Batteries,

Plenum Press, New York. 1967), and N. C. Cahoon and G. W. Heise (The Primary
Battery, John E. Wiley & Sons, New York. 1976).

The conventional systems have provided low energy density batteries for
short 1ife applications (less than 200 seconds) at moderate current drains.
If longer life was required, batteries had to be designed for operation at low

current density, thus increasing their size and weight. The Ca/LiC]-KC]/CaCrO4
system has enjoyed the widest application due to several properties which are
generally regarded as ‘'superior to those of the other systems.

Long life (60 minutes) batteries have been developed (A. R. Baldwin,
"A Sixty Minute Thermal‘Battery", Proceedings, 27th Power Sources Symposium.
1976) using the Ca/CaCrO4 system operating at very low current density (15 mA/




cm2) and providing low energy density. However, this system has inherent prob-
lems which are evident from its cell reactions:
at the anode:

2

Ca + 2 Li*——————>Ca+ + 2 Li

Ca +:2 L3 - Cali
2

2

Cali a2t + 214t + 4 ¢

2
at the cathode:

2

3Ca+20r0,7° 46 e ———mmCry0y + 5 0~2

The overall reaction, as postulated by Cahoon and Heise (cited above) is:

3Ca+2CaCr‘04+6LiC1-————-->3 Call, '+ €r, 0, 2 Ca0'#+ 3 L1,0

2 23 2
The formation of the complex compounds has been proved by P. F. Hlava and T. J.
Headley ("Thermal Battery Reaction Products: Characterization by Electron

Micropiobe X-Ray Analyzer and Transmission Electron Microscope", SAND77-1317,
Sandia Laboratories, Albuquerque, New Mexico. 1977). At low current density,

formation of the Cali, alloy (mp 23OOC) at the anode-electrolyte interface

sometimes causes serious voltage fluctuations (noise) and occasional cell dropouts.
This causes the reliability of the batteries to be suspect. At high current
density, the formation of the double salt, KCaCl, (mp 485°C)o at the interface,

per the reaction:

3 (

Latls & kL1 sssemnawape UMY

2 3
increases internal resistance and thereby reduces life.

Based on literature search, it was assumed that thermal life of well over
30 minutes could be obtained from thermal batteries using adequate insulaticn.
Preliminary calculations revealed that with the Ca/LiC]-KC]/CaCrO4 system, one
could drain 30 amperes from a battery using three paralleled stacks of twelve
120 mm 0D cells. This would provide the required 28 + 4 volts regulation at a
current density of about 90 mA/cmz. However, from the battery tests, it was
concluded that this system was unable to provide the requisite performance.
At 90 mA/cm2 the best life obtained by a 10 cell battery, S/N P-17 (61 mm 0D
cells) was under 5 minutes.

A detailed study of Ca/LiC]-KCI/CaCY‘O4
including single cell and battery test results. From these results it was

is discussed in Appendix D,

concluded that other systems would have to be investigated in order to
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obtain the long life and high energy density desired for the final design of
the battery.

In the past, various electrolyte, anode, and cathode materials have been
investigated and suggested, but very few proved practical as thermal battery
systems within the framework of existing technology.

The three systems which have found the broadest practical use in military
hardware to the,present time are:

Ca/LiC1-KC1/CaCr0,
Ca/LiC1-KC1/WO,
Mg/LiC1-KC1/V,0,

Alternate electrochemical couples utilizing calcium, magnesium, and a
lithium-aluminum alloy were evaluated as anodes against various cathodic
materials. The latter included calcium chromate, metal sulfides, metal oxides
(CuO, Fe203, NiO, V205, and w03), and cupric chloride. A common electrolyte,
the eutectic mixture of lithium chloride and potassium chloride, was used with
all couples. Some typical voltage versus time plots are given in Figure 1 at
a current density of 90 mA/cmZ.

At the above current density, the advantages of the Li—Al/FeS2 couple be-
come immediately apparent. Its life of 35 minutes is almost three times that
of the Ca/CaCrO4 system. Howéver, because the cell is heavier and provides a
lower peak voltage, the energy density (248.9 Whr/kg) is only twice as great.
Life as long as 100 minutes has been observed at a current density of 20 mA/
cmz. The Ca/Fe203, Ca/FeSz, and Ca/Cu0 systems provided surprisingly good
Tives, voltages, and energy densities.

There is no inherent problem with the Li-A]/FeS2 system as there is with
the Ca/LiC]-KCl/CaCrO4 system. The cell reactions as postulated by R. K.
Steunenberg ("Lithium-Aluminum/Metal Sulfide Batteries", Argonne National
Laboratory, I1linois. 1977), are:

at the anode:

Li ~—— L1'+ + e (Al is non-interacting)
at the cathode:

§ LY ¥ 3 T8O, “aiaia t 8y T LY

» dFeZSS (1.7 v)

2 Li + FeS + L14Fe255—>3 L1'2FeS2 (1.5 V)
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L1 +3 LizFeSZ ———ep> 6 Li,5 + 3 Fe

The simplified total cell reaction is:

4 Li (Li-Al1) + FeS,—— 2 Li,S + Fe

2 2

In this system, a low melting alloy is not necessary for the cell to perform
and the complex compounds present do not seem to change the internal resistance.
Another major advantage is that the solubility of Fe52 in LiC1-KC1 is lower

than that of CaCrOa, thus reducing side reactions which are responsible for
thermal runaways and reduction of capacity.

The performance characteristics of the two systems are compared in detail
in later sections.

BATTERY TESTS

Batteries, 75 mm in diameter, using ten 61 mm diameter cells, were built
for both the Ca/CaCrO4 and the Li- Al/FeS systems. These batteries were tested
at -40°C, +23°C, and +74°C, at 90 mA/cm® current drain. Typical data for opti-
mized batteries of both types are plotted in Figure 2. Although identical
insulation was used in both types, the batteries containing Li-A]/FeS2 provided
considerably better performance (23.5 minutes, S/N P-161) than those using the
Ca/CaCrO4 system (5 minutes, S/N P-17).

Several batteries were also tested at current densities other than 90 mA/
cmz, in the range of 50 to 800 mA/cmz. These units were fired at room tempera-
ture. Life versus current density data for the two systems are compared in
Figure 3. The Li-Al/FeS, system performed two to four tvmes better than the
Ca/CaCrO4 system at current densities higher than 50 mA/cm At lower current
densities, the two systems seem to approach each other. It was also observed
that there was no noise or appreciable change in the capacity of the Li-Al/
FeS2 system at various current densities.

The best energy density of 38.4 Whr/kg (70% of the goal) based on the
stack weight (including active and non-active material) was supplied by a two-
stack battery, S/N P-154, using the Li-Al/LiCl-KC]/FeS2 system. The longest
life of 23.5 minutes (78% of the goal) was exhibited by battery S/N P-161 at
90 mA/cm2 using the same system in a single stack. The results are given in
Table 1. The Ca/LiC]-KC]/CaCrO4 system exhibited very poor performance and
hence was unsuitable. Unlike the latter, the energy density improved by almost
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Figure 3. Comparison of Battery Life at Different Current Densities
for Ca/CaCrO4 and Li-A]/FeS2




TABLE 1

COMPARISON OF BEST BATTERY RESULTS FOR THE SYSTEMS

Ca/LiC]-KC]/CaCrO4 AND Li-A1/LiC1-KC1/FeS., WITH PROGRAM GOAL

CURRENT J LIFE TO
S/N SYSTEM TYPE DENSITY [ 75% P.V. | ENERGY DENSITY
mA/cm2 min Wnr/kg Nhr/dm3
Prg’oga‘“]"’"' TBD 4.35" 0D cells, 90 30 54.4 | 177.6
3 stacks irn
parallel
P-17 Ca/LiCl1-KC1/ 2.4" 0D cells, 90 4.5 15.4 -
CaCrO4 1 stack
P-161 |} Li-A1/LiC1-KC1/}2.4" OD cells, 90 23.5 24.8 63.5
FeS2 1 stack
P-154 1 Li-A1/LiC1-KC1/}2.4" OD cells, 150 Ll ™ 38.4 94.3

FeS2

2 stacks in
parallel




50% over battery S/N P-161 (24.9 Whr/kg) by using two paralleled stacks. ;
Battery S/N 125 (life to 75% peak voltage - 22.5 minutes, energy density - i
35 Whr/kg) illustrates this. The specific energy density by volume was over
50% of the goal. Thus, a battery operating at 150 mA/cm2 using the new system,
would require only two stacks in parallel to supply the rated current.

It is estimated that the present state-of-the-art Li-Al/LiC1-KCl/FeS2
system will provide a life of over 15 minutes at 30 amperes in the given 144
cubic inch envelope, and that it would weigh less than 17 pounds. Life of over
20 minutes could be obtained at 20 amperes with the same limitations. Given
additional time and funds, it is believed that this system could be improved
considerably, for more efficient operation and broader application.

Figure 4 gives a comparison of the program goal with our projected energy
density with the two systems and the actual value obtained. As can be seen,
Li-Al/FeS2 has demonstrated capacity to provide 38.4 Whr/kg (70% of the program
goal of 54.4 Whr/kg).
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SECTION 11

ELECTROCHEMICAL STUDIES

A comprehensive study was conducted in an effort to optimize the perform-
ance of the Ca/LiCI-KCl/CaCrO4 system by varying chemical composition and
physical characteristics. A detailed discussion with results is given in
Appendix D.

From the results, it was concluded that this system would not be able to
meet the project goals and other systems would have to be developed to provide
the necessary energy and life.

NON-STANDARD SYSTEMS

In an attempt to find an improved alternate electrochemical system for
thermal batteries, various couples were tested at 50 mA/cmz, 90 mA/cmE, and
150 mA/cmz.

The following couples were investigated. In all cases LiC1-KC1 eutectic

mixture was used as electrolyte, unless otherwise stated.

Ca/CaCrO4 Ca/Fe203
Li-A1/CaCr0, Li-Al/Fe203
Mg/CaCrO4 Mg/FeZO3
Ca/fes, Ca/Wo,
Li-Al/Fe52 Li-Al/NO3
Mg/Fes, Mg/W0
Ca/\l205 Ca/Cud
Li—Al/VZO5 Ca/Ni0
Mg/V205 Ca/CuC12

Li-Al/CuC12 with NaAlCl4 electrolyic
Li-Al/FeCl3 with NaA1014 electrolyte

Results of the tests are given in Tables 2, 3, and 4, respectively; corre-
sponding voltage versus time curves for these systems are plotted in Figures 5,




6, and 7 respectively. Based on these results, the following observations

are made:

1) Greatest energy density (245.7 Whr/kg) and longest life (62.5
minutes) were exhibited by the Li—Al/FeS2 system at 50 mA/cm2
(Table 2, Figure 5); its unit cell voltage under load is com-
paratively low. Li-Al/CaCrO4 provided 179.4 Whr/kg and 20
minutes' life at 2.33 volts/cell peak, and Ca/CaCrO4 provided
160.7 Whr/kg and 26 minutes' life at 2.51 volts/cell peak.

2) At 90 mA/cm2 (Table 3, Figure 6), Fe52 is superior as a cathode
material to CaCrO4 or other depolarizers tested. The energy
densities were 248.9 Whr/kg and 141.92 Whr/kg, respectively,
for Li-Al/FeS, and Ca/FeS,, as compared to 98.08 Whr/kg for
Li- Al/CaCrO4 and 121.03 Whr/kg for Ca/CaCrO4 systems.

3) At 150 mA/cm (Table 4, Figure 7), Li- Al/FeS is the best system

with 264.7 Whr/kg and 21.0 minutes' life. L1 Al is the best
anode when used with FeSZ, but Ca is the best anode when used
with CaCrOa,

4) With all cathodes, Li-Al exhibits a peak voltage equal to or
slightly lower than Ca and also provides noise-free performance
except with wo3.

5) If a short-life battery is required for a pulse load application
and height is critical, the vanadium pentoxide cathode would be
the best choice since it performs well with any anode.

6) Cupric chloride exhibited strange behavior; that is, a life of
approximately 45 seconds was observed at all current densities
with copper being deposited on the anode surface (Table 3,
Figure 6).

Based on these results, it was concluded that the Li—Al/FeS2 system was
most suitable as an alternate electrochemical system capable of meeting the

goal requirement.

the latter yielding 154.11 Whr/kg, 8.3 minutes' life.
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& TABLE 2
&
i
: SINGLE CELL TEST RESULTS FOR VARIOUS SYSTEMS AT
E AT 50 mA/cm® CURRENT DENSITY
PEAK ACTIVE LIFE ENERGY
SYSTEM VOLTAGE | TO 75% p.v. DENSITY
(Volts) (Seconds) (Whr/kq)
(1) Ca/LiC1-KC1/CaCro, 2.51 1535 160.7
(2) Li-A1/LiCI-KC/CaCro, 2.33 1212 125.5
(3)  Mg/LiCI-KC1/CaCro, 1.62 546 45.1
3
(4)  Ca/LiC1-KC1/Fes, 2.37 701 67.1 -
(5) Li-Al/LiC1-KC1/Fes, 217 3749 245.7
(6)  Ma/LiCl-KCI/Fes, 1.57 2554 202.9
(7)) Li-A1/LICI-KE1/Y,0, 3.06 206 30.7
(8) Li-A1/LIC1-KC1/Fe,0, 2.14 463 23.6
(9)  Mg/LiC1-KC1/Fe,0, 1.37 914 67.2
(10)  Ca/LiC1-KC1/Mo, 2.30 823 52.3
(1) Ng/LiC1-KC1/WO, 1.61 339 10.1




C.D.= 50mA/cm?2

1 1 { 5____
10 20 30 40
TIME (MIN)

Figure 5. Typical Voltage Vs. Time Curves for Various Systems
(The Curve Numbers Correspond to Systems in Table 2)
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TABLE 3

SINGLE CELL TEST RESULTS FOR VARIOUS SYSTEMS §'
AT 90 mA/cn® CURRENT DENSITY |
PEAK ACTIVE LIFE EHERGY

SYSTENM VOLTAGE | T0 75% P.V. DENSITY
(Volts) (Seconds) (Whr/kq)

(1)  ca/Lic1-KC1/CaCro, 2.38 643 121.0 3

(2) Li-A1/LiC1-KC1/CaCrO, 2.18 724 98.1 | 8

(3)  Mg/LiC1-KC1/CaCr0, 1.44 318 a1.5 ;
(4)  Ca/LiCl-KC1/FeS, 2.28 801 141.9
(5) Li-A1/LiC1-KC1/FeS, 2.05 2138 248.9
(6)  Mg/LiC1-KCI/FeS, 1.46 1147 157.6
(7)  Ca/LiCI-KC1/V,0, 2.91 159 33.5
(8) Li-A1/LiC1-KC1/V,0, 2.92 240 45.3
(9)  Mg/LiC1-KC1/V,0, 2.38 204 27.6
(10)  Ca/LiCI-KC1/Fe,0, 2.03 534 55.0
(11) Li-A1/LiCI-KC1/Fe,0, 2.04 376 369
(12)  Mg/LiC1-KC1/Fe,0, 1.27 787 60.9
(13)  Ca/LiC1-KCI/WO, 2.22 408 . 48.3
(1) Mg/LiCI-KC1/WO, 1.48 219 | 22.1
(15)  Ca/LiC1-KC1/Cu0 2.30 676 105.6
(16)  Ca/LiCI-KCI/NiO 1.18 543 a4.7
; (17)  Cca/LiC1-KC1/CuCl, 2.67 a5 7.9
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Figure 6. Typical Voltage Vs. Time Curves for Various Systems
(The Curve Numbers Correspond to Systems in Table 3)
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TABLE 4

o u‘_s.mhﬁf%

g SINGLE CELL TEST RESULTS FOR VARIOUS SYSTEMS
¢ AT 150 mA/cn’ CURRENT DENSITY
: PEAK ACTIVE LIFE FNERGY
SYSTENM VOL TAGE 10 75% P.V, DENSITY
(Volts) (Seconds) (Whr/kq)
(1) Ca/LiC1-Ke1/CaCro, 2.30 297 15,1
|
(2) Li-Al/LiC1-KC1/CaCro, 1.93 433 92.0 |
(3)  Mg/LiC1-KC1/CaCro, 1.18 146 25.6 |
|
TS - ]
(4) Ca/LiC1-KC1/Fes, 2.15 a12 129.6 |
(5) Li-Al/LiCI-KCL/Fes, 1.95 1260 264.7 \
(6)  Mg/LiC1-KC1/Fes, 1.28 457 97.1
|
(7)  Ca/LiC1-KC1/Fe,0, 1.93 235 a1.3
(8)  Li-A1/LiCI-KC1/Fe,0, 1.86 196 30.2 é
(9)  Ca/LiCl-Kcl/Woy 2.08 210 a3.2 |
? (10)  Mg/LiC1-KC1/Wo, 1.30 100 24.8 |
§
: a
# |
 § i
F F |
: 8
7 2
i ;<

17




Qo
0

i
-

VOLTAGE (VOLTS)

1.0

C.D.® I50mA/cm?

(81

O

——

Figure 7.

-

-~

N ADE b TR Al ek 21
TIME (MIN)

Typical Voltage Vs. Time Curves for Various Systems
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DETAILED STUDY OF Li‘Al/FeS? SYSTEM

A comprehensive study of Li-A]/F052 system, feasible within the time frame,
was conducted. This enabled us to optimize the system to a certain extent.
Reproducible results exhibiting the potential of this system were obtained;
however, considerable work remains to be done in completely defining and under-
standing the mechanism of the system. The important parameters that were
evaluated in single cell tests (SCT) are discussed here. Whenever possible, a
comparison is made with the Ca/CaCrO4 system.

Chemical Composition of Depolarizer Layer (DE). Keeping the composition

of the anode and electrolyte (EB) layers constant, the electrolyte/depolarizer
(E/D) ratio in the catholyte (DE) layer was varied.

The single cell tests were run at 500°C, 0.4 kg/cmz, and 90 mA/cme. The
results, shown in Figure 8, indicate that an E/D ratio of 0.5 is optimum and
that there is a critical amount of electrolyte required for the cathode to
conduct satisfactorily. The effect of E/D ratio at different current densities
is discussed in detail in Appendix D for the Ca/CaCrO4 system.

Thickness, In Figure 9, life to 75% of peak voltage is plotted against
the thickness of the DEB pellet for Ca/CaCrO4 and against the thickness of the
cathode (DE) layer for the Li-A]/FeS2 system. In the latter, the anode and
electrolyte layers were held constant at 0.81 mm and 0.25 mm, respectively.

In all cases, the densities were kept constant and both systems were tested at
the optimum temperature and pressure. From the graphs, it is observed that the
life of the Ca/CaCrO4 system does not increase substantially after 1.1 mm.
However, the Tife of the Li-Al/Fe52 shows a continued increase. This indicates
that the specific conductivity of the disulfide cell is considerably higher and
hence the intra-cell distance does not substantially affect performance.

Specific Conductance, In order to measure the specific conductance of

each system, the internal resistance of the cell was measured by loading the
cell at 90 mA/cm2 and then opening the circuit (no load condition) every 50
seconds for a period of 0.2 second. Both ohmic and non-ohmic resistances were
then included in the calculation ‘of specific conductance. The measurement also
includes cell contact resistance and the resistance between the current col-
lectors and the cell. As expected from the thickness experiments, Figure 10
shows that the conductivity of the chromate system decreases with time. The
flat behavior of the disulfide conductance suggests that the reaction products

19
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Figure 8. Effect of E/D Ratio in Catholyte Layer (DE) on Life
in SCT for Li-A)/LiC)-KC)/FeS2 System




LIFE (SEC)

| CURRENT DENSITY Li-Al/FeS,
| 90 mA/cm?
e
2000} O
r—
-
g o)
1500+
i
1000~
=
Ca/CaCrOq4
500}
O D s . W TEE i A TR Lo e S ok 1O
(¢} 02 04 06 08 1.0 1.4 1.6

THICKNESS (mm)

Figure 9. Effect of Thickness on Life for the Two Systems
Ca/CaCrO4 and Li-Al/FeS2 in Single Cell Tests
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are not deleterious to conductivity and that life is probably limited by con-
centration of one of the active materials.

Density. As with the study of pellet thickness, the density of the DE
layer (FeSz) and DEB layer (CaCr04) was varied, keeping all other parameters
constant. The Ca/CaCrO4 was found to be less susceptible to slight changes
in pellet density (Figure 11) than the Li-A]/FeS2 system which exhibited both
a maximum and a minimum. To facilitate comparison of the two systems, the

density is expressed as a percentage of the actual density of the depolarizer mix.

Particle Size. The DE powder mix for the Li-A]/FeS2 system and the DEB
powder mix for the Ca/CaCrO4 system were first segregated into different par-

ticle size ranges and then pelletized. Cells using the two systems were then
studied at 90 mA/cm2. The results are shown in Figure 12. It was observed
that the Ca/CaCrO4 system required a narrow range of particle sizes (120 to
160 microns) for maximum life. On the other hand, Li—Al/FeS2 worked satis-
factorily over a wider particle size range. In this study it was noted that
along with the particle size separation there also occurred a chemical segre-
gation. It is believed that the effect of this change in chemical composition
is minor.

Temperature. The effect of operating temperature on cell life is critical
in evaluating a new electrochemical system for use in thermal batteries since
they must operate over a wide temperature range. To simulate battery tempera-
tures, single cell tests were conducted between 400°C and 600°C. Two composi-
tions of each system were evaluated. The Li-A]/FeS2 system showed a greater
stability with temperature change. Figure 13 also shows how this stability
can be varied by changing the pellet composition. For the Ca/CaCrO4 system,
the cell performance is limited at the low temperatures by the freezing out of
the double salt, KCa013, below 485°C and by the self-destructive chemical re-
action between calcium and calcium chromate at temperatures above 580°C.

There is no evidence that the products of reaction of the Li-A]/FeS2 cell
cause appreciable deterioration in performance. It is absclutely essential
that the separator layer (EB) be used in the Li-A]/FeS2 system as Li-Al in
direct contact with the DE layer has exhibited highly exothermic reactions
causing even the current collectors to melt. The two layer pellet prevents
any such self-degrading chemical reaction.

23
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Figure 11. Effect of Density on Life for the Two Systems
Ca/CaCrO4 and Li-Al/FeS2 in Single Cell Tests
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Transient Peak. If the Li~A1/FeSZ is not excessively thick (greater
than 2.0 mm), and if the cell is not thermally pre-heated, a transient peak
is observed on activation. The cell reaches about 2.05 volts and then drops
vapidly to about 85-90% of its initial value in the first 30 seconds. It is
suspected that this unpredictably high peak voltage is due tc the presence of
free sulphur in the pyrite, leading to the reaction

2 LT+ § il LiZS Eo = 2.2 ¥

In order to prevent this transient condition, and thereby increase life to 80%
of peak voltage, several experiments were conducted with limited success.
These consisted of altering the entire cell by electrically shorting or therm-
ally fusing these cells. As indicated in Table 8, physical additions to the
cathode were also attempted. However, in all cases, the peak voltage was re-
duced substantially.

Current Density. Single cell tests were run at various current densities

to evaluate the performance of the systems. Typical voltage versus time curves
at each current density are given in Figure 14. As can be seen at very low
current density (20 mA/cmz), life as long as 100 minutes was observed. Even

at the designed current density of 90 mA/cmz, over 35 minutes' life was
attained.

Figure 15 shows the energy density for the Li—A]/FeS2 system at various
current densities compared with that of Ca/CaCr04, and Figure 16 shows the
variation of cell life to 75% peak voltage with current density for the two
systems. From the test results, it is apparent that Li-A]/F952 system promises
to substantially extend the present domain of thermal batteries. The highest
energy density of 264.7 was obtained at 150 mA/cmz; however, at 90 and 50
mA/cm2, the energy density was not too much different.

This data was collected for cells of constant thickness using an 81 mm
depolarizer layer. By increasing the thickness of the depolarizer layer and
optimizing the composition, this performance could be improved considerably.
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EFFECT OF VARIOUS TREATMENTS OF FeS

TABLE 5

> CELLS ON TRANSIENT PEAK

——

TREATMENT TO FeS

PEAK VOLTAGE

LIFE TO 80% P.V. ﬁ! LIFE TO 75% P.V.

FOR 45 SECONDS

2 )

1 )
NONE 2.05 1075 { 1861

-

PRESHURTING CELL FOR *
E PREFUSION OF CELLS 1985 2159 2955

] ADDITION OF Li-Al
(0.5%)

-+ —————

3273

1447

1531

| ADDITION OF K,Cr0,
- (2.0%)

1.69

1550

1647

. ADDITION OF CuC]2

2.17
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SECTION 111
BATTERY TEST DATA FOR LiA1/FeS, SYSTEM

In the preceding section, the superiority of the Li—Al/FeS2 system was
established and single cell test data showed the effects of various parameters
on life and performance. It was then necessary to evaluate the potential of the
system in batteries. Various experiments performed with Li-A]/FeS2 batteries
are discussed in detail in this section.

As with the Ca/CaCrO4 systems, 38 mm and 61 mm 0D cells were used to
build batteries. Test results are discussed in detail in Appendix D. For the
Li--M/FeS2 system, battery life was almost 75% of that observed in single cell
tests. For the Ca/CaCrO4 system, less than 40% of 1ife observed in single cell
tests was obtained.

Initially, ten cell batteries employing 38 mm diameter cells were built
for direct comparison with Ca/CaCr0, batteries. Preliminary tests indicated
that Li-Al/FeS2 batteries could provide longer life and higher energy density.
Batteries S/N's GW-42 and GW-43 achieved a life of 9.5 minutes and an energy

density of 10.6 Whr/kg at 100 mA/cm2 current density. Similar Ca/CaCrO4 batteries,

S/N's WP-043 and WP-044, had an average life of 2.7 minutes and produced 4.3
Whr/kg energy at the temperature extremes (Table 6).

Having established that Li-A]/FeS? would perform better in batteries, the
effort was directed toward building long life, higher energy density batteries.
For convenience, an intermediate cell size of 61 mm diameter was used in this
phase of experimentation. Approximately 160 batteries were tested, usually in
groups of three, consisting of one each at -40°C, +23°C, and +70°C. to obtain
data on batteries that were properly thermally balanced.

The data of Table 7 illustrates the progressive development of batteries
tested at 90 mA/cmz. The same data is presented graphically in Figure 17. As
can be seen, in a period of about eight months, about 250 percent improvement
was achieved in life and current density.

Figure 18 shows the battery discharge curve for $/N P-161 reproduced to
scale. No electrical noise or cell dropouts occurred with batteries using the
Li-A]/FeS2 system.

Table 8 gives data for two sets of batteries thermally balanced and
tested at 90 mA/cmz. Observe that life of over 15 minutes is achieved throughout
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COMPARISON OF BATTERY PERFORMANCE FOR

TABLE 6

Ca/CaCr‘O4 SYSTEM AND Li-Al/FeS2 SYSTEM

BATTERY PEAK W e ENERGY
S/N TEMP. VOL TAGE 75% P.V. DENSITY REMARKS
(% (Volts) (sec) (Whr/kq)
WP-043 -40 5.7 161 4.3 Ca/CaCrO4 System
WP-044 +70 25.0 164 4.1 Ca/CaCrO4 System |
GW-42 +70 20.8 572 10.6 Li-Al/F952 System
GW-43 -40 e 2 413 8.0 Li-A]/FeS2 System

38 mm 0D cells
No. of cells = 10 >
Current density = 90 mA/cm
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TABLE 7

PROGRESSIVE DEVELOPMENT OF BATTERY PERFORMANCE

AT 90 mA/cm® CURRENT DENSITY

BATTERY PEAK LIFE TO LIFE TO
S/N TEMP, VOUTAGE 5% PV 15V REMARKS oo s Lt

(°c) | (volts) (sec) (sec)

p-31 -40 21.0 420 458

P-36 +23 21.6 473 617 Change in battery design

pP-41 +70 20.5 660 690 Change in thermal balance

P-63 +70 21.2 878 1089 Increased insulation

P-111 +23 20.2 1001 1013 Change of £/D ratio

P-125 *¢3 20.4 1348 1450 Change of composition

P-131 23 2DLE 1344 1380 Change of composition

p-161 +23 20.8 1411 1540 Change of E/D ratio

System: Li'—Al/LiCl—KC]/FeS2

Ten 61 mm 0D cells per stack
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TABLE 8

BATTERY TEST DATA EXHIBITING VARIATION IN PERFORMANCE

AT DIFFERENT AMBIENT TEMPERATURES AT 90 mA/cm2 CURRENT DENSITY

BATTERY PEAK START | LIFE TO | LIFE TO STACK
S/N TEMP. | VOLTAGE | TIME | 75% P.V. 15V ENERGY DENSITY
(°c) (Volts) | (Sec) | (Sec) (Sec) | Whr/kg | Whr/in®
i
P-130 | -40 20.0 0.45 854 i 854 33.8 1.48
p-131 | +23 20.2 0.42 1344 | 1380
P-132 | +70 20.4 0.30 982 | 1018
P-133 | -40 20.5 0.49 984 995 33.6 1.47
P-13¢ | +23 20.7 0.44 1252 1336
P-135 | +70 21.2 0.46 960 1222
37




the ambient temperature range and that start times for these batteries are
less than 0.5 seconds.

Batteries were tested at current densities up to 840 mA/cm2 in order to
evaluate the performance as a function of current density. Tests were con-
ducted with both cell sizes and it was found that battery performance does not
deteriorate with current density nor with size. Table 9 gives the results for
batteries using 61 mm cells and Table 10 gives results for batteries using 38
mm cells. Figure 19 shows the available capacity density (Coulombs/sq.in.) of
the batteries plotted against current density. As can be seen, capacity in-
creases with current density for the Li-A]/FeS2 system and the energy density
increases with current density. This is consistent with the single cell
test results.

One 10 cell battery (61 mm OD cells) was also tested with pulses up to
2000 mA/cm2 applied every 50 seconds. Battery internal resistance was measured
at 0.12 ohms (.012 ohms per cell) and was accomplished without loss of total
capacity or overall performance. Thus, the great superiority of the Li-Al/FeS2
system over the Ca/CaCrO4 system is clearly illustrated. \

Since it was estimated that the final battery would require three stacks
in parallel at 90 mA/cmZ, several batteries were tested with two or three
stacks in parallel. It was found that there was no loss in life, but that the
two stack battery was less efficient on the basis of energy density than the
three stack battery. The results are given in Table 11.

The resulting effect of using buffer pellets was about 20% improvement
in battery performance. Therefore, they were incorporated in all subsequent
experimental batteries. Test results are given in Table 12. The units with
buffer pellets were, in general, not perfectly thermally balanced for high and
low temperature operation, but this is readily correctable.

Because all the above batteries were tested under static conditions, it
was decided to evaluate some under vibration, shock, and acceleration. Again,
the Li-A1/FeS2 proved superior to the Ca/CaCrO4 system. The results and con-
ditions for these tests in which 38 mm cells were used are shown in Table 13.

Finally, several batteries of improved design were tested to study per-
formance at current densities from 50 to 150 mA/cmz. The results are given
in Table 14. From the results it can be observed that at 90 mA/cm2 the Tongest
1ife of 23.5 minutes was obtained by battery S/N P-161. It is thus concluded
that a battery using three stacks in parallel is capable of delivering 30
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TABLE 9

TEN CELL BATTERY (61 mm OD CELLS) TEST RESULTS

AT DIFFERENT CURRENT DENSITIES

BATTERY
S/N

CURRENT
DENSITY

PEAK
VOLTAGE

START
TIME

LIFE 10
75% P.V.

STACK

ENERGY DENSITY

(ma/cﬁz)

(volts)

(sec)

(sec)

(Whr/kq)

90

21.1
20.0
16.9
18,3
17.0
16.9

SYSTEM: Li-/\]/LiCl-KC]/FeS2

0.42
0.43
D.51
0.63
0.54
0.66

844
371
198
188
155
120

20.5
25.6
20.2
27.1
27.7
25:1




TEN CELL BATTERY (38 mm OD CELLS) TEST RESULTS

TABLE 10

AT DIFFERENT CURRENT DENSITIES

BATTERY _CURRENT PEAK START LIFE TO STACK
S/N TEMP. | DENSITY | VOLTAGE | TIME | 75% P.V. |ENERGY DENSITY
(°c) (ma/cmz) (Volts) (sec) (sec) (Whr/kg)
P-142 +23 95 2l.2 0253 722 22.4
P-143 +23 210 20.7 0.62 340 23.1
P-144 +23 420 19.9 0.63 234 30.3
P-145 423 540 19.6 0.67 188 30.6
P-149 423 720 19.3 063 145 30.8
P-151 +23 840 18.2 0.66 114 26.8
SYSTEM:

Li~A1/LiC1-KC]/F852
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Figure 19. Effect of Current Density on Capacity Density in Battery Tests
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TABLE 11

BATTERY TEST DATA USING MULTIPLE STACKS
AT 90 mA/cm® CURRENT DENSITY

B STACK

i BATTERY pEAK | sTART | LIFE To |LiFE TO | ENnERGY

| S/N | TEMP. | VOLTAGE | TIME | 75% P.v. | 15V | DENSITY | REMARKS

| (°c) | (voits) | (sec) | (sec) (sec) | (Whr/kg)
P-113 | -40 19.2 0.45 881 850
p-114 | +23 19.5 0.37 o 1215 1166 23.1 One

Stack
p-115 | 490 19.9 0.28 | 1195 1176 23.6
el _ﬁ_

P-130 | -40 20.0 0.45 854 854 21.0 "
p-131 | 423 20.2 0.42 1344 1380 33.8 St?ﬁks
P-132 | +70 20.4 0.30 982 1018 25.1 Parallel
P-136 | -40 20.2 0.42 | 1290 1320 33.8 it
P-137. | 423 20.9 0.38 1168 1263 32.7 S‘?ﬁks
P-138 | +70 20.8 0.31 887 951 2.6 Parallel

SYSTEM: Li-A)/LiC]—KCl/FeS2 Ten 61 mm 0D cells per stack




TABLE 12

EFFECT OF USING BUFFER PELLETS IN THERMAL BATTERIES
AT 90 mA/cm® CURRENT DENSITY

STACK

System: Li—A?/L%C]—KCT/FéSZ

Ten 61 mm 0D cells

BATTERY PEAK LIFE TO LIFE TO ENERGY
S/N TEMP, VOLTAGE 75% P.V, 15V DENSITY REMARKS
(°c) (Volts) | (sec) (sec) | (Whr/kq)

P-110 -40 20.0 723 724 = No buffer pellets

pP-111 +23 20.2 1001 1013 19.8 No buffer pellets
P-112 +70 20.2 984 1009 - No buffer pellets
pP-113 -40 19.2 881 850 Buffer pellets

P-114 +23 19.5 1215 1161 231 Buffer pellets

P-115 +70 19.9 1195 1170 23.6 Buffer pellets
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TABLE 13

THERMAL BATTERY TEST DATA UNDER DYNAMIC CONDITIONS
38 mm CELL DIAMETER

BATTERY CHARACTERISTICS:

TEST CONDLTION:  Dynamic
TEST TEMPERATURE:  +23°C

SYSTEM:

Number of cells
Cell area
Battery diameter
Battery height
Battery weight

(As specitied)

Li=A1/LiCY-KC1/FeS,

10

SERTAL PEAK LIFE TO 75%
_ NUMBLR | CURRENT DENSITY | VOUTAGE | RISE VIME | PEAK VOLIAGE
(mA/cm ) (Vul{s) (mso ) (sec)
= e e e T S T o T
P-146 230 B R 10 N IR 302
(30 G shock for S0 msec every 45 sec: Per MIL-STD-810C,
Method 516.2) S s SR
p-147 | =gl 20.00 610 - anl
(30 G longitudinal acceleration; cnntlnuous Per MIL-
§TD BlUL lehnd 513 2)
p-148 o 230 §o w_m?QLQQ P 120 316
(Lonn\tndwnnl Vibration 5 Hz- %UO Hz for 5 minutec at 10 G:
per MIL-STO-B10C, Method 514.2, Procedure 1, Part 2
Curve D of 914 2. ? Tahlc ‘ld ? ll)
P-150 134 1 mas 1 e [ 520
Lateral accolovatlon l(sv() G
0 - 60 ]
60 - 120 10
120 - 180 20
180 - 210 30 (increase of 10 6
every 30 seconds)
410 - 520 105 G

1.74 sq.

2.24"
3.45"

420 qrams

in,

e RNy ——

a3




3 as % e s o PR
ng;;‘. ’Ew.i,'. x5 0 SR A e suepans = nsmsnn s

a1 e s e "
g e 4

e Ko AN

TABLE 14

BATTERY TEST RESULTS AT VARIOUS CURRENT DENSITIES
TEN 61 mm OD CELLS/STACK

STACK
BATTERY CURRENT PEAK LIFE TO LIFE T0 ENERGY 4
S/N DENSITY VOLTAGE 75% PV, 15V DENSITY REMARKS 1
(mA/cme) (Volts) (sec) (sec) (Whr/kq) 48 ¢
!
P-159* 90 21.0 1177 1305 24.4 Increased anode 3
pP-161* 90 20.8 1411 1540 24.9 Increased anode
and cathode
P-163* 150 21.0 797 1082 21.2 Increased cathode
p-154 150 21.0 675 830 38.4
Standard ceils,
P-155 135 1.0 735 871 Al 2 stacks in
parallel,
P-156 50 21.9 1191 1517 24.6
: s L DM o e T all

~*Single stack batteries
SYSTEM: Li-A]/LiC]-KC]/FeS2
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amperes for at least 23.5 minutes (78% of desired life). However, if the
battery were designed for operation at 150 mA/cmz. only two stacks would be
required and its total volume would be significantly reduced. Based on the
longest life obtained at 150 mA/cm2 (S/N P-163, life to 75% peak voltage is
13.3 minutes), the final battery is projected to operate longer than 15 minutes
at -40°¢ and +70°C and over 18 minutes at +23°C.  The final volume is also
expected to be increased 40% from the goal value of 144 cubic inches.
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SECTION IV

CONCLUSION

In June 1976, KDI SCORE was awarded a program to develop a 28 volt, 30
ampere, 30 minute thermal battery in a 144 cubic inch envelope and weighing
17 pounds. This was considered a very ambitious goal requiring a significant
advance in the state-of-the-art of the existing systems.

Preliminary calculations suggested that the Ca/CaCrO4 system utilizing
three paralleled stacks of 12 cells each, operating at 90 mA/cm2 over a 120 mm
0D cell, could provide the necessary current. The problem was to determine
the optimum conditions for the system or to find a superior alternative system.

An exhaustive study of the Ca/LiCl-KCi/CaCrO4 system was conducted and,
as a result, sufficient test data are presented in Appendix D for determining
composition, thickness, density, and configuration of the required pellet.

The study also included investigation of the physical, chemical, and thermal
properties of the components of the system. Based on the battery results, it
can be observed that at 90 mA/cmz, the longest life attained was about 5 min-
utes and that approximately 10 minutes could be projected. Longer life is,
however, possible at a current density of 15 mA/cmz. At 50 mA/cmz, longest
life attained in a battery was about 10 minutes. However, one might obtain 15
minutes' life under special conditions. Thus, the best battery performance
projected with the Ca/CaCrO4 system is 28 volts, 15 amperes, for 15 minutes,
operating at 50 mA/cmZ.

This led to the investigation of a number of new electrochemical systems
(Section I1), as a result of which Li—Al/FeS2 was found to operate in single
cell tests at 90 mA/cm2 for over 35 minutes while providing an energy density
of 248.9 Whr/kg.

In a rather limited time, KDI SCORE advanced from single cell tests to
battery development using the Li—Al/LiCl-KC]/FeS2 system and successfully
tested batteries over the temperature range of -40°C to +70°C. Life of 24

~ minutes at 90 mA/cm2 (80% of the projected goal) and energy density of 38.4

Whr/kg (78% of the projected goal) were achieved.
Following are the advantages of the Li-Al/LiCl-KCVFeS2 system over the
Ca/LiC]-KCl/CaCrO4 system:
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1)

2)

3)
4)

5)

6)

7)
8)
9)

It has an anode which is solid at operating temperature, thereby
precluding failures attributable to the liquid metal alloy.

It operates over a 140 to 150°C temperature range without signifi-
cant loss of performance.

[t exhibits very low electrical noise. §
It provides three to four times greater energy densities up to
1000 mA/cn,

Batteries using it exhibit very predictable performance. Up to
75% of the life observed in single cell tests has been obtained in
the batteries, whereas less than 50% life was possible with the
Ca/CaCrO4 system.

It is capable of prov<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>