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HIGH-PERFORMANCE BATTERIES FOR
ELECTRIC-VEHICLE PROPULSION AND
STATIONARY ENERGY - STORAGE

Progress Report for the Period
October 1978—September 1979

ABSTRACT

This report covers the research, development, and management
activities of the programs at Argonne National Laboratory (ANL)
and at contractors' laboratories on high-temperature batteries
during the period October 1978 —September 1979. These batteries
are. being developed for electric-vehicle propulsion and for
stationary energy-storage applications. The present cells,
which operate at 400-500°C, are of a vertically oriented, pris-
matic design with one or more inner positive electrodes of FeS
.or FeS;, facing negative electrodes of lithium—aluminum or
lithium-silicon alloy, and molten LiCl-KCl electrolY@e.

During this reporting period, cell and battery development
work has continued at ANl and contractors' laboratories. A
40 kW-hr electric-vehicle battery (designated Mark.IA) was
fabricated and delivered to ANL for testing. During the initial
heat-up, one of the two modules failed due to a short circuit..
A failure analysis was conducted and the Mark IA program com-
pleted. Development work on the next electric-vehicle battery
(Mark II) was initiated at Eagle-Picher Industries, Inc. and
Gould Inc.. .Work on stationary energy-storage batteries during
this period has consisted primarily of conceptual design studies.

SUMMARY

Industrial Contracts

' Most of the cell and battery development, design, and .fabrication was
subcontracted to two industrial firms--Eagle-Picher Industries, Inc. and
Gould Inc. ’

Eagle-Picher. 1In February 1978, Eagle-Pichér was contracted to design,
develop, and fabricate a 40 kW-hr lithium/iron sulfide battery (Mark IA) for
testing in an electric van. In the cell development phase, Eagle-Picher
fabricated about 130 multiplate Li~Al/FeS cells (assembled charged) of vary-
ing designs,. which were tested at their own laboratories or ANL. In general,
these cells consisted of three positive and four negative electrodes, BN
fabric separators, and LiC1-KCl eutectic electrolyte. After testing of these
developmental cells had been completed, the final design for the Mark IA cell
was selected and testing indicated that they would meet our performance goals.

In the course of cell developmént, performance data were obtained
for individually cycled cells, but virtually no cell interaction data were

E



available for battery design. "To this end, a cell-force test apparatus was °
designed and fabricated to determine the Mark IA cell characteristics when
fully restrained; these data were used to define the maximum cell force that
had to be restrained by the battery hardware during testing. In safety tests,
the Budd Technical Center (under contract to Eagle-Picher) ruptured charged
Mark IA cells at operating. temperature, exposing the contents to room-tempera-—
ture air, by two methods: pressing the cell until rupture and dropping a

50 kg weight onto the cell at 48 km/hr (30 mph). No signs of fire or chemical
reactions were observed after rupture of these cells.

In conjunction with the cell development phase of the Mark IA program,
Eagle-Picher constructed a small (6 V, 2 kW-hr) module consisting of
five Mark IA cells connected in series and housed in a metal (Inconel 718)
case insulated with vacuum-foil insulation. At Eagle-Picher, this module was
operated for 10 cycles and exhibited acceptable performance. During cycles
3 and 5, the module was subjected to vibrations equivalent to 2.3 years of
vehicle operation; the performance did not appear to be affected by the
vibrations. Upon completion of these preliminary tests, the module was sent
to ANL where it was used to test a charger/equalizer unit developed at ANL.
Another small (6 V, 4 kW-hr) module was fabricated by Eagle-Picher for perfor-
mance testing at ANL. This module was. fabricated for the U. S. Army to
determine the viability of this system for fork-lift applications and con-
sisted of five parallel connected pairs of Mark IA cells. These five cell
pairs were connected in series and thermally insulated by a stainless steel
case with Min K insulation. Preliminary testing of this modulé. at Eagle-
Picher indicated that the performance was about as ant1c1pated, and this
module was then sent to ANL. for 11fet1me testing.

In May, fabrication of the Mark IA battery was completed and it was
shipped to ANL for vehicle testing. The battery consisted of two 20 kW-hr:
modules, each having 60 multiplate cells arranged in two rows of 30 cells and
connected in series. These cells were retained by a stainless- steel tray and
_ housed in a double-walled case of Inconel 718 insulated with multilayered
foil in the evacuated space. Each module had provisions for thermal manage-
ment (heating and cooling) and mica insulation to electrically isolate the
cells from one another and other battery hardware.

Gould Inc. Over thé past year, Gpuld fabricated and tested about
forty-six Li-Al/FeS bicells (and seven multiplate cells). All of these cells
had LiC1-KCl electrolyte and BN felt separators. '

In general, the Gould cells have shown very good performance character-
.istics, but relatively short lifetimes. Post-test examinations indicated
two main reasons for cell failure: extrusion of active material from the
positive-electrode edges, and failure of the electrical feedthrough. A
"picture frame" assembly has been reasonably successful in preventing extru-
sion of active material from the positive electrode. In the electrical
feedthroughs of earlier cells, the reliability of the seal was poor, and
‘frequent cell failure occurred as a result of cracks forming in the lower
(Y,03) and upper (Al,03) insulators. Consequently, the feedthrough design
was changed by the following modifications: replacement of the lower and
upper insulator materials with BeO, replacement of the previous nickel
terminal rod with a copper-filled stainless steel rod, and improved



welding procedures. The recent feedthrough design appears to have resulted
in the elimination of the feedthrough as a failure mechanism.

Initially, Gould cells were fabricated in the uncharged state. However,
uncharged cells cycled during the past year have shown poor negative-electrode
utilization and electrode swelling. Recently, therefore, cells have been
assembled from electrodes in the- half-charged state. One such cell showed
little or no performance decline over an extended period of cycling. Testing
of half-charged cells will be continued in FY 1980. Another improvement in
the cell fabrication procedure was initiated at Gould in FY 1979. 1In the
past, electrodes were formed by a hot-pressing operation in a glove box,
which is time consuming and expensive. A much simpler technique, cold-pressing
in a glove box, has recently been adopted to fabricate the half-charged
positive and negative electrodes. )

The Gould cell with the longest lifetime was a Li-Al/FeS bicell,
which operated for about 350 cycles (six months) and maintained stable
coulombic efficiency, capacity, and specific energy. 1In addition, the
voltage versus cell capacity curves on charge and discharge were nearly
identical at cycles 50 and 284, thereby indicating that the Gould cell has
the potential for attaining long lifetimes.

Gould completed a preliminary analysis of the cost for the Mark II
battery in mass production. The results indicated that the Mark II battery
should cost $70 to 106/kW-hr in mass manufacture, and has commercialization
potential for limited markets such as vans or buses. ’

Other. Contractors. Three other contractors--Rockwell International,
General Motors Corp., and the Institute of Gas Technology--conducted ‘a
variety of tasks for ANL. Rockwell tested fourteen Li-Si/FeS electric-
vehicle bicells, evaluated the LizPO,-Li,SiO, powder separator for the
1Li-Si/FeS cell, and developed a conceptual design for a 100 MW-hr stationary
energy-storage battery; General Motors Corp. investigated the discharge
behavior of the FeS, electrodes; and IGT explored methods of boronizing low-
carbon steel substrates for use as current collectors in FeS, electrodes.

~ .

Cell and.Battery Testing at ANL

ANL Cells. Over the past year, ANL fabricated and tested over 50 engi-
neering-scale Li-Al/FeS cells; most of these cells had a bicell design, BN
felt separators, and LiCl-KCl (eutectic or LiCl-rich) electrolyte.

Preliminary results indicated that cell performance is improved by the
use .of a negative-to-positive (Li/S) theoretical capacity ratio greater than
one. This result is consistent with observations that very little capacity
loss occurred in most ANL Li-Al/FeS cells in which the Li/S ratio was about
1.3, whereas high capacity loss rates (about 20% in 200 cycles) occurred in
- Mark IA cells with a capacity ratio of 1.0. Two ANL bicells, M-8NP and
SM8F08, were fabricated with the same design except for the Li/S ratios which
were 1.0 and 1.4, respectively. Cell SM8F08 had about 50% less capacity loss
per cycle than Cell M-8NP. ' In addition, the specific energy of Cell SM8F08



at current densities of 37 to 110 mA/cm? was 10 to 20% higher than that of
Cell M-8NP. Studies of capacity density of the positive electrode over a
range of 1.0 to 1.6 A-hr/cm?® in a series of five Li-Al/FeS bicells indicated
that the best performance is obtained. at 1.4 A-hr/cm3.

Efforts by the materials group at ANL identified two potential alternative
collector materials--nickel and iron-based alloy of Fe-5 wt % Mo. These two
‘materials along with iron were each tested in an engineering-scale Li-Al/FeS
bicell. After more than 400 cycles, the cells with the iron and nickel A
collectors are showing similar positive-electrode utilizations (60%), capacity -
loss (5%), and resistance (3.8 mQ at full charge). The cell with the iron-
based alloy has been operated for more than 245 cycles and shown similar
positive-electrode utilization and capacity loss but higher resistance (4.4 mQ
at full charge) than those of the other two cells; testing of this cell is
continuing. In other cell tests, 9.1 mol % LiF-62.7 mol 7 LiCl1-28.2 mol 7% KC1
(liquidus, 397°C) has been found to be an acceptable alternative to LiCl-rich
electrolyte (liquidus, “425°C), and the addition of. 10 wt % TiS; to the posi-
tive electrode has been found to lower the cell resistance by more than half.

Two Li-Al/FeS multiplate cells with BN felt separators were fabricated
and tested. Both showed.better performance than that of similar bicells.
One of the multiplate cells developed a short circuit in the feedthrough, and
operation was terminated after 42 cycles. The other one operated for over
200 cycles with stable capacity.. ‘

Gould Cells.  Over the past year, Gould Inc. fabricated 20 Li-Al/FeS
bicells with BN felt separators and positive-electrode additives of iron,
carbon, and cobalt or molybdenum for testing at ANL. The first ten such
cells had theoretical capacities of 165 to-175 A-hr and were assembled in the
uncharged state. Most of these cells had very short lifetimes: short circuits
in the. electrical feedthroughs and internal hardware problems were responsible
for cell failure. Subsequent cells have been fabricated in the half-charged
state, and some of the internal hardware was redesigned. To assess the status
of the Gould cell design, Gould fabricated ten identical Li-Al/FeS bicelis
for testing at ANL. These cells were assembled half-charged and had theo-
retical capacities of 117 A-hr for the positive electrode and 154 A-hr for
the negative electrode. These cells have shown excellent performance char-
acteristics: capacities of 56 to 82 A-hr and energies of 66 to 97 W-hr.

After 200 to 1150 hr of cycling, these ten cells are still in operation.

In another effort, Gould fabricated four Li-Al/FeS bicells of similar
designs to evaluate the following current-collector materials for the positive
- electrode: iron, nickel, copper and Hastelloy B. These cells had BN fabric
separators and positive-electrode additives of iron, cobalt-and carbon powder.
Tests at ANL showed that the best performing cell was the one with the nickel.
collector. Subsequently, four Gould cells with nickel collectors and no
" positive-electrode additives were tested at ANL; the cell with the additives
showed a much higher capacity than that of the cells without.

Eagle-Picher Cells and Batteries. During the cell development stage of
the Mark IA program, it was discovered that the Eagle-Picher multiplate cell
(1) frequently failed due to swelling of the cell can which resulted in extru-
sion of active material from the positive electrode, (2) showed significant
capacity decline with.cycling (about 207% in 200 cycles), and (3) had a lower




output than that required by the Mark YA goals. In regards to the first
difficulty, investigations at ANL revealed that the melting of the electro-
lyte in the Eagle-Picher cells resulted in a pressure surge that was largely
dependent upon the available void space'in.the cell prior to electrolyte
melting; therefore, for the cells used in the Mark IA battery, the amount of
electrolyte added to the cells was closely regulated. TFor the second diffi-
culty, the following probable mechanisms for capacity fading were proposed
based on cell-testing data: partial freezing of electrolyte or possibly ,
negative-electrode poisoning, and overutilization of the negative electrode
either through exclusion of electrolyte or through sintering and consequent
agglomeration of Li-Al in the negative electrode. Methods of improving the
capacity retention of the Eagle-Picher cell are being investigated. The
third difficulty was resolved by improving the welded connection between the
electrode leads and bus bars as well as adding a copper layer to the cell
top to. lower the resistance of the path between the negative- electrode bus
bar and the intercell connector.

Other Eagle-Picher cells. produced for the Mark IA program were tested at
ANL to determine the effect of continued cycling after cell failure and
simulated driving conditions. These tests indicated that the Mark IA battery
could continue to be cycled even after some of the cells had shown a marked
decline in coulombic efficiency and that the Mark IA cell should produce
acceptable power under severe acceleration-conditions without adverse effects
to the cell. '

During the past year, Eagle-Picher fabricated two small battery modules
(6 V)--one as part of the Mark IA program and the other for the U. S. Army
to determine the feasibility of the Li/FeS system for fork-1lift trucks. The
former module consisted of five cells in series and was operated at ANL for
. over 60 cycles with stable capacity. However, operation was terminated on
“.cycle 70 due to the development of short circuits in two feedthroughs. The
other battery module consisted of five pairs of cells connected in series and
was operated for 23 cycles before failure. The failure was also due to feed-
through failure. The feedthrough failure in these modules was thought to be
caused by the stress that the positive terminal transmitted through the rigid
intercell connectors, more flexible intercell connectors are under investi-
gation.

The Mark IA electric-vehicle battery, which consisted of two 20 kW-hr

" modules, was fabricated by Eagle-Picher and delivered to ANL for testing in

" May 1979. During startup heating prior to electrical testing, a short

circuit developed in one of the modules, which resulted in complete failure
of the module. The initial indication of difficulty was a small drop in the
voltage of several cells, followed by short circuits in the balance of the
cells and localized temperatures above 1000°C. The other module was
unaffected by the failure. A team consisting of ANL and Eagle-Picher
personnel conducted a detailed analysis as the failed module was disassembled,
and the other module was examined for purposes of comparison. The general

- conclusion was that the short circuit was initiated (1) by electrolyte’ieakage
and the resulting corrosion in the nearby region which formed metallic
bridges between cells and the cell tray, or (2) by arcing between cells and
the cell tray through the butt joints in the electrical insulation. The
above two mechanisms were also believed to be responsible for failure pro-.
pagation. Based upon the Mark IA failure analysis, design recommendations



for future batteries have been made, and experiments to further evaluate the
failure have been initiated. Future battery development and scale-up will
proceed in a stepwise manner, stressing cell and hardware reliability.

Cell Performance and Lifetime Summary ‘

Tests are being conducted on Li-Al/FeS bicells and multiplate cells ‘to
obtain performance and lifetime data on at least six similar cells of each
type. The bicell design chosen for the status tests was the same as that of
a state-of-art bicell which had been previously fabricated and tested at ANL;
fourteen Mark IA multiplate cells fabricated by Eagle-Picher will be used for
other tests. ' ‘

A statistical analy31s was conducted on the electrical performance of
.the L1/FeSx>cells tested in the past year. In general, these data indicated
that the specific energy of multiplate cells was higher than that of bicells
(99.4 vs. 52.4 W-hr/kg), but the decline in specific energy per cycle for
the multiplate cells was over four times higher than that for bicells.

Post-test examinations have been completed on 30 multiplate cells
(fabricated by Eagle-Picher) and 30 bicells (fabricated by ANL and industrial
_contractors). Of the multiplate cells, the primary causes of cell failure
were extrusion of active material from the positive electrode (10 cells) and
short circuits in the electrical feedthroughs (6 cells). The following
general observations were made from the examinations of the multiplate cells:
the typical negative electrode expanded in thickness by 20 to 25%, the
separators and negative electrodes were deficient in electrolyte, and varying
degrees of Li-Al agglomeration occurred in the negative electrodes. Post-test
examinations of the bicells indicated that the major causes of cell failure
in the past--extrusion of active material, cutting of separators by current
collector, and cell assembly difficulties--appear to have been resolved by
modifications in cell design and better quality control. The cell tray and
some of the cells were examined from the failed module of the Mark IA battery;
these results were then used in the failure analysis.

Cell Development

Engineering modeling studies were conducted at ANL with the objective of
developing empirical equations that relate cell pertormance and lifetime to
the physical and chemical characteristics of the cell and the mode of cell
operation. Very general equations have been developed to fit FeS and FeS,
bicells and multiplate cells; the coefficients in the equations were deter-
mined by multiple regression analysis. Good agreement has been obtained
between predicted and actual cell performance and lifetime. The model will
be very useful in the optimization of the electric-vehicle cell design. In
another effort, a mathematical model, based on one developed at Globe-Union
Inc. for lead-acid plates, is being used to predict the optimum current
collector weight for the Li/FeS cell. The results of this effort demonstrated
that this model has potential for optimizing the current collector weight of
the Mark II cell. 1In a related program, the reaction distributions within
the porous electrodes of the Li/FeS cell were- calculated from a one-dimensional
mathematical model. Physical phenomena described by this model include
ohmic potential drop and diffusion potential within the electrolyte; changes
in porosity and electrolyte composition due to electrochemical reactions;



local reaction rates énd,tﬁeir dependence on local composition and potential;
and diffusion, convection, and migration of electrolyte.-

Small-diameter (V3 mm) reference electrodes are being developed for
polarization measurements in engineering cells and for basic electrochemical
investigations. Long-term stability tests have been completed on five elec-
trode systems——Ag/AgCl/Cl‘ Ag/Ag,S/S~, Ni/Ni3S, /8=, Fe/Li~Al/Lit, and
Al/Li-Al/Lit--and the Ni/Ni3S,/S™ system was found to be the most suitable.
‘Measurements will be made with reference electrodes in three sizes of ¢ells:
large (v100 A-hr) and intermediate (5-15 A-hr) prismatic cells, and small
tubular cells. Preliminary investigations with an engineering-scale Li-Al/FeS
ANL cell having reference electrodes have indicated that there are large
potentlal gradients across the surfaces of the positive and negative elec-
trodes, probably caused by nonuniform current distribution developed during
cycling. The use of a reference electrode in a Li-Al/FeS bicell with Mark IA-
type electrodes indicated that the power.is limited by the positive .electrode
at all states of charge, and that the cell capacity is limited by the negative
" electrode during discharge and the p051t1ve electrode durlng charge Testing
of these cells is continuing.- '

Means of optimizing cell performance were investigated through tests
with laboratory (<10 A-hr) test cells. A Li-Al/FeS test cell using a 9.1 mol%
LiF-62.7 mol % LiC1-28.2 mol % KCl electrolyte, which has a 1liquidus point of
397°C, attained a utilization of over 80% at 435°C. Test cells with additions
of LiBr or NaCl (<10 mol %) to the LiCl-KCl electrolyte were also cycled, but
did not attain as high a utilization as that of the above cell. This elec-
trolyte is being tested in an engineering-scale cell. The test cells were also
operated with 0, 5, 10 and 30 wt % TiS, added to the positive electrode to
improve its conductivity. The 10 wt % TiS, addition was found to result in
the optimal cell re51stance and- is presently being tested in’an éngineering-
scale cell.

The ionic conductances of BN felt (porosity, 88% and 94%) 'and MgO powder
(porosity, 41.8% and 85%)  were measured with an experimental apparatus
spec1ally des1 ed for this purpose. The results showed a conductivity of
1.022 me=! for the 947 porous BN felt and 0.923 mQ~l-cm~! for the 85%

" porous MgO powder. These values were then used to predict cell'resistance.
In another effort, a special cell design consisting of 0.32-cm? electrodess
has been developed for evaluations of electrodes. : '

Materials and Components Development

Electrode Development. Investigations are under way on the formation of
agglomerated Li~Al in the center of the negatlve electrode during the opera-
tion of multiplate FeS cells. For these studies, cells were fabricated
with small working electrodes of solid aluminum and large -counter electrodes
.of porous Li-Al; the results so far indicate that Li-Al agglomeration is at
least partly respon31b1e for the rapid capacity decline observed in Li-Al/FeS
multiplate cells. . : :

In investigations of the FeS electrode, two 2 A-hr Li-Al/1 A-hr FeS cells
(eutectic electrolyte) were operated to determine the potential at which '
LiKgFe,,S2¢Cl (J phase) forms during cycling. Preliminary results indicate
that J phase transforms to FeS at 1 6 V during charge and 1.4 V- during



discharge. Cyclic voltammetry studies were completed on the FeS electrode in
electrolytes of LiCl-KCl eutectic and 63.8 to 74.4 mol % LiCl-KCl at tempera-
tures of 400 to 500°C. The results of these studies indicated that increas-
ing the operating temperature or the LiCl content of the electrolyte should
improve the reaction kinetics of the FeS electrode (Z.e., suppress J=<phase
formation). On the basis of thermodynamics, six reactions were proposed.to
account for. the phases formed during cycling of ‘the Li-Al/FeS cell. Subse-
quently, the transition potentlals as a function of temperature were deter-
mined- for each reaction.

In studies of the FeS,; electrode, powders of LisS, LiyFeS,, Fe and FeS,
were equilibrated with LiC1-KCl molten salt at 450°C; the information from
this experiment was used to refine our understanding of the Li-Fe-S phase
diagram. In a continuing effort to understand the electrochemistry of-the
FeS, electrode, three 4 A-hr Li-Al/1 A-hr FeS cells were cycled at a current
density of 25-30. mA/cm? for ten cycles, and then cell operation was stopped
after trickle charging at a selected cutoff voltage (1.64, 1.786, and 1.85 V)
for about 18 hr. The results indicated that it is not possible to form FeSa,
at a potential of 1.76 V, which is the emf observed for the upper voltage
plateau in Li-Al/FeS, cells. Cyzlic voltammetry studies were completed on
the FeS, electrode in LiC1-KCl eutectic and 55 mol % LiCl-KCl. These studies
showed that the discharge reaction on the upper voltage plateau is more
complex in the FeS, electrode with eutectic than with the 55 mol % Licl
electrolyte. In addition, it was found that the addition of graphlte powder
- to the FeS, electrode improved the reaction. kinetics.

Designing -the thermal management of a cell requires knowledge of entropic
heat effects, and hence of the cell reactants and products. In cell-chemistry
studies, estimated values were calculated for. the absolute entropies of
Li,FeS,, LiKgFe,,S,6Cl, and LizFe,S,, which are not available in the litera-
ture. These estimates were made by established procedures. Good agreement
was found between the calculated values and those obtained from emf vs.
temperature curves from experimental cells.

Separator Development. .Carborundum Co. is fabricating BN felt for use
as separators. These felts can be produced in any thickness and are typically
92-947% porous. These felts have been successfully tested in engineering-
scale cells and will be used in the cells for the first phase of the Mark II
program.

Procedures have been developed for the fabrication of porous, sintered
ceramics of Y503 and MgO for separator applications. Such plates were
prepared with porosities up to 60% and good mechanical properties. Separators
of sintered Mgl and Y,03 have been tested in 50 A-hr cells, which have shown
acceptable performance. :

Current Collector, At present, nickel and three iron-based alloys
developed at ANL (Fe-4.5 wt % Mo, Fe-10 wt % Mo-20 wt % Ni, and Fe-15 wt %
Mo-30 wt % Ni) are under investigation for use as current collectors in FeS$
electrodes. All three iron-based alloys have shown very low corrosion rates
in static corrosion tests and small cell (50 A-hr) tests. However, .of the
three alloys, Fe-4.5 wt % Mo showed the best combination of properties with
regard to corrosion rate, resistivity, and potential for low cost; therefore,




it is beihg tested in engineering-scale cells. Although nickel has shown

low corrosion rates in static corrosion tests, small-scale cell tests have
produced conflicting results. In cells assembled in the semi-charged or

. uncharged state, post-test examinations of the nickel current collector
showed severe localized intergranular attack; but no evidence of this type of
attack was observed in cells that were assembled fully charged. Studies are
continuing in an-effbrt to determine the mechanism for this unusual behavior.

Efforts are also being .directed toward the development of conductive
ceramics for use as a coating material on inexpensive metallic current
collectors in FeS; electrodes. During the past year, static corrosion tests
‘were conducted to determine the compatibilities of the following materials
with the FeS, electrode: TiN, TiC, and TiB, formed by hot pressing; TiN, TiC,
TiCN and TiB, applied by chemical vapor deposition to substrates; MoS, and
MoSi, applied by RF sputtering to substrates; and duplexes of TiC plus TiN
applied by chemical vapor deposition to substrates. The only materials found
to be completely compatible with the FeS,-electrode environment were the hot-
pressed TiN and TiC. Of the coated samples tested, the TiN showed the most
promise. The common mode of failure for the coated samples was cracking and
spalling at the sample edges followed by rapid corrosion of the substrate
by the sulfide. Studies are continuing to identify techniques to prevent
spalling and cracking of the coatings. '

Systems Design and Cost Analysis

In 1978, a conceptual design of a 100 MW-hr stationary energy-storage
(SES) battery having Li-Al/FeS or Li-Si/FeS cells was developed as a result
of 'a joint effort between ANL and Rockwell. 1In this design, the submodule,
which was the basic replaceable unit .for the battery, consisted of ninety-six
2.5 kW-hr cells. However, a study by Rockwell indicated that the cost for
the battery hardware, $60-88/kW-hr, was too high. In the above design, a
significant portion of the cost was contributed by the electronic charge-
equalization scheme, which was the same as that developed for electric-
vehicle (EV) batteries. 1In this report period, a conceptual design for an
alternative method of equalization, in .which fixed resistance shunts are
used on each cell, was developed. This equalization scheme adds little
equipment cost to the system and only sacrifices about 4% of the coulombic
and energetic efficiencies. Along with this new equalization scheme, three
different sizes for the submodules were investigated: a 120 kW-hr submodule
of 100 cells, a 1,020 kW-hr submodule of 408 cells, and a 30 kW-hr submodule
of one cell. The cost of battery hardware for these three new designs was
estimated to be $20 to 40/kW-hr; some questions remain on the assumed capa-
bilities of the cells and the feasibility of the battery hardware for these
de31gns. .

In 1976, an estimate was made of the cost to mass-manufacture an SES:
cell (Li-Al/FeS). During 1979, the cost for this type of cell was updated
and .used as the basis for estimating the cost to mass-manufacture Li-Al/FeS

“and Li-Al/FeS, cells for EV applications. This recent analysis indicated
"that the mass-manufacturing cost will be $31 to 55/kW-hr for EV cells and
824 to 41/kW-hr for SES cells. The total materials cost for each cell was
found to contribute about 52 to 65% of the total cell cost. It should be
noted that the above cost estimates are preliminary and may require further
. refinement as development ‘of the advanced battery progresses.
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The Li/FeS batteries under development for EV propulsion will be tested
in the laboratory under a variety of modes, including computer-simulated road
conditions, prior to in-vehicle tests. Preliminary in-vehicle testing at ANL
.using a van as a test bed will be followed by extensive in-vehicle testing by
outside contractors and vehicle manufacturers. In order to evaluate battery
performance under road-load conditions, an instrumentation package has been
developed by ANL that is compact and can be installed in a van or automobile.
The on-board package includes a microprocessor-controlled data acquisition and
recording system, a signal integrator/display unit, a signal level monitor/
alarm unit, and an operator visual/audible driving schedule meter. This
~equipment logs measurements of battery and vehicle performance on magnetic
tape, while displays furnish an immediate visual indication of battery charge
and energy transfer, as well as vehicle speed and range. The off-board sup-
port system provides a graphical display of recorded road-test data as a
function of battery operating time on a cathode ray tube terminal. To obtain
preliminary test data on vehicle operating characteristics and test procedures,
a Volkswagen Van, which was powered by lead-acid batteries, was operated on a
circular test track a4t ANL. 1In addition, to determine battery/controller
interaction of the Li-~Al/FeS system, Lhe 6-V Mark TA module was placed in - .
series with-the lead-acid batteries of the van and tested. In general, there
were no measurable changes in response time of the chopper current waveforms.

A'charging system has been developed and fabricated for EV batteries.
This system provides individual cell-capacity equalization with very close
control of individual cell voltages, and can be preset to charge battery
systems containing one to six cells. This charge unit was successfully
tested with the 6-V Mark IA battery.

Calcium/Metal Sulfide Battery Development

The objective of this effort is to develop calcium alloy/metal sulfide
cells for inexpensive, high-performance batteries. The electrodes -and elec-
trolyte for these cells are being developed and optimized through ¢yclic
voltammetry studies, cell tests, and out-cf-cell experiments.

In out- of—cell experiments, the solubility of CaS (one of the active
materials in the positive electrode of uncharged calcium cells) in LiCl-NaCl~
CaCl,-BaCl, electrolyte was found to be a factor of ten lower than that of
Li,S i LiCl-KULl electrolyte (lithium cell), and the vaporlzatlon rate of
sulfur from CaSy-FeS; mixtures in the quaternary electrolyte was found to be
significantly lower than that of the LiyS-FeS; mixtures in LiCl-KCl.

Tests were conducted on small-scale cells having positive electrodes of .
either NiS,, FeS,, or FeS,-CoS,. The maximum utilizations of the NiS, and
FeS, electrodes were satisfactory (64%), and CoS, additive improved the utiliza-
. ion of the FeS, electrode by 8%. Voltammetry studies of these three metal
disulfide electrodes in an electrolyte of LiCl-KCl and LiCl-NaCl-CaCl,-BaCl,
indicated that the FeS electrode with the binary electrolyte should exhibit.
the best performance characteristics. :

Three engineering-scale Ca-Si/FeS, bicells were cycled during this
report. period. The highest specific energy achieved by these cells was
67 W-hr/kg at the 5-hr rate, but a doubling of the resistance (8 to 16 mf)
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during the early cycles of these cells and a fading Capacity limited the

- lifetime to- about 2000 hr. The specific energy of the cells declined by
about 25% per 1000 hr of operation. Post-test examinations identified two
lifetime-limiting mechanisms: (1) reaction and compaction of the separator
near the negative electrode to form a dense layer, and (2) formation of a -
nonadherent reaction layer, probably an iron silicide, on the negative current
collectors. Preliminary tests have indicated that alternative negative
"electrodes such as CaAl; or CaMg;Si might solve both of the above problems.
These alternatives will be tested in large cells .in future experiments.
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I. INTRODUCTION

Lithium alloy/iron sulfide batteries are being developed by Argonne
National -Laboratory (ANL) and its contractors for use as (1) an energy source
‘for electric-vehicle propulsion, and (2) stationary energy-storage applica-
tions such as load leveling on electric utility systems or storage of energy
prqduced by solar, wind, or other intermittent sources. The widespread use of
electric vehicles would conserve petroleum fuels, since the electrical energy
for charging the batteries could be provided by coal, nuclear, hydroelectric,
‘'or other energy sources; a side-benefit would also be realized in decreased
air pollution in congested urban areas. The use of stationary energy-storage
batteries for load 1eveling could save petroleum by reducing the need for gas
turbines, to meet peak power demands and by fac111tat1ng the use of alternative
energy sources.

The battery cells that are currently under development consist of Li-Al
or Li-Si negative electrodes, FeS or FeS, positive electrodes, and molten
LiCl-KCl electrolyte. The melting point of the electrolyte at the eutectic
composition (58.2 mol 7% LiCl) is 352°C, and the cells are operated at
temperatures of 400 to 500°C.

The cell designs currently being developed all have a prismatic con-
figuration with one or more positive electrodes and facing negative electrodes.
The cells can be fabricated in a charged, uncharged, or partially charged
state by using various combinations of reactants and products in the elec-
trodes. Both the positive and the negative electrodes are normally fabri-
cated by cold- or hot-pressing methods. A key cell component is the elec-
~ trode separator, a porous material that provides electrical isolation of the
‘electrodes but permits the migration of lithium ions between the electrodes.
In most cell designs, it is also necessary to use screens or other structures
to retain particulate material within the electrodes. To enhance the elec-
tronic conductivity of the electrodes, metallic current collectors are used
to provide a low-resistance current path between the act1ve material and the
electrode terminal.

The overall electrochemical reactlon for the Li-Al/FeS cell can be
‘written as follows:

< 2e )
2L1iA)l + FeS T——*=LiyS + Fe + 2Al . . (L

The theoretical specific energy for this reaction is about 460 W-hr/hg, and’
the voltage vs capacity curve has a voltage plateau at about 1.3 V. The
reaction is actually more complex than shown; for example, an intermediate
compound, LiKgFe,,S;¢Cl (J phase), is formed through an interaction with the
KC1 in the electrolyte. The overall reaction for the Li-Al/FeS, cell can be
written as:

be
4LiAl + FeS,=——2=2Li,S + Fe + 4Al 1 (2)

The theoretical specific energy for reaction (2) is about 650.W-hr/kg. The
voltage vs capacity curve has two voltage plateaus at approximately 1.6 and
1.3 V, respectively. Some Li-Al/FeS, cells are designed to operate only on

/7
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the 1.6 V plateau and are referred to as "upper plateau" cells. Reaction (2)
also involves several intermediate compounds (generally ternary compounds of
lithium, iron, and sulfur). Although cells having FeS, electrodes offer a
higher specific energy and voltage than those with FeS electrodes, the higher
sulfur activity leads to high corr051on rates and long-term 1nstab111ty of
the electrode. :

The major requirements for an electric-vehicle battery are high specific
energy (W-hr/kg), high volumetric energy density (W-hr/L), and high specific
. power (W/kg). Economic considerations require a minimum battery lifetime of
about 3 yr (01000 deep discharge cycles or equivalent) and a cost goal of
about $50-60/kW-hr.* 'Stationary energy-storage bdatteries have somewhat less
stringent specific-energy and specific-power requirements, but this applica-
tion demands a longer lifetime (v10 years and 3000 cycles) and a cost goal of
$45-55/kW-hr. As a result of these requirements, considerably different
approaches are being taken in the de51gns of cells and batteries for these

two applications.
t

The program on the electric-vehicle battery involves the development,

- design, and fabrication of a series of full-scale lithium/iron sulfide

" batteries, designated Mark IA+, II and III. The main purpose of the Mark IA

" battery was to evaluate the overall technical feasibility of the lithium/

iron sulfide system for the electric-vehicle application and to identify
potential problem areas. The Mark II battery has somewhat higher performance
goals than Mark IA, but the major objective is to develop designs and materials
that will permit low-cost manufacture in mass production. It is anticipated
that the Mark II battery may have commercial potential for certain limited
applications. The Mark III battery is planned as a high-performance proto-
type suitable for evaluation and demonstration in a passenger automobile. The
performance and lifetime goals for the Mark IA, II, and ITI batterles are
presented in Table I-1.

The Mark IA battery, which consisted of two 20 kW-hr modules containing
60 cells eaeh, was fabricated by Eagle-Picher Industries and delivered to ANL
for testing in May 1979. During startup heating prior to testing, a short
circuit developed in one of the modules, which resulted in complete failure
of the module. A detailed analysis of the failure was conducted; the results
of the analysis will be covered more extensively in a separate report. The
" other module, which was alongside and connected in series, was unaffected by
the failure. This module was disassembled to provide cells for failure analy-
sis‘experiments and for additional testing of single cells and small battery
configurations. No additional work will -be done on the Mark TA system. As a
result of the Mark IA experience, the strategy for the Mark II battery develop-
-ment has been revised somewhat. The first phase of the Mark II program will
stress the development of high-reliability cells and will ‘involve the fabrica-

- . tion and testing of 10-cell modules. This phase will conclude with qualifica~

tion tests of these modules. The second phase of the program will then con-
sist of the development of inter-connected modules and full- scale (50-60 kW--
Ahr) batteries.

-* . .
Costs given in 1979 dollars throughout this report unless otherwise indicated.
+The original plan was to develop a series of Mark I batteries (IA, IB, and
IC); however, a decision was made to proceed directly from Mark IA to

Mark II in the development program.
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Recent effort on the stationary energy-storage cells has consisted pri-
marily of conceptual design studies of a 100-MW-hr utility load-leveling
battery employing Li-Al/FeS cells. 1In 1978 the conceptual design for this
battery included the same electronic charge equalization scheme that has been.
developed for electric-vehicle batteries. In 1979, an alternative method -of
equalization was found, thereby permitting major changes in the battery
concept. As a result, studies of two new battery concepts were performed,
and the estimated cost of the battery hardware (exclusive of cells) was
brought down to a range of $30-40/kW-hr from an earlier estimate of $80/kW-hr
(1978 dollars). Some feasibility questions remain on the battery hardwarc
and on the assumed capabilities of the cells.

A major objective of this program is to transfer the technology to
interested commercial organizations as it is developed, with the ultimate
goal of a competitive, self-sustaining industry for the production of Li/FeS
batteries. To this end, most of the cell and battery development, design,
and tabrication is subcontracted to two industrial firms--Eagle Picher A
Industries and Gould Inc. A contract is under negotiation with the Carborun-
dum Co. for the preparation of BN felt for separators and the development of
production processes for this material. Other contractors currently partici-
pating in the program include the Energy Systems Group of Rockwell Inter-
national, General Motors Research Laboratorles, and the Institute of Gas
Technology.

The in-house program at ANL consists of cell chemistry studies, materials
engineering, component development, fabrication and testing of state-of-the-
art status cells, testing of contractors' cells and batteries, development of
battery auxiliary systems, and potential applications and cost studies.
Facilities are now available at ANL for laboratory and on~board testing of
electric-vehicle batteries, and lifetime and performance testing of cells.
Another small effort at ANL is directed toward the development of calcium
alloy/metal sulfide cells, which are believed to have a potential for low
cost in mass productivu.
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" Table I-1. Program Goals for the Lithium/Metal Sﬁlfide
‘ Electric-Vehicle Battery

Mark II

Goal Mark IA Mark III
Specvific..Ene“rgy,é W-hr/kg
Cell (Avérage) 80 125 160
Battery | | 60 - 100 130
Engfgleensitx, W-hr/liter
Cell (Average) | 240 400 525
Battery 100 200 300.
Peak Power,? W/kg , |
.,Cell (Average) 80 125 200
Battery 60 100 - 160
Battery Heat Loss,® W 400 150 125
Lifetime .
A.Deep Diséharges 200 500 . 1;600
Equivalent Kilometers . 32,000 - 95;000 - 240,000
Equivalent Miles 120,000 . 60,000 150,000,

" #Calculated at the 4-hr discharge rate.

bPeak,power sustainable for 15 sec at 0 to 507% state of discharge;
at 80% discharge, the peak power is 70% of the values shown.

“The values shown.represent the heat loss of the-battery'through
the insulated case; under some operating conditions, additional

heat  removal may be required.
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II. INDUSTRIAL CONTRACTS®

Most of the cell and battery development, design, and fabrication was

. subcontracted to two industrial firms: Eagle-Picher Industries and Gould Inc.
The cells fabricated by these contractors are tested either at their own
facilities or ANL. In the past year, Eagle-Picher fabricated the Mark IA
battery and two smaller (6 V) batteries and delivered them to ANL for testlng
Also, development work on the Mark II battery was initiated at Gould and
Eagle-Picher. The other contractors performed a variety of tasks for ANL.

A. Eagle-Picher Industries, Inc.
(R. Hudson)

Eagle-Picher Industries, Inc. entered into the lithium/metal sulfide
battery program in May, 1975, as one of the first industrial firms to associ-
ate with ANL's battery program. Initial efforts were directed at developing
. engineering-scale bicells (Z.e., one positive and two facing negative elec-

trodes) for electric-vehicle and utility load-leveling -applications. Develop-’
ment progressed in these areas such that.the fabrication of full-scale lithium/
-metal sulfide batteries was feasible. In February, 1978, Eagle-Picher was
awarded a contract for the design, development, and fabrication of the first
full-scale (40 kW-hr) lithium/metal sulfide béttery.

1. Cell Development. for the Mark IA Program
(E. B. Cupp, J.W. Buchanan, L. W. Aupperle)

As part of the cell development phase of the Mark IA program,
Eagle-Picher fabricated four consecutive series of cells (designated Matrix A,
B, C, and D). In general, these cells consisted of the following: three FeS
positive electrodes with Cu,S additives, four Li-Al negative electrodes, BN
fabric separators, cloth (Y,03 or Zr0O,) particle retainers, iron-honeycomb
current collectors, and LiC1-KCl eutectic electrolyte. However, within the
four matrixes, many different cell design and material variations were tested.
The normal operating temperature for these cells was 450-465°C, and the dis-
charge and charges rates were 4 hr and 8 hr, respectively. After completion
of this development effort, the final design for the Mark IA cell was selected,
and production of the requlred cells for the battery initiated. During the
" year, 430 cells were fabricated and tested. Allocation of these cells is as
shown in Fig. II-1. The developmental cell matrices are discussed below.

a. ‘Matrix A Cells

The purpose of the first test matrix was to determine the fea-
sibility of building multiplate_Li—Al/FeS cells and to pinpoint any manufac-
turing problems associated with the multiplate design. The nineteen Matrix A
cells had four positive plates and five negative plates with dimensions of
12.7 x 17.8 cm. The following design variables were studied: type of particle
barrier (Zr0,, Y,03, and none), Cu,S additive to the positive active materlal
and metallic copper and iron as additives to the positive active material.

% - .
The authors listed in this section of the report are from the contractors.
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. (430 CELLS TOTAL BUILD)

DEVELOPMENT |
CELLS BATTERY
126 120

BATTERY SPARES
12 .

-MARGINAL BUT
ACCEPTABLE ' 18

TESTS IN PRODUCTION
23

—LOST IN PRODUCTION 7

MERADCOM 17

SIX VOLT BATTERY 10

DlMENSlONAL REJECTS 22 ELECTRICAL REJECTS 65

Fig, II-1.’ Cells Fabricated by Eagle-Picher for
. Various Program Efforts

Table II-1 shows the desigh variables, cycle -life ‘and maximum
capacity attained by these cells. In general, the cells tested in this
matrix gave good initial capacities,and the initial positive-electrode
utilization appeared to be affected by the quantity of Cu,S added. However,
the high utilization was usually not permanent. In most cells, the higher-
initial utilization corresponded with higher rates of capacity decline with
cycle life. 1In general, the positive-electrode utlllzatlon faded to about
70% regardless ‘of the initial value. i :

b. Matrix B Cells

The Matrix B cells (Cells EPMP-7-20 through -36) had three
positive ‘and four negative electrodes with dimensions of 17.8 x 17.8 cm.
These cells were fabricated to test the effects of CujS additive, Y,03 cloth
as a particle barrier, 1lithium chloride additive to the eutectic electrolyte,
and current collector material type and thickness.

Table IT-2 shows the performance of the Matrix B cells. 1In
general, these cells exhibited good performance characteristics. All cells
tested except Cell EPMP-7-36 gavé positive-electrode utilizations higher
" than 80% initially. However, all cells showed significant capacity decline
during cyeling. In almost all instances, the capacity fade was marked, to
_a degree, to a drop in coulombic efficiency. The lower coulombic efficiency

was probably due to the formation of high-resistance short.circuits within
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Table II-1. Performance Data for Matrix A Cells

Capacity, A-hr Cycle = Design

Cell No. - FeS Max. Life Variables

EPMP-5-1 275 367 8 " None

. EPMP-5-2 293 377 5 None |
EPMP-5-3 405 - 367 60 b

'EPMP-5-4 405 377 47 b
EPMP-5-5 383 © 373 94 a(l0 wt %)
EPMP-5-6 383 375 100 a(10 wt %), c
FPMP=5n7 370 334 40 a(l5 we %), ¢
EPMP-5-8 370 384 68 a(1s wt %), c
EPMP-5-9 320 - 36 75 a(ls we %), b, d
EPMP-5-10 320 - 351 74 - a(15 wt %),.c, d
EPMP-5-11 . 3790 33 h a(l5 wt %), b, g

_ EPMP-5-12 350 337 8 a(20 wt %)
EPMP-5-13 - 350 312 h a(20 wt ), b

- EPMP-5-14 350 - 248. h a(20 wt %), b
EPMP-5-15 350 - 326 h a(20 wt %), c
EPMP-5-16 405 217 56 b, d, e
EPMP-5-17 383 311 190 b, £(10 wt %)
EPMP-5-18 - . 370 320 68 . b, £(15 wt %)
EPMP-5-19 350 A 36 b, £(20 wt %)

. a

bY203clothpartic1e barrier.

CuéS added to the positive electrode (wt % given in paréntheses).

ch02 cloth particle barrier. .

dTron powder added to the positive electrode.
.edu powder added to the positive electrode. '
fCuFe82 added to the positive electrode.
gCarbon black added fo the ﬁositive elecﬁrdde.

hFailed_after only a few cycles due to equipmént malfunction.
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Table II-2.. Performance Data on Mattix B Cells:

Capacity, 'A_.hI' | Cycle' . Design

Cell No. FeS Max. Life Variables
EPMP-7-20 409 329 . 45 c, d(0.0762 mm)
EPMP-7-21 409 332 65 ¢, d(0.0762 mm)
EPMP-7-22 350 320 87 a, c(20 wt %),

. d(0.0762 mm)
EPMP-7-23 350 . 310 72 a, c(20 wt 2),
- - ©4(0.0762 mm)
EPMP-7-24 . 370 334 .32 a, c(15 wt ),
d(0.0762 mm), g
EPMP-7-25 . 370 321 65 c(15 wt %), e
EPMP-7-26 370 278 58 a, c(15 wt %), e
EPMP-7-27 370 346 87 a, c(15 wt %), e
EPMP-7-28 370 . . 333 70 a, c(15 wt %),
| . , £d(0.127 mm)
EPMP-7-29 370 . shorted - a, c(15 wt %),
| - d(0.127 mm), h
EPMP-7-30 370 340 59 b, c(15 wt %),
L d(0.127 mm)
EPMP-7-31 403 339 - 191 b, d(0.127 mm), f
EPMP-7-32 403 376 6l b, d(0.127 mm), f
EPMP-7-33 - 403 - - b, d(0.127 mm), f
EPMP-7-34 - 403 shorted - b, e, £, h |
EPMP-7-35 403 353 102 - b, e, f.
EPMP-7-36 403 353 . 78 b, e, f,

aY203 cloth particle-retaipcr on poeitive eleccrode.

b‘Y203 cloth retainer on positive and negative electrodes.

cCuZS in poeitive electrode (wt Z% giveh in parentheses).

Iron current collector (honeycomb ribbon thickness glvenlmxparentheses)
Nickel current collector (0.0762-mm thick r1bbons)

Lithium chloride-rich electrolyte (67 mol 9 Licl).

g(_J'arbon_added,to positive electrode: plate (17 g).

f

hSeparators prewetted with LiAlCly.
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the cells. This condition occurred after different numbers of cycles for

- the cells and did not' appear to correlate with any of the variables being
tested. The test did indicate a slight improvement in performance with the
iron 'current collectors (0.127-mm thick ribbons) and. LiCl-rich electrolyte.*
However, these cells were tested at 465 to 475°C, while the cells with

. the'eutectic_electrolyte were tested at 450°C.

¢. Matrix C Cells

\

The negative electrodes of. the Matrix C cells (EPMP-7-37 to
" -66) all had 46 at. % Li-Al alloy. The variables studied included particle
retention (with and without), Cu,S additive to the positive electrode (none-
and 15 and 20 wt %), and LiCl content of the electrolyte (eutectic 'or LiCl-
rich). .The de81gn variables and capacities of these.cells- are listed in
Table II-3. Not menticned in this table is that Cells EPMP-7-41, -43, -45,
-46, =47, =61, ~02, =03, =064, =65, aud =66 had 15 wt % CupS added Lo the ~

positive eleetrode. Thesé tésts indicated that the highest positive-electrode.

" utilization was obtained in cells with 15 wt ¥ Cu,S in the p051tive electrode,
eutectlc electrolyte, and Y,03 particle retainers.

Table II-3., Performance Data for Matrix C Cells.

Capacity, A-hr

o . Cycle Design
Cell No. FeS Max. Life. Variables

EPMP-7-37 to -42 373 323.4 - 15.6 e
EPMP-7-43 to -48 373 - 3424 . 72 -
EPMP-7-49 to -54 - 359 334 39 . a
EPMP-7-55 to -57 403 334 218 b, c.
EPMP-7-58 to =60 403 - 327 87 b, c, f
EPMP-7-61 to -66 373 351 1151 . d

320 wt % Cu,S. added to the positive electrode.

b .

No Cups.

Cc

LiCl-rich electrolyte (67 mol % LiCl).
dEagle—Plcher eutectic electrolyte.
eNo'particle barrier.

fNickel current collector (0.003 mm-thick riBbons);

Unless otherwise indicated, this ‘term refers to 68 mol % L1Cl in the '
electrolyte. . .

.o
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Three types of Li€l-KCl electrolyte were tested in these cells.
Anderson eutect1c,* Eagle-Picher eutectic, and Anderson LiCl-rich.  The effects

of these salts on the capacity are shown in Table II-4.

~

Table II-4. Effect of Salt on Capacity

Anderson  Anderson EagleFPieher
Eutectic LiCl-rich Eutectic

Positive Utilization, % 83 79 85.3
Ave. Cycle Life® - 67 134 142
. Capecity Fade, A—hr/cycle' - 0.78 0.59 © 0.59

'aCycles completed free of short circuits.

d. . Matrix D Cells

The final test matrix consisted of 37 cells. Originally these
cells were to be all replicates contalning 15 wt 7% CupS added to the
positive electrode, eutect1c electrolyte, Y,03 cloth only on the positive ..
eléctrode for retention, and iron current collectors. However, in an effort
to obtain additional information, five cells were built with 15 wt % Cu,S
in the positivé electrode and LiCl-rich electrolyte added during the elec-—
_trolyte filling operation, and seventeen cells were built with no Cu,S additive
‘and LiCl-rich electrolyte added during the electrolyte filling operation.
These 22 cells were sent to ANL for testing. Table II-5 shows .the weight of
the active mater1als used in the electrodes for the Matrix D cells.

Table II-5. Active MAterial and Electrolyte Welghts
for Matrix D Cells

Materials for 'Materials for Materials for

Pos., g Tnner Neg., g-  Outer Neg., g
Electro- : Electro- Electro-
Cell No. = . Fes ~ Cup8 1yte? °~ LiAl ‘iyte? LiAl  1lyte?
EPMP-7-67 193 3% 34 204 10 102 5
to -81
EPMP-7-82 . 193 34, 3% 206 10 < 102 5
to -96 :
EPMP-7-97 231 0 34 204 10 102 5

to =111

8Anderson eutectic was used in all electrode plates.

* — ) ‘ ,
Prepared by the Andereon Physics Laboratories, Inc., Champaign, IL.
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The Matrix D cells tested at Eagle-Picher showed very good
performance characteristics, indicating that multiplate cells could be built
that would meet the Mark IA goals. In addition, cells operated at 465° C
showed better performance than those operated at 450°C.

~Upon.completion of testing the Matrix D cells, the. final design
for the Mark IA cell was selected. For this design, the cell has dimensions
of 19 x 18 x 3.9 cm and weighs about 4 kg. The negative electrodes consist
of 46 at. 7 Li-~Al with a theoretical capacity of 440 A-hr, and the positive
electrodes consist of FeS and 15 wt 7% Cu,S with a theoretical capacity of,
410 A-hr. The electrolyte composition is LiCl-KCl eutectic. Other cell
components include current collectors of AISI 1010 carbon steel, separatoxs
of 0.175-cm thick BN cloth, particle retainers of Y,053 cloth for both the
positive and negative electrodes, a.crimp-type electrical feedthrough with a
BN powder seal, and a cell container of AISI 1008 and 1010 carbon steel with
a material thickness of 0.57 cm. A total of. 265 such cells were fabricated,
-at a maximum rate of ten cells per day, In general, the production run went
smoothly, although the cylinder of the 500-ton press used.to fabricate elec-
trodes was out of operation far ahamut four weeks. After fabrication, cach
" cell was tested for acceptability, and 120 cells were chosen for the battery
along with 12 spares.

2. Cell Experiments

(K. Gentry, J. W. Miller, M. M. McGinty)

a. Cell Force Testing

In the course of the development phase for the Mark IA program,
many data were obtained on single-cell performance, but virtually no cell
Interacrion data was available for battery design trom this spec1f1c testing.,
To aid in this area, a cell-force test apparatus was designed and fabricated
- to determine the characteristics of fully restrained cells. This informatien,
obtained with force-test equipment which was designed and fabricated at
Eagle-Picher, was used in determining the final design for the Mark IA
battery. Force tests with small battery modules (e.g., 10 cells in series)
were not pursued due to schédule and cost restraints, Figure II-2 shows the
Mark IA cell force versus state of charge. Data obtained were used to
define the maximum cell force that had to be restrained by the battery hard-
ware during testing. Further work is currently planned for this force
determination approach.

~ *
b. Cell Crashworthiness Testing

As a part of the Mark IA program, a Cf&ShWOltthESb Lest was
conducted on four Mark IA cells.

A static load was applied to two cells, EPMP-7-065 and-072,
to determine their crush resistance. Figure II-3 shows the crush resistance
of GCell EPMP-7-072. As can be seen, this cell has two distinct phases of
crush resistance, with an inflection point at about 20,000 1b. The first
phase is probably the force required to compress the v01ds (z e., separator,

Crashworthiness Testing was performed by the Budd Technlcal Center,
Ft. Washington, Pennsylvania.
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~— MAXIMUM
~1000#
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N MINIMUM 2004

0% CHARGE ‘ 1007 * DISCHARGE: 0% .
5.0.C.

Fig. II-2. Cell Force vs. State of Charge of Mark IA Cell

\

electrolyte, etc.) and the second is probably compression of the honeycomb v
current-collector structure in the electrodes. The atmosphere in the vicinity
of the cell was monitored for H, and H,S, and only a minute reading of H,
(0.057%) was obtained directly above the cell. Although not detected, a very
faint odor of H,S or SO, was also detected. '

Two additional cells, EPMP-7~076 and -102, were tested to
determine their rigidity, average crush force, and absorbed energy to a
simulated 54 km/hr (30 mph) barrier crash. These cells were fully charged
and at operating temperature (450°C) when a 49 kg weight was dropped on them
with an impact velocity of about 54 km/hr. Table II~6 is a chart presenting
the data obtained for both cells. The conclusions drawn from this testing
indicated that no significant quantity of H, or H,S gas was emitted at cell
rupture and/or reaction with the air. No electrical effect such as arcing
(or fire) was evident when the cell ruptured on impact. The data also
indicated that, when integrated into an electric vehicle, it may be required
to either restrain the battery or attenuate the energy with supplementary
absorbers. This type of testing for both ccllo and  batteries should be
continued in future designs to assure safety of the entire system.
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Table II-6. Barrier Impact Test Results of Budd Co.

Cell Cell
EPMP-7-73  EPMP-7-102
Impact Velocity, ft/sec 44 463,
Kinetic Energy Absorbed, ft-1b 2958 3033
Crush Distance, in. ' 0.49 0..55
Average Crush Force, 1b 76875 =

3. Mark TA Battery Development
(K. Gentry, J. W. Miller, M. M. MecGinty)

a. Insulating Cases for Mark IA

Eagle-Picher contracted Thermo Electron Corp. and Budd Techni-
cal Center to fabricate a prototype stainless—steel case and two Inconel 718
cases for the Mark IA battery. The design for these cases consisted of
double-walled corrugated metal with multifoil® in the evacuated space for
insulation (Fig. II-4).

After fabrication, the prototype case underwent testing to
ascertain its leak-tightness and ruggedness. To determine the conditions
required to simulate road vibrations, a Volkswagen Transporter van powered
by lead-acid batteries (the vehicle obtained by ANL to conduct in-vehicle
tests of the Mark IA battery) was driven under road conditions. Driving
conditions included typical urban and rural roads, railroad crossings, inter-
section bumps, and rough pavement. Results indicated that appropriate vibra-
tional levels are a minimum of *1.5 g's at a frequency of 30 Hz for 10°
vibrational cycles.

For the vibrational tests, the prototype case was loaded with
battery hardware and aluminum blocks (simulated cell weight), brought to
operating temperature, and subjected to road vibrations equivalent to more
than four years of vehicle operation. Test results indicated no degradation
in thermal losses due to the vibrations and sufficient strength in the
structure to ensure no mechanical problems during testing. Thermal losses
of this case, however, were much higher than the design goal (160 vs. 82 W).
An analysis revealed hot spots at certain areas (front flange, rear support
pin, and bottom aft side of the vessel); therefore, a modification in the
assembly procedures was instituted for the two Mark IA cases.

b. The 6-V Mark IA Battery

Prior to construction of the Mark IA battery, Eagle-Picher
fabricated a small (6 V) Li-Al/FeS battery. This battery consisted of five
Mark IA-type cells connected in series, restrained by a cell tray, and
thermally insulated by a case of the type described above. Figure II-5 is a

*
A trademark of Thermo Electron Corp.
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schematic of the 6-V Mark IA battery. This unit was used to obtain experi-
ence with respect to the design, fabrication, and testing of the Mark IA
battery. The testing program undertaken with this battery included oper-
ability, energy storage, thermal performance, and vibration compatibility.

The battery performance during qualification testing at Eagle-
Picher was quite acceptable, showing good performance in all areas of testing.
Table II-7 shows the performance of the battery. The energy storage
achieved, 2.1 kW-hr, was somewhat higher than the design goal (1.9 kW-hr). A
coulombic efficiency of over 99% was observed. The thermal loss: of the
battery was 190 W, the design goal being 120 W. The vibration testing was
successfully performed on the 6-V battery to simulate an actual in-vehicle
lifetime of 2.3 years. The test results indicated some areas of design
change for the Mark IA battery. Upon completion of all qualification testing
the battery was cooled to room temperature, examined, and shipped to ANL for
life testing; this testing is reported in Section III.C.

Table II-7. Six-Volt Battery Tests

Attained Capacity, kW-hr 241
Specific Energy,2 W-hr/kg 40
Heat Loss, W 190

aMeasured at 6-hr rate.

C. The Mark IA Battery

In May, fabrication of the Mark IA battery was completed and
it was shipped to ANL for testing (reported in Section III.C). A photograph
of one of the modules is shown in Fig. II-6. The cells within each module
were connected in series and arranged in two rows of thirty Mark IA cells
each, the two cell rows being supported by a cell tray (see Fig. II-7).

Each module had provisions for thermal management (heating and cooling) and
insulation to electrically isolate the cells from one another and other
battery hardware. Table II-8 shows a list of the materials of construction
for the battery.

The largest success of this year's effort was not only
the fabrication of the first full-scale Li-Al/FeS battery, but also the
development of processes, procedures, and assembly techniques required to
fabricate such a battery.

4.  MERADCOM 6-V Battery
(M. M. McGinty, R. Hudson, J. W. Buchanan)

Eagle-Picher was also contracted to design and fabricate a small
(6 V, 4 kwhr) LiAl/FeS battery for the U.S. Army (MERADCOM*). The purpose
was to demonstrate performance feasibility of the LiAl/FeS system for

-—

ﬁkbility Equipment Research and Development Command, Fort Belvoir, NeJs
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Fig. 11-6. Photograph of Mark IA Module.
ANL Neg. No. 301-79-411.

fork-1ift truck applications. If feasible, this would then lead to the fabri-
cation of a full-scale (48 V, 26 kW-hr) battery which would be used in the
performance demonstration of a standard capacity (2,000 1b) U. S. Army lift
truck. Design goals were set to demonstrale Lhe specific energy, specific
density, and peak power capabilities of the current LiAl/FeS technology with
respect to this type of application. These parameters then dictated geometry,
size, weight and thermal management characteristics of the proposed system.

The MERADCOM battery consisted of five pairs of Mark TIA cells, each
pair connected in parallel. Cell pairs were selected to yield low resistance
and high capacity (>750 W-hr at 6-hr rate). These five cell pairs were then
connected in series to obtain the required capacity. The cells were restrained
by a cell tray and were thermally insulated with a stainless steel case and
a 5-cm thick layer of Min-K insulation (Johns Manville, Corp.). When assem-—
bled, this battery weighed 77.11 kg (volume, 55.34 L) and had dimensions of

51.4 x 29.0 x 35.4 cm. Instrumentation was added for thermal management and
cell equalization.
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Fig. II-7. Cell Tray and Electrical Insulation for
Mark TA Battery Module

Table II-8. Material Used for Mark IA Battery Hardware

Battery Hardware Material
Tray2 304 SS
End Plates ' Inconel 718
Cooling Tubes 300 Series SS
Insulation
cell-cell, cell-tray, cell-case liner Vitrabond mica 27-08
cell-tray angle, cell-"T" bar Raybestos RM 1776
wires (equalizer, voltage sense) SAMOX
thermocouples Fiber glass braid
front plug Min K
Wires
equalizer, voltage sense Nickel clad copper
thermocouples Chromel-alumel
Intercell Connectors Nickel clad OFHC copper
Wrap for Min-K and Wire Bundle Glass cloth
Braze Flux Airco Flux #12

%This include a "T" bar and peripheral angle to provide further
restraint.
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A battery test station was set up to cycle the 6-V unit at the
6-hr rate with individual cell equalizing capability. The unit was then
operated for three characterization cycles, one qualification cycle, and
one simulated forklift cycle. Results of this test as well as the design
goals are shown in Table II-9. After this preliminary testing, the unit was
then delivered to ANL for additional testing (Section III. C).

Table II-9. MERADCOM Battery Performance

Parameter Proposed Projected Achieved

Energy Storage,@ kW-hr 4 3.840 3.984
Voltage Profile, V

end of charge 8.25 8.25 7.86

nominal operating 6.0 6.0 6.0

end of discharge 5.0 5.50 534
Heat Loss (on standby), W 500 539.57 250
Specific Energy,? W-hr/kg 50-55 55.37 51.67
Energy Density,? W-hr/L 55-60 69.39 12
Peak Power,b kW 2-3 2-3 2-3

4Measured at 6-hr rate.

bMeasured during 3-sec power pulse.

s Quality Assurance
(J. R. Todd, R. S. Repplinger, R. Harris)

Qualily Assurance played a wmajor role in all activities in the
Eagle-Picher LiAl/FeS programs. 'The quality assurance activities were
accomplished in accordance with a Quality Assurance Program Plan. A
Quality Control Engineer, Quality Control Supervisor, and a Quality
Control Technician were assigned to the project by, and reported
directly to, the Product Assurance Manager. They were a part of the Project
leam and, therefore, supported the needs and requests of the Program Manager.
At no time was there any conflict between product assurance directive poli-
cies and the quality philosophy of the engineering department. The effort
to fabricate the batteries described above involved control of both R & D
and production fabrication. The cells fabricated in these programs had
various design modifications, and each was thoroughly documented and config-
uration controlled. The writing and approving of procedures by Quality
Control was a significant involvement. Quality personnel either authored, or
coauthored six material specifications and twelve manufacturing and inspec-
tion procedures. Trips were taken by quality personnel to sub-tier suppliers.
These visits were for numerous reasons, ranging trom audits to source
inspection. On-site inspection was essential several times throughout the
year to expedite delivery of numerous components.
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Quality Control personnel participated in cell selection for each of
the Mark IA modules. The cells with functional deficiencies such as low capac-
ity, shorting conditions, and high resistance were eliminated. The engineering
personnel then selected cells based upon performance parameters such as capac-
ity, voltage profiles, internal resistance, and charge-discharge efficiency.
When the final cell designation for each battery module was approved by both
engineering and quality control personnel, it was then submitted to Argonne
for further evaluation. The documentation was reviewed on each cell from
its final test data to receiving inspection data in order to ensure that no
outstanding deficiencies were left unnoticed.

The assembly of each battery module fabricated at Eagle-Picher
received 100% quality control inspection. The electrical insulation resis-
tance (cell-to-cell and cell-to-container) was verified during assembly and
prior to final battery closure. Cell resistances were checked, and each
heater lead and cell lead was checked. All electrical and insulation param-
eters were repeatedly inspected and verified acceptable before the cell tray
was inserted into the insulating case.

B Gould Inc.
(B. A. Askew)

The Energy Research Laboratories of Gould have been involved with the
advanced battery program of ANL since 1975. During the past year, they have
fabricated 47 Li-Al/FeS bicells and 7 multiplate Li-Al/FeS cells. Most of
these cells had separators of BN felt and current collectors of nickel for
the positive electrode and iron for the negative electrode. The basic design
for the bicell is shown in Fig. II-8 and that of the multiplate cell in
Fig. II-9. These cells had many variations in components and materials,
including the following: thickness and porosity of the electrodes, LiCl
content of the electrolyte, charge state of the active materials for cell
assembly, density and thickness of the positive current collector and felt
separator, and additions to the FeS in the positive electrode. Appendix A
shows these variations as well as the performance and lifetime for each cell
tested. Overall, the cell tests show that Gould has made significant improve-
ments in the performance, reliability, and mass-production capability of the
Li/MS cell system. The cell development and testing performed at Gould over
the past year are summarized below. The Gould cells tested at ANL are dis-
cussed in Section III. B.

1 Cell Component Development
(L. A. Eaton)

a. Feedthrough Development

The feedthrough design used in cells during 1978 is shown in
Fig. II-10. The reliability of the seal was poor, and frequent cell failure
occurred as a result of cracked ceramic components and subsequent electrolyte
leakage. The first improvement of the seal incorporated two design changes.
The Y,05 lower ceramic bushing was replaced with a BeO component (manufactured
by the 3M Company), which reduced the length of the feedthrough and reduced
fracture-induced failure. In addition, a copper-filled stainless steel post
was used to replace the nickel post; this change resulted in an improved
reliability, although seal failures were not totally eliminated.
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Fig. II-10. 1Initial Feedthrough Design

Three further modifications were subsequently made (see
Fig. II-11):

i [ The Al,03 upper ceramic bushing was replaced by BeO; the ceramic
component was eliminated because it could become electronically
conducting when exposed to lithium-saturated molten salt.

25 The mechanism for securing the assembly and applying pressure to
the packed BN powder bed seal was changed by the inversion ot the
design and by welding the positive distribution plate to the center
post.

3. The standard welding practice of heating the seal body to achieve
a bond to the cell cover caused overheating (to 800°C) of the
ceramic components. This caused relaxation of the powder bed on
cooling and allowed the possibility of the ceramic bushings frac-
turing. A more careful welding practice was therefore followed,
reducing the maximum seal temperature from 800 to 450°C.

The present feedthrough design appears to have eliminated feed-
through failures and is currently employed in all bicell and multiplate cells.
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The total feedthrough resistance is 0.8 mQ at 450°C, the weld cdntribution
being 0.15 mR2. A heavier version of the feedthrough has been designated for
future four-positive plate (450 A-hr) cells. ) o

b. Positive Electrode Containment

In early bicell designs, the positive electrode was contained
by the BN felt separators (both faces) and a frame of felt strips lining a
negative retainer basket. The positive-electrode screen wrap was fabricated
from 230-mesh stainless steel. A frequent mode of cell failure with this
design was extrusion of positive material through the felt at corners of the
positive electrode, which resulted in short circuits at the negative elec-
"trode. The use of a retainer-screen basket,where the BN felt was sandwiched
between the inner and outer basket, was reasonably successful in preventing
this mode of failure. One of the first cells of this type, X-77, operated
for 350 deep discharge cycles. In a mofe recent iteration, a 0:152=cm steel-
strip overlap forming a "picture frame" gave further support at the edges and
corners of the' positive electrodes (Fig. II-12). This design has been shown
to be the most reliable to date in both bicells and multiplate cells. '

POS. OUTER
RETAINER SCREEN BASKET

!5 POS. ELECTRODE

POS. COLLECTOR PLATE & BUS.

s POS. ELECTRODE

POS. INNER
RETAINER-SCREEN
BASKET

y/

Fig. II-12. Containment Assembly for Positive Electrode
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However, this basket assembly has certain inherent disadvantages:

1. The assembly process is cumbersome and difficult to adapt to mass
manufacture.

2. The -BN separator must be butt-jointed at locations between the
screen baskets, providing a potentlal source for internal short
circuiting. .

3. The positive and negative electrodes must have different sizes,
allowing nonuniform expansion of the negative electrode at the
edges.

4, The negative electrode is not contained at the edges, allowing

significant electrode growth in these regions which could also
result in short circuiting.

A simple multiplate design is being developed where positive
and negative electrodes are each contained within a "picture frame" assembly
(see Fig. II-13). 1In this cell design (Fig. 14) strips of felt material are
placed at the base and sides of the cell container to prevent short circuit-
ing. This design is expected to have the following advantages:

1. The increased physical separation of materials of opposite polarity
should greatly reduce their susceptibility to short circuiting.

2, Swelling of the negative electrode into unconstralnted regions of
the cell should be eliminated.

3. Cell assembly should be greatly facilitated, with consequent reduc-
tion in damage to the fragile BN felt separator.
\
4, The design is suited to the use of alternative particle retainer
systems and separators.

‘c. Electrode Current Collector

In past Li-Al/FeS bicells, nickel and iron current collectors
have been tested inthe electrodes. The most recent design for the positive
current collectors consists of a solid nickel bus bar with a nickel collector
plate welded to it. Since the latest feedthrough has a stainless steel post,
an iron-to-nickel transition points exists in these cells. The lowest elec-
tronic resistance was achieved with a steel tab centrally located on the
collector plate and welded to the nickel bus (using No. 61 alloy weld rod).
The offset distribution plate was fabricated from steel to form part of the
feedthrough assembly. The tab location provides for the maximum area of
nickel~to~iron weld interfaces.

* An iron current. collector and bus bar have been developed for
the negative electrode to minimize cell resistance. The use of a negative
bus bar and a separate negative terminal provides a simple and effective
means of -.current collection, eliminating the need for additlonal conductlng
material-at. the cell 1id.
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NEG. CENTER ELECTRODE ASSEMBLY

BN FELT SEPARATOR

NEG. ELECTRODE ASSEMBLY
(HALF THICKNESS) °

Fig. TII-13. Electrode-Compdnent Assembly
- for Multiplate Cells

y

2. Electrode Development
(P. Dand, R. E. Thompson)

a. Positive Electrode \

The positive electrode for the cells was initially fabricated
by hot pressing the appropriate mix of active materials in the uncharged
state. The mix contained lithium sulfide, iron powder, electrolyte and other
additives. The pressing operation consisted of spreading the mix evenly in
a mold and then pressing at temperatures above the electrolyte melting point.
A rigid control of pressure and -temperature was necessary to obtain repro-
ducible positives plates. However, dimensional constraints placed on elec-
trode fabrication in the uncharged state (identified.via computer cell design
modeling) led to fabricating cells with half-charged active materials.
Testing of Cells X-53 and X-54 provided evidence that the half-charged

N
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"CELL CAN SHOWING
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Fig. II-14. Multiplate Cell Showing Inserted
Electrode Assembly

&

electrode fabrication technique was a viable alternative. Furthermore, the
amount of "excess iron" (in excess of stoichiometric iron) required in the
positive electrodes was decreased from 100 wt % (uncharged cell) to 10 wt %
(half-charged. cell).

. ~ In the positive electrodes of Cells X-41 to X~70, many differ-
ent positive electrode additives were tested, including cobalt, molybdenum,
. chromium, vanadium, zirconium, and ZrO>. Additions of molybdenum or cobalt
and carbon were found to produce the highest active-material utilizations of
the positive electrode. However, since cobalt is a scarce material and
expensive, it was decided to only use additions of molybdenum and carbon.
Consequently, hot-pressed, half-charged positive electrodes with additives of
10 wt % iron in excess of the stoichiometric iron as well as 1.vol % molyb-
denum, and 2 vol ¥ carbon were fabricated and tested in experimental bicells
. X-78, X-83 to ~90, and E-1 to E-4. Testing of these cells revealed marked
improvements in active material utilization and specific energy, especially .
at high discharge current densities, and cell resistances at least as low as-
those of comparable cells fabricated in the uncharged condition. '



40

The cells described above were all fabricated using hot~pressed
positive electrodes. However, this fabrication method is slow and expensive.
It was therefore decided to evaluate cold pressing of positive electrodes.
The cold-pressing operation can be completed considerably faster than hot
pressing, and may be carried out in a dry-room atmosphere. Initial experi-
ments demonstrated that the pressure requirements for cold-pressing were in
the range of 210 to 280 MPa (30,000 to 40,000 psi). At the time, Gould did
not have a sufficiently large press to cold press full-size electrodes.
Hence, the positive electrode was made in segments. Cell X-77 was the first
cell constructed using cold-pressed positive electrode segments. This cell
exhibited the longest life (349.5 cycles, 4512 hr) and the most stable perfor-
mance ever achieved with the Gould Li/MS system. However, it was later shown
that cold pressing produced fragile electrode plaques. Considerable differ-
ences in the density of the components of the half-charged positive mix were
also likely to result in nonuniform material distribution. Fusion of the
positive active material was therefore investigated to acquire better mixing
and improve compaction characteristics. For this fusion process, 'the active
material powder was mixed using a ball-mill in a dry-room atmosphére, fused
under vacuum at a temperature of 450°C, and then ground to -40 mesh particle
size. In preliminary experiments, cold compaction of this powder produced
electrodes having the same porosity as hot-pressed positive electrodes. TIn
addition, they were less brittle and, therefore, easier to handle during cell
assembly. A 750-ton press has been recently installed at Gould and will be
used to press full-size positive electrodes. Furthermore, experiments are
planned in improving and optimizing the fusion process and powder character-
istics for high-rate production of positive electrodes.

The FeS used for the X-seriescells usually had a purity of
88.25%,* and the excess iron additive was coarse cast iron particles.
Therefore, a series of cells was tested to evaluate the effect of impurities
in the positive electrode. Cell E-1 contained the usual 88.25% pure FeS,
E-2 possessed 84.5% pure FeS, and Cells E-3 and E-4 contained 997 pure FeS. -
All three cells had 10 wt 7 excess iron (pure grade). All cells performed
very favorably, although Cell E-2 (lowest purity FeS) operated at a lower
level of performance than the others. It was also apparent that reduction
of excess iron in positive ‘electrodes (100% down to 10%) was possible due to
the replacement of coarse cast iron particles with higher-purity fine iron
particles and/or the capability of fabricating electrodes in the half-charged
state.

b. Negative Electrode

Earlier in the program,when cells were constructed in the
uncharged state, the feasibility of extruding or casting negative electrodes
having a low lithium content (5.25-8.18 wt %) was evaluated. However, elec-
trodes fabricated from extruded and cast material exhibited serious polari-
zation problems on discharge. 'In addition, cold pressing resulted in non-
uniform electrodes with high porosity that were difficult to handle. Hot
pressing was therefore adopted as the standard electrode fabrication technique
for uncharged cells.

* - I
Impurities were primarily iron oxide and silica.,
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With the decision to assemble cells in the half-charged condi-
tion, the possibility existed of fabricating negative electrodes by the cold
compaction of a mixture of 20.5 wt % lithium-aluminum alloy and pure aluminum
power. Experiments have been conducted using different particle size -distri-
butions of Li-Al powder (20 to -325 mesh) and aluminum powder (-40 to +200
mesh).” These two powders were prepared in the ratio of 59 to 41, giving a
half-charged composition of 12 wt % lithium containing alloy. These electrodes
were formed at pressures of 175 MPa (25,000 psi); as a result, electrodes
with a 20% porosity that were easyto handlé during cell assembly were formed.
The electrodes have been evaluated using reference electrodes in experimental
bicells E-2, E-3, and E-4 and multiplate cells D-2 and D-4 and showed virtually
no difference in performance; no polarization was observed during cycling.
Experiments will be continued with other mixtures of Li-Al and aluminum, and
the possibility of replacing the mixture with the exact half-charged composi-
tion of Li-Al will also be evaluated.

" ¢. ' Separator

: . The most crucial consideration for the achievement of- reli-
ability in LiAl/FeS cells is the availability of an acceptable separator and
the development of a technique to successfully incorporate the separator in
the cell. Initially, the cells were fabricated with salt-bonded felt
formulated at Gould. Boron nitride felt made at Carborundum Co. became ‘
available later; and, after considerable experimentation, particle retainer
systems and cell assembly techniques compatible with the fragile felt were
developed. Long-life cells with these separators were demonstrated in the
recent past.

Gould cells have been shown to be exceptionally resistant to
capacity decay with cycling. Continual electrode performance improvements
have led to such high utilizations that efforts to further improve the perfor-
mance are viewed as not being worthwhile. Under these circumstances, the
separator -thickness is crucial in. achieving the optimal volumetric and gravi-
metric enmergy and power. Table II-10 illustrates the effect (via computer
cell model design) of this parameter on cell specific energy, when the dimen- -
sions of the rest of the components remain constant.

Table II-10. Effect of Sparator Assembly Thickness on
Cell Specific Energy

Felt .
Assembly Cell Can Cell Specific
Thick., Thick., Weight, Energy,
cm cm kg W-hr/kg
0.101 5.537 6.023 125
0.127 5.740 6.165 122
0.152 5.944 6.306 119
0.178 6.147 6.448 ‘ 116
0.203 6.350 6.589 114

0.211 6.411 6.632 113
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, Almost all the bicells tested at Gould had separators of
~unstabilized BN felt made from 6- to 7-um dia fibers, little other felt
material being available. Stabilized felt made from smaller diameter fibers
is expected to have a different compressibility and compressive strength,
thereby necessitating a redesign of the separator assembly to accommodate the
new material. -

3. Cell Testing and Post-Test Analysis
(R. E. Thompson, F. Marikar)

. It is not practical to discuss the performance of each of the 53
cells tested during the past 12 months (see Appendix A). Therefore, a more
detailed description of the performance obtained with a long-life bicell (X-77)
and a multiplate cell (D-4) is given below. The performance of the Gould cells
tested at ANL is given in Sectiqp ITI.B.

Cell X-77 (uncharged) was the first cell to be assembled-in a dry’

room (instead of a glove box) at Gould. It was also the first cell to utilize - -

.a cold>pressed (segmented) positive electrode. A standard hot-pressed nega-
tive electrode was used. ‘''he positive electrode additives for this cell
were excess iron (10 wt %), cobalt (2 vol %) and carbon (1 vol %). The
iron used for this cell was a pure, fine iron powder, not the coarse-particle
cast iron used in most other similar cells. After start-up, this cell was
discharged at a current of 17 A (60 mA/cm?).

The voltage vs. time graphs of this cell for cycles 50 and 284
(selected at random) are shown in Fig., II-15. The profiles obtained during.
these two cycles are virtually identical; this demonstrates the high degree
of reversibility and stability of the LiAl/FeS cell, thereby indicating that
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Fig. fI—lS. "Voltage vs. Capacity of Cell X-77 on
Cycles 50 and 284
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the system is capable of extremely long-life operation with a stable perfor-
mance. However,the elimination of intermittent internal short-circuiting,
prevalent in most Gould cells, will be necessary before long cell lifetimes
can be obtained in practice. The resistance for this cell was about 5 mQ

(t = 15 sec). The effect of current density on sulfur utilization (percént of
theoretical capacity) is shown in Fig. II-16. The change in slope at around
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" Fig. II-16. Capacity Curve for Cell X-77 at
g Various Current Densities

60 mA/cm? is‘a common feature of these cells and is not fully understood.: It
may be associated with partial freezing of one of the electrolyte constituents
at increasing current densities. It might also be the point at which the
negative electrode becomes the limiting électrode. Further investigation of
this behavior with reference electrodes will be conducted. Plots of coulombic

- efficiency, cell capacity and specific energy as a function of cycle number
“are shown in Fig. II-17. The first sign of cell failure was a slight decline
in coulombic efficiency after some 270 deep discharge cycles; however, no
capacity decline was detected until after 340 cycles. This is indicative of
a partial short circuit during the charge cycle only. The cell operated for
a total period of about 6 months. : '

Metallographic examination after testing of Cell X-77 showed no
corrosion of the n1cke1 current collector as well as only surface attack of
the retainer screen. It is belleved that the corrosion found in some cells is
associated with the use of coarse 1ron in the p031t1ve electrode. There are

'Supportlng arguments for this:

1. Cells with coarse iron are slow to form,i.e;, to reach full capac-
ity during initial low-rate cycling. However, those containing
fine iron rapidly achieve full capacity. It is very likely that in

©
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cells containing coarse iron, the nickel current collector and

steel screen provide the necessary active material for reaction
with Li,S during the charge cycle. Indeed, even after many cycles,
considerable quantities of coarse iron are found within the positive
electrode structure, indicating that they have not participated in
any electrochemical reaction. ' '

2. Cell X-77 was assembled in a dry room and undoubtedly contained
more moisture than cells assembled in an argon glove box. However,
no corrosion was observed in X-7/7. even after 330 cycles. It is.
therefore, most unlikely that differences in moisture content account
for the corrosion.

3. All cells were cycled between the same cutoff voltages (1.0 to
’ 1.6 V); therefore, overcharge was not a contributing factor to

corrosion.

The 232.3 A-hr multiplate cell, D-4, has operated for over 23
cycles. Performance data of this cell are shown in Fig. II-18. At a dis-
charge current density of 60 mA/cm , Cell D=4 has attained a capacity of 210
A-hr and a specific-energy of 108 W—hr/kg. The coulombic eff1c1ency remained
at 98% and the cell resistance at 2.5 mR.  Further effort is needed to improve
the cycle life of the multiplate cell.
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4. Post-Test Cell Examinations
;o (F. Marikar)

The post-operative facility at Gould is housed .in a dry room and is
equipped to prepare and observe cell and electrode sections at high magnifi-
cation using optical microscopy. Tested cells have usually been cycled until
" a fall in coulombic efficiency indicated a short-circuit. When the differ-
ential between charge and discharge capacity exceeded about 15 A-hr, the cell
was classified as failed and cooled to room temperature for examination.

The cold resistance of the cell was usually found to be less than 10 Q.
Monitoring the cold resistance of normal (i.e., non-short-circuited) regions
of the cell has been particularly valuable in determining the adequacy of
material retention in the electrodes.

During the last year, failure analysis was performed on 36 cells,
11 of which failed due to short-circuiting of the feedthrough. Owing to a
recent design change explained above, this problem appears to have been over-
~come. Table IT-11 summarizes the failure analysis of some recent Gould cells.

Figure II-19 shows photomicrographs of sections from Cell X-77.
Figure 19a shows a cross section of the negative electrode along its entire
thickness, from the inside of the container can to the steel screen adjacent
to the separator. The unlform fine structure of the Li-Al and the lack of<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>