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| | by
f R. B. Swaroop, J. A, Smaga, and J. E. Battles
: Chemical Engineering Division
Argonne National Laboratory
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ABSTRACT

Lithium-aluminum/iron sulfide secondary batteries
.are beirg developed for use as power sources for
electric vehicles and as stationary energy storage
devices for load-leveling on electric utilities., The
corrosiveness of the active materials and molten
electrolyte places severe restrictions on the type of
materials that can be used for current collectors,
separators, and feadthrough insulators. Out-of-cell
and in-cell tests are being conducted to identify the
materials that are compatible with this cell enviromn-
ment. This paper discusses the corrosion test pro-
.cedures, the nature and kinetics of the corrosion )
;reaction% and the development and testing of electrode
i separators.

I. INTRODUCTION

: Lithjum-aluminum/iron sulfide secondary batteries
.with high specific energies (>100 Weh/kg) and high
‘specific power (>100 W/kg) are being developed at
:Argonne National Laboratory [1] for two major
‘applications: power sources for electric vehicles and
.energy storage devices for load-leveling on electric

" utilities., The cells for this battery, which operates

at 425-475°C, consist of negative electrodes of lithium
aluminum alloy, positive electrodes of either FeS or
FeS;, and an electrolyte of molten LiCl-KCl (eutectic
m.p. 352°C).

The lithium electrode in the high-temperature Li/$
:cell has been very popular because this electrode
promLses to yield the highest specific energy of any
.alkall metal [2]., However, the utilization of both
molten lithium and molten sulfur electrodes in a cell
lemploying a molten electrolyte poses difficult en—

‘'gineering problems. The basic problem is containment:

and separation of the three liquid phases. To cir-
cumvent the problems associated with molten electrodes,
the solid B -LiAl intermetallic compound was substltuted
for llthlum, and iron sulfide (FeS,; or FeS) for molten
sulfur. The disadvantage of this type of cell ic that
is has a lower performance (cell voltage, specific
energy, and specific power) than the Li/S cell,.
Although this sacrifice in performance is undesirable,
practical Li~A1/MS cells can be fabricated that have
lifetime and performance characteristics which meet the
requirements of the qyove,applications,

A simplified representation of a Li-Al/FeS_ cell is
shown in Fig. 1. The overall reaction that takes place
upon discharge can be written as

2 Li-Al + FeS + LiyS + Fe + 2 Al (1a) .

or 4 Li-Al + FeSp - 2Li,S + Fe + 4Al (1b)

e e

for cells having FeS and FeS; positive electrodes,
rerectlvely The composition of the positive electrode
at complete discharge of a stoichiometric cell would be;
L1oS and Fe, The LisS product dissociates’ onrec\arglno.
)Because the _active cell materials..(lithium, .lithium—- --.:




‘aluminum, and iron sulfides) are very reactive at high
Etemperatures, the choices of materials for use in the
cell (Z.e., insulators, separators,.and current col-
lectors) are limited. Accordingly, the selection of
'materials and the development of low-cost components

‘is a major effort in the development ‘of Li-Al/FeS,
.batterles §

T

i Since the corrosive conditions of the negative and
ipositive electrodes are vastly different, candidate
‘materials are corrosion tested for the intended
:appllcatlon. Metallic components used in the positive
‘electrode are exposed to various oxidizing metal
sulfldes. The corrosiveness of the positive electrode
lenv1ronment is further compounded by the anodization of
common construction materials (e.g., Al, Ti, Fe, Co,

'Cu) in the LiCl-KCl electrolyte at potentials 1ess than
2.1 V [3], which is the charge cut-off voltage for cells
employing FeS, electrodes. For FeS electrodes, the
.corrosion conditions are less severe because of the
Jower sulfur activity and a lower charge cut-off
'potential of 1.65 V. Static corrosion tests (no applied
ipotential) were conducted on metals and on iron- and
inickel-base alloys to determine suitable candidate
‘materials for use in the positive electrodes.

Ceramic materials are required for electrode
iseparator and electrical feedthrough insulator appli-
jcations. Candidate ceramics are evaluated in molten
lithium or in mixtures of f-LiAl plus LiCl-KCl electro-
lyte to determine their compatibility with the highly
‘reducing negative electrode environment which poses the
most severe condition for these materials. The final
ievaluation of all materials is based on in-cell tests
iof the most promising candidate materials.

: The separator for these cells acts as an electr1ca1
insulator without unduly restricting ionic flow between
‘the electrodes and as a particle retainer. The
.separators for these cells must fulfill the following
ggeneral requirements: low cost, chemically stable in
ithe cell environment, <3 mm thickness and high porosity
ito minimize cell weight and resistance, mechanical
istrength to sustain small dimensional changes that
loccur in the electrodes during operation, and must be
wetted by the molten LiCl-KCl electrolyte. Because

{the BN cloth separators currently used are too expen—
‘sive, efforts have been directed toward the development
‘of porous felt or loose powder separators. Felt '
.separators are more porous, use less material, and are
less expensive than BN cloth separators. The develop-
ment of powder separators, such as AIN, MgO, B8 -SizNy,
.and Ca0, is being pursued because separators of this
;type are amenable to low-cost mass production, and per—
‘mit the use of materials that are not available in
ifibrous form.

II. EXPERIMENTAL PROCEDURES.
The experlmental test procedures for evaluatlng

‘metallic components, ceramic insulators and separators
were as follows:

g(a) Metallic Materials

Metallic materials intended for use as current f
collectors in the positive electrode were evaluated for
their compatibility with the positive electrode envi-
ronment. This environment consisted of an equal volumz
mixture of LiCl-KCl eutectic and the desired metal
sulfide (FeS, FeSy, CuFeSp, NiS, NiS,;, CoS,;). The
disc-shaped samples used in these tests had an initial f
surface area of approximately 4.25 cm? The test ;
.sampleSMWere_lnsented_lnto_quartz“tubesualong,with4theJ




%respective metal sulfide-salt powdered mixture, sealed :
?under a partial vacuum, and then brought to a tempera- :
‘ture of 450°C * 5°C. Two samples of each metallic ;
.material were evaluated in each test environment, with °
‘half of the samples being tested for 500 h and the
‘remainder for 1000 h. Upon completion of a test, the
quartz tubes were ccoled to ambient temperature, and
’the samples were removed from the solidified mixture.
The samples were cleaned in water and rinsed with
.methyl alcohol. Some of the test samples reacted to
:form a thick, partially adherent reaction layer. This
‘layer was removed for separate analysis, and a deter-
‘mination of the reaction rate was made on the basis of
‘the unreacted base metal.

.(b) Ceramic Materials

Candidate ceramic materials intended for insulating
and ‘separator applications within the cell were
evaluated for their compatibility with the negative
.electrode environment. A wide range of ceramic
materials were screened in molten lithium for 300 h at -
500°C. Promising ceramics were further evaluated in
molten lithium and then in an equal volume mixture of
B-LiAl and LiC1-KCl eutectic for a minimum period of
:1000 h at 450°C. The results of tests conducted in
-B—LlAl and electrolyte are in qualitative agreement
‘w1th tests in molten lithium, but the rate of attack 1s
‘accelerated in the lithium tests. These ceramic
materlals were tested in the following forms: hot-
pressed and sintered bodies, felts, cloths, and powders.
iThe experiments were performed in Type 304 stainless
!steel crucibles. At the end of the testing period,
ithe ceramics were removed from the molten mixture and
‘cleaned in water and rinsed with methyl alcohol. This
" ‘cleaning procedure removed any adhering electrolyte,
:lithium or B-LiAl from the sample.

: All the corrosion experiments were conducted in a“
‘helium glove box to prevent extraneous reactions from
.occurring between the test environments and/or test
‘materials and the air. The corrosions rates and the
‘nature of the corrosion were determined from gravimetric
measurements and microscopic examination. X-ray diff-
raction and electrode microprobe analyses were also used
to jdentify reaction products and composition changes.

g(c) Testing of Electrode Separators

1. Out-of-Cell Tests

The candldates for separator material were
‘characterized by measuring their thickness, porosity,
burst strength, flexibility, and wettablllty. The
thlckness was measured with an Ames No., 16 Dial Com-
;parator equipped to provide a contact pressure of
‘862 Pa. The porosity was calculated from measurements
of the thickness and weight per unit area of the S
‘separator, and from the weight fractions and densities
‘of the component matef¥ials. The burst strength-of each’
‘material was measured on a Mullen Burst Tester Model C..
; The wettability of each material by the LiCl-
KCl electrolyte was evaluated by the following pro-. '
cedure [4]. The candidate material was first immersed
jinto molten electrolyte (450°C) inside a helium-atmos—
!phere furnace well. If the sample could be 1nf11trated
by the electrolyte without evacuation and repressuri-
zation of the helium, the wettability of the material ;
was classified as '"good." If evacuation and repressuri-
jzation with helium was required to wet the material, ;

:the vettability was characterized as "fair," 1If the
material was not wet by evacuation and repressurization,

lthe _wettability was._classified _as "poor.”. ... i
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Functional tests of the candidate separators
‘'were performed in unsealed LiAl/LiCl- kCl/FeS prismatic
‘cells. A schematic of the prismatic test cell is shown'
:in Fig. 1. The cell dimensions were 7.6 x 12.7 x
2.5 cm. The negative electrodes were made of hot-
‘pressed LiAl and LiCl-KCl powder, and the positive elec-
trodes were made of hot-pressed FeS and LiCl-KCl powder.
:A single positive electrode containing a sheet current
fcollector in the middle was positioned between the
fac1ng negative electrodes. The negative and positive
electrodes were separated via a separator (felt or
p0wder) contained between two screens. The BN felts
'used as separators were between 1.25 and 3 mm thick and
ibetween 90 and 93 percent porous. These cell were
iassembled in the 50% charged state in helium glove box -
‘and were operated at 450°C in a helium-atmosphere fur-
nace attached to the glove box. The cells were cycled
‘continuously between a discharge cut-off potential of
1.0 V and a charge cut-off potential of 1.65 V (inter-
nal cell resistance included). In most of the cells,
both charge and discharge current densities were 1n—
‘creased in steps of 20 mA/cm? from 40 to 120 mA/ cm?
durlng the first 60 cycles. For the next 40 cycles, the
xcharge current density was held at 40 mA/cm? and the
idischarge current density was held at 40 mA/cn? and the
|dlscharge current density was agaln increased in steps
of 20 mA/cm? from 40 to 120 mA/cm?, and after approx1—
'mately 100 cycles the cell was maintained at 40 mA/cm?
charge and discharge current densities for the rest of
‘the cell lifetime. After termination of cell operation,
la post-test examination of the cell and its components
}was conducted in order to determine the effect and cause
.of degradation of materials, if any. The examination
was generally conducted using an optical microscope,
scannlng electron microscope, and X-ray diffraction..

For the tests using MgO powder as separator,
MgO with a sieve of -60 +120 mesh and a purity of 987
(silica <0.8%) was commercially obtained. The cell
‘design used with the powder separator is essentially
éthe same as that shown in Fig. 1, except that the
‘'picture frame and screen assembly was replaced with
‘frames and screens enclosing each negative electrode,
The MgO separators used in these test cells had a poro-
51ty of 40-50% and a thickness of 0.8-2,0 mm, and were -
:vibratory loaded into the cell. The cell testing pro- .
cedure was similar to that of the cell using BN felt.

i III. RESULTS AND DISCUSSIONS

A. Corrosion Tests and Metallic Components in
MSx Environments

i

: The corrosion resistance of several metallic
‘materials to both the FeS and FeS, environments has been
1nvest1gated [5-8]. These tests were conducted over
‘the 400 to 500°C temperature range, and the results are
summarlzed in Table I.

§, In the FeS plus LiCl-KCl mixture, the candidate
materials, with the exception of Armco Electromagnet
Eiron and AISI 1008 steel, have acceptably low corrosion
‘rates and appear to be suitably corrosion resistant for
long-term use in FeS electrodes. Armco iron and low-
‘carbon steel underwent severe intergranular attack, and
ithe resultant grain fallout produced high corrosion
rates (¢ 400 um/yx) {8). Low-carbon steel current col-
ilectors havé been used extensively in engineering-scale
FeS cells. The in-cell corrosion rate of this material
has averaged 90 um/yr [8], one fifth the rate deter- i
mined in static tests. This lower reaction rate is ex—;
pected, because for a considerable period of time the !
cell is in the semi-charged and discharged conditions. l
Under these conditions, the cell is operated at a lowerl
. jpotential and less reactive sulfide species are in- 3
volved in cell reactions._ Nevertheless, with the ___ __ }
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jdynamically unstable and readily reacted with the

-present current “collector de31gns ‘for the pOSLtlve i
relectrode, the effective lifetime of a low-carbon steel
{collector is approximately one year. Consequently, ~
‘an alternative material must be selected for use in FeS
.cells that are going to operate >1 yr. In-cell
‘evaluations are under way for current collectors of
inickel- and iron-base alloys to further aid in this
iselection.

The results of static corrosion tests for metallic
imaterials in FeS; plus electrolyte are listed in ‘
Table I. For the FeS, experiments, molybdenum had an
acceptablllty low rate of less than 20 um/yr. In tests
.conducted at or above 450°C, the molybdenum samples
'showed small weight gains because of the formation of
ithin (less than 10 um) layers of weakly adherent
iMoS, [8]. As would be expected from these results,
molybdenum has shown superior in-cell corrosion

‘resistance with reaction rates not exceeding 4 pm/yr [81.

Hastelloy B had a marginally acceptable corrosion
‘rate at 400°C of 83 um/yr, but the corrosion rate
rapidly increased to 490 um/yr at 450°C [5]. The few
in-cell corrosion rates determined for this alloy
ranged from 190 to 270 um/yr for cell temperatures of
about 450°C [8]. These values are considerably lower
than the 450°C rate in static tests but not lower
enough to consider Hastelloy B as a viable replacement
for molybdenum, which is more costly and more difficult
to fabricate. Alternative materials, including other '
alloys and low cost metals with corrosion-resistant

lcoatings, are being investigated to find more suitable

substitutes.

Various metal sulfides have been added to the
positive electrode mix to increase cell performance.
Recent static corrosion tests were conducted to de-
‘termine the effects that such additives have on the
corr051on resistance of current collector materials,
jThe corrosion rates at 450°C for current collector
‘materials were determined in mixtures of either CuFeS;,
NlS NiS,, or CoS,; and LiCl-KCl electrolyte. The
fLorr051on rates are listed in rable II., The ratas for
these materials in FeS and FeS; test mixtures are also
included for comparison. For a given test material, '
ithe corrosion rates were often an order of magnitude

lgreater in the CuFeS, and NiS environments than in the

FeS environment. Similarly, the tests in the NiS, and
CoS, environments showed a trend toward higher
corrosion rates than those determined for the FeS)
ienvironment., These findings suggest that additions of
:CuFeS, or NiS to the FeS positive electrode mix and
additions of NiS; or CoS; to the FeS; positive elec~
trode mix can be expected to shorten the effective
lifetime of the structural components in the positive
electrode.

B. Ceramic Compatibility Test

i The results of the COmpatlblllty studles on
ceramic materials foF separator and insulating appli-
cations are summarized in Table ITII [5-8]. Based on
the corrosion test results, these materials have been
classified into four groups. The first three groups
contain materials judged to be incompatible, while the
fourth group.lists the ceramics found to be compatible
with the cell environment,

Ceramics classified in Group I were thermo-

molten lithium. Unstable ceramics, such as SiO;, and
Al,03, underwent complete disintegration during short
exposures to the molten lithium. Granules of CaF» were
somewhat resistant to molten lithium but rapidly

§
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‘dissolved in the electrolyte. The unstable ceramics
lof Group II remained intact, but became conductive due
ito the lithium exposure. Although the net weight '
.losscs were small, the stoichiometry of HfOp and Zr0j
was sufficiently altered for these materials to become
‘completely conductive. The lithium attack on these two
materials also made them quite friable. Prolonged ex-
%posure to molten lithium did not reduce the mechanical ‘
lintegrity of CaZrOsz; however, this ceramic developed a
%conductive surface film [5-7]. Electron microprobe.
lanalysis showed that the conductive surface film was )
fpartially depleted of zirconium and possibly of oxygen.
: The materials in Group III are intrinsically stable
Eto molten lithium; however, these ceramics still failed
‘because of small concentrations of unstable impurities.
ESilica—rich impurities tend to segregate at the grain
boundaries of ceramic bodies. Lithium attack at grain
boundaries resulted in the intergranular cracking of
Si3MNy [9] and the rapid deterioriation of commercial-
purity BeO and MgO [8]. Lithium attack on commercially
‘obtained BN resulted in the development of a conductive
.surface film [6-7]. This reaction was attributed to the
ipresence of the B,03 impurity. -

When the impurity levels in inherently stable
ceramics are reduced to sufficiently low concentratlons
these materials are compatible with molten lithium.
High-purity beryllia, which is virtually free of SiOp,
exhibited excellent resistance to lithium attack [6].
This grade of BeO is now being used routinely as the

tlower insulator in the electrical feedthrough assembly :

of these cells. The conductivity problem associated
with the untreated material is eliminated when boron
mitride is heat treated at 1700°C in a flowing nitrogen
jatmosphere to convert or vaporize the B»03 impurity.
iBoron nitride fabric pretreated by this method has been
‘used successfully in cells operated for more than two
lyears. An MgO single crystal that was tested in molten
{1ithium exhibited only minor weight loss [7]. The
‘intrinsic stability of Mg0 in crystalline form has been
'further verified by its successful use as a powder
iseparator in cells such as these discussed in the

ifollowing section. Other materials tested that showed )

‘thermodynamic stability and resistance to lithium
:attack are AIN, ThOp, and Y,03.

‘ In conclusion, suitable ceramics for the lithium/
*metal sulfide cell have been identified. Next, these
‘ceramic components were optimized with respect to cell
§performance. The progress made in this area is pre-
;sented in the cell test section.

i

iC. Electrode Separators

i The results of the compatibility studies (Table III)
ihave shown that BN, Be0O, MgO, Y03 8-SizNy and AIN are
ipromising candidates as separator materials. These
materlals may be used as powder, sintered ceramic plate,
fabrlc, or felt. The- fibrous' or felt form is available
only for Y,03 and BN ceramics. The BN felt developed
by the Carborundum Company and Y;03 felt developed by
iZircar Products Inc. were characterized for the physical
propertles,before evaluating them for in-cell tests.

1. PhjSical Characteristics of Felt Separators

I

The physical and mechanical properties of Yzoi

and BN felts are presented in Table IV. The thickness :

and porosity are useful in evaluating the resistance of.

the separator to ionic transport and the ability of the
separator to prevent the escape of active materials

from the electrodes. Thin materials with high poros1ty

i
1
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have low resistance to ionic transport vhereas, thick ;
materlals with low porosity provide good particle re-
‘tention of the active material. These data in Table IV
iindicate that BN and Y,03 felts should allow adequate
ionic transport. Flexibility indicates-the ease with
;which the separators can be handled during cell assembly,
:and the burst strength indicates whether the material
can maintain its integrity when dimensional changes
'occur in the electrodes during cell operation. The BN
felt have adequate strength and flexibility to be used
iin cell construction. At present the BN felt is
‘stablllzed at 1750°C for approximately 6 hr in nitrogen
%to reduce the oxygen content of the felt by vaporizing
ithe residual B,03 (or conversion toBN)., The scanning
electron micrograph shown in Figure 2 shows that the BN
;felt consists of long fibers that are bonded at various
1ntersect10ns by the BN bonds. The average size of the
iopenings of the felt is approximately 25 um and the BN
fibers are about 6 um in diameter.

The wettability is a measure of the faC111ty
w1th which separator becomes penetrated by electrolyte
when the cell is filled with electrolyte. The wetta~-
b111ty of the two separators is fair for Y,03 felt and
ppoor for BN felt. However, the wettability of BN felt
has been improved by treatment with LiAlcCl, [1].

i
2. 1In-Cell Testing of Separators

a. BN Felt Separator o %

In-cell evaluations of separators are
conducted to determine materials compatibility,
‘adaptability to cell designs, and the effects of the
!separator on active material utilization and coulombic
eff1c1ency. The active material utilization is the
ratio of observed discharged capacity at a given current
den31ty to the theoretical capacity. The coulombic '
iefficiency (or A-h efficiency) is the ratio of observed
dlscharged capacity to the charged capacity at a.given,
current density. Figure 3 shows both the coulombic
éefficiency and utilization for a cell (SC-19) that
had a 2.8-mm thick BN felt separator. The utilization
decreased from 60 to 357 as the dlscharge current den-
51ty was increased in steps of 20 mA/cm® from 60 to
120 mA/cm? between the 10th and 100th cycles. From
cycle 100 to 175, the charge and dlscharge current
den51t1es were malntalned at 40 mA/cm? and the utili-
zatlon was steady at 60%. After cycle 175, the cell was’
thermally cycled to determine theeffects of cell freezing
on the separator. The cell. failed by short circuit
?fter five thermal cycles. During the lifetime of this
cell, the coulombic efficiency remained stable at about
994. Prior to thermal cycling, the utilization of
thlS cell at current densities of 40 mA/cm? was about
the same (Vv62%) as it was during the beginning of
operatlon (between the 15th and 20th cycles). This
steady performance indicates that cell components, and
espec1a11y the BN felt, did not d1s1ntegrate durlng the
3000 hr of cell operatlon. .

i - Figure 4 shows the effect of separator

thlckness vs utilization as observed from the cells
SC-19, 25 and 30. As indicated, utilization was ob-
%erved to be the best when the separator thickness was
the smallest. The utilization decreased as the BN felt
thickness was increased. As expected, thicker separa-
tors had higher resistance to ionic transport, and hence

tesulted in decreased cell utilization. Table V gives

ferformance data on three cells using BN felt separatoré
Even though a marked difference in internal resistance l

f these cells was not noticed, internal resistance i

appeared to decrease as the separator thickness de- ;
Y

preased. The maximum utilization.at a given current
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den31ty was observed with the yell using minimum ‘
ithickness (v1.25 mm; Cell SC-25) of the BN felt. ‘How- ;
lever, the use of thinner BN felts would require
mechanlcally stronger and denser felts to withstand the
dnternal stresses developed during cell operation. The
Epreseﬂt results indicate that a cell using BN felt of

ja thickness between 1.7 and 2.5 mm would produce
acceptable performance. Effects on the development and
joptimization of the physical and mechanlcal propertles :
BN felts are continuing. !

Yttria felt and Y03 powder cells have
been tested successfully [1,4]. However, the further
.development of Y203 as a separator material is being
‘abandoned because: (a) Y03 under long term exposure
in the cell enviromment reacts with sulfur from the
ipositive electrode to form Y0,5 [1], and (b) Y503, if
‘used either as a felt or a powder form still does not
‘meet the cost goal objective of <$22/m?. The only other
materlals which would meet this objective are Mg0 and
{Ca0 powder. At present, MgO powder is being evaluated
ias a separator material.

b. MgO Powder Separator

Magnesium oxide powder separators were '
tested in Cells SC-21 and SC-28. The performance data °
for these two cells are given in Table V. The utili-
zation of Cell SC-21 during cycling is presented in i
Fig. 4. The results indicate that up to a discharge f
current density of 60 mA/cm?, the performance of SC-21
was similar to that of the BN felt cells; however,
above 60 mA/cm?, utilization decreased sharply. This
is believed to be as a result of the lower porosity of °
the powder in comparison with the felt separators
(V50 vs 907%) which may restrict ionic transport through
the separator at high current densities. :

©
t

3. Post-Test Examination of Separators and Cells.

Operation of some of the cells using Mg0
ipowder and BN felts was terminated because of declining
‘performanée; operation of the balance of these cells
was terminated because the cell testing period had
ended. The post-test examinations of these cells in-
dicated that both separator materials are chemically
stable in the cell enviromment. Further, the separator
was never a cause of cell failure. Most of the cell .
failures were caused by short circuits resulting from
improper cell assembly, or electrode swelling and
.subsequent extrusion of active material.

1

Figures 5a and b show cross-sections of two

icells —— SC-26 and SC-19. Cell SC-26 short-circuited

within one cycle of operation because of improper
filling of the powder separator. In one area, the i
negative and positive electrode screens were touching -
‘each other, thereby causing a short circuit. Cell SC-19
thad a gradual decline in performance after 175 cycles
‘because of gradual extrusion of negative electrode into’
ithe positive electrode (see Fig. 5b). Figure 5(c) is a’

~iphotomicrograph of a cross-section of Cell SC-25, which

thad a gradual decline in performance after 98 cycles,
:This failure was caused by the presence of fine iron
particles from the positive electrode across the felt
separator téward the negative electrodes. This be-
havior was attributed to three factors: (1) the de- ;
gassing and repressurizing of the cells that is done
during operation, (2) inadequate retainment of electrode
material by the electrode retaining screens, and (3)
overcharging of cells beyond 1.65 V; this causes dep051—
tion of iron in the separator. The extrusion of fine ‘
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partlcles from the electrodes can be minimized by the
use of active electrode materials which have large
‘initial particle sizes and by the use of fine electrode,
‘retalnlng screens. -

i IV. CONCLUSTIONS

| Results have been reported on an extensive
materlals evaluation program for the selection of suit-
able low cost ceramic and metallic materials for appll— '
catlon in high-temperature, high-energy lithium-—
alumluum/metal sulfide batteries being developed at
'Argonne National Laboratory. These materials have been
levaluated using static corrcsion tests in various en-
,v1ronments and in-cell tests. Analysis of the results
ileads to the following conclusions:

: Corrosive attack on a low-carbon steel current
;collector in an FeS electrode limits its effective
lifetime to one to two years. Static corrosion tests
1nd1cate that a number of iron- and nickel-base
materlals are capable of achieving much longer life-
itimes. In-cell evaluation of these materials will aid
'1n determining which best optimizes such factors as A
high corrosion resistance, low electrical resistance,

_iand low cost. For the FeS; electrode, none of the

alternative materials that have been corrosion tested

to date have demonstrated sufficient corrosion resis-
‘tance to replace molybdenum as the current collector
‘material. The effort to identify a suitable alternative

_imaterial from the standpoint of cost and ease of fab-
‘irication will continue. '

Compatibility tests on ceramic materials in molten’
lithium have shown that several materials: AIN, BN,
BeO, MgO, Y203 and ThOp with low impurity concentratlons
:have adequate stability for in-cell applications such
las feedthrough insulators and electrode separators.

l

P In-cell tests on BN-felt and MgO powder. separator§
iindicate that these separator materials are compatible
‘with the cell environment. At high current densities '
(>60 mA/cm?), the cell performance was superior with

BN felt separators than with vibratory loaded powder
separators. The Y,03 felt separator reacts with '

1

isulfur from the positive electrode and formed Y058

iphase; thus Y,03 felt does not appear to be a chemi-
cally stable material in the cell environment over a
battery lifetime of -approximately 5 yrs.
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Table I

Compatibility* of Metallic Materials with FeS,/LiCl-KC1
Environments over the 400 to .500°C Range

Hastelloy B
‘Hastelloy C
'Inconel 617
Inconel 625
Inconel 706
- Inconel 718
Incoloy 825

Incompatible:

Arnco Iron

AISTI 1008

FeS/LiCl-KCl : ... FeSy/LiCl-Kcl

Compatible: Compatible:
Molybdenum Molybdenun
Nickel Incompatible:
Niobium Nickel
Type 304 SS Niobium

Type 304 SS

‘Hastelloy B

Hastelloy C
Inconel 617
Inconel 625
Inconel 706
inéonel 718
Incoley 825

Armco Iron

AISI 1008

Criterion for compatibility is a corrosion
rate of less than 100 um/yr at test
temperatures between 400 and 500°C.




Table II

Corrosion Rates for Materials Tested at 450°C
in Various Metal Sulfide Test Environments

Rates in Various WMS, Environments (um/yr)

Material .. FesS CuFeSz NiS FeSp NiS, CoS,
Molybdenum 3.0 - - +1.0 . +5.5 +2.8
Hastelloy B 2.5 98 120 490 530 750
Inconel 625 2.7 430 490 1000 1900 >5400
Nickel +10 1600 2400 >6000 >6000 >6000
Type 304 SS 3.6 4500 2200 >5300 >6300 >6300
AIST 1008 a0 >5000 >5000. >5000 - -

The corrosion rates listed represent the average value of multiple tests.
Those values preceded by a '+" indicate a net weight gain due to the formation
of an adherent reaction layer. Those values preceded by a '">'" indicate
complete reaction of the sample occurred within 500 h.,

i




Table IIIX

Ceramic Compatibility with Molten Lithium

Compatibility Classification

Ceramic

Group 1:

Thermodynamically unstable-excessive attack

Group II:
Thermodynamically unstable-intact
hut conductive '

Group III:

Thermodynamically stable-deleterious
concentrations of unstable impurities

Group 1IV:

Thermodynamically stable-resistant
to attack

Al,03 (sintered)
LiAl0, (sintered)
MgAl,04 (hot-pressed)
SiC (hot-pressed)
Si0y (fused)

CaF, (fused grains)

CaZr0, (hot-pressed)
Hf0, (sintered)
Zr0, (sintered).

BeO (commercial purity)
BN (untreated)
Mg0 (hot-pressed)

‘B-SigNy (hot-pressed or

reaction bonded)

AIN (hot-pressed)
BeO (high purity)
BN (pretreated)

- Mg0 (single crystal)

ThO, (sintered)
Y505 (sintered)




Table IV

Properties of Separator Felts

Property -7 UBNUFelt® ... Y303 Felt

I

g Thickness (mm) . 1.6 1.75

| Porosity (%) A A 93 96

i ‘Basis weight (mg/cmZ) 20 36

| Burst strength (kPa) /mm 5-6.5 3-4
Wettability by molten LiCl-KC1 Poor Fair
Resistivity (Q-cm) o ”.“ﬁzl.x“1919 ' 11.3 X 1010

Flexibility . - Good , _ Fair
} “Stabilized.




Table V

Separator Test Cells

Current Density* at 40 mA/cm?

Séparator Separator Theoretical Percent Utilization Specific Energy Riggzzgite Operational
Cell No. Type ‘Thickness mm Capacity - (of Active Material) " W-hr/kg (nﬂ) Cycles Hour
sC-19 BN - Felt 2.8 50 62 .55 18 205 . 3050
SC-25 BN Felt ©1.25 © 51 ' 72 . 66 16 298 - 17¢0
sc-27 BN Rlt 1.6 48.5 | 66 | 59 15 72 1159
SC-30 BN Relt 3.2 48 60 - 54 18 90 1550
sc-21 MgO Powder 1.8 51 61 55 31 131 1914
$C-28 Mg0 Powder 0.9 48.5 .70 63 ©20.6 50 962

xCorrespon&s to 10 hr discharge rate,
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Schematic of Separator Test Cell
Scanning Micrograph of Stabilized BN Felt (500%)

Electrical Performance of Cell SC-19 usiﬁg BN
Felt Separator (2.8 mm)

Utilization Performance of Cells SC-19, 21, 25

and 30.

Post-Test Examinations of Cells SC-26, 19 and 25.
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