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‘ABSTRACT

The FY '80 program continued to involve full-size, prototype cell,
module and battery fabrication and eva1uat1on aimed at advancing the
‘technical capab111t1es of the nickel-iron battery, while s1mu1taneously
reducing its potential cost in materials and process areas. Improved
Electroprecipitation Process (EPP) nickel electrodes of design thickhess
(2.5 mm) are now being prepared that display stable capacities of 23 to
25 Ah for the /3 drain rate at 200+ test cycles, lIron electrodes of the
compbsite-type are delivering 24 Ah at the target thickness (1.0 mm).
Iron electrodes are displaying capacity stabi1ity for >1000 test cycles
in continuing 3 plate cell tests. Finished cells have delivered 57 to 61
Wh/kg at C/3, and have demonstrated cyclic sfabi]ity to 500+ cycles at
80% depth of dischérgé,prbfiles at Westinghouse. A 6-cell module that
" demonstrated 239 Ah; 1735 Wh, 48 Wh/kg at the €/3 drain rate has also
been evaluated at.the National Battery Test Laboratory (NBTL), Argonne
National Laborétory{ 1t operated for 327 test cycles, to a level of 161
Ah at the C/3 rate, before being removed from test. .

‘Reduction in nickel electrode swelling (and concurrent stack
étarvation), to improve cyc1ing, continues to be an area ot major eftfort
to"reach'the final battery cycle life objectives Pasfed nickel elec- -
trodes continue to show promise for meeting the 1ife objectives wh1le,
s1mu1taneous]y prov1d1ng a low manufactur1ng cost.

Refinements have occurred in the areas of cell hardware, module
manifo]ding and cell interconnections as a result of a related DOE/JPL
Battery demonstfation program. These improveménts have been incorporated:
into the construct1on and testing of the cells and modu]es for this ANL/
DOE program

Temperature tests at 0°C have been performed on a 6-cell module
- and have shown-a decrease in capacity of only 25% in ampere-hours and 29%
in watt-hours as compared to 25°C -performance. Additional tests are
planned to demonstrate performance at -15°C and 40°C.

vi



T.0 EXECUTIVE SUMMARY

The-basic program objective is to accelerate the development of
nickel-iron batteries and demonstrate improved performance features in
electric vehicle battery systems. . The Near term EV Battery'Deve1opment )
goals based on the DOE/ETV-1 performance to be achieved by FY 1986 are:

56 Wh/kg . '_grav1metr1c energy- density. at C/3 rate
100 wh/1 volumetric energy density

- 104 w/kg ‘ . power density at 50% state of charge
800 cycles . 1ife at 80% DOD cycles '
70 $/kwh ~ 1977 $ OEM selling price

The development approach was to utilize established Wegtinghoube
technology that is capable of meeting the ﬁerformance, life and cost
objectives. The primary feathres of the Westinghouse design are the use

- of low cost raw materials, minimal use of nickel, and utilization of

established manufacturing processes. A typical example is the use of
sintered steel fiber electrode substrates that provide for a cell design
with less than 50 percent the nickel content of other ce]]s'containiﬁg
. conventional sintered nickel electrodes. ‘ o

~ Performance improvements achieved since 1n1t1at1on of contract.
and demonstrated in cells and multi-cell modules at Westinghouse,
include: 1) >30% increase in gravimetric energy density to 61 Wh/kg,
2) 70% increase in vo1umetr1c energy density to 120 Wh/1, and 3) a 5%
increase in power density to 105 w/kg. In addition, a conceptual design
has been established for a multi-cell modular package that can further
enhance these performance parameters by providing additional 9% weight
and 15% volume reductions.- ' -

The demonstrated performance at NBTL has indicated that an e]eE- .
tric vehicle with characteristics similar to DOE ETV-1, with a
west1nghouse nickel-iron battery, cou]d atta1n a2 100 mile range on the
SAE J227a "D" cycle.<
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Several accomp11shments have been made in process development by
operat1ng pilot 1ine facilities to demonstrate the potent1a1 for $70/kwh
OEM selling price. Cost reductions identified and incorporated in the
p11ot line. product1on process include 1) demonstration of stitched steel
fiber metal blanket manufacturing, 2) decreased cycle time and increased
_ protess'efficiency for electroprecipitation process nickel electrodes, °
3) activation techniques and paste manufacturing process: for iron
electrodes, and 4) identification of suitable separator systems.

Cycle life objectives remain to be demonstrated for modules and
batteries. The potential for meeting the 800 cycle goal has been
“enhanced by demonstration of the following: 1) iron electrode life
ofA>1,000'cyc1es at 80%.D0D, 2) nickel electrode 1ife of >1,000 cycles at
50% DOD, 3) cell Vife (220Ah) of >500 cycles @ 80% DOD, and
4) 5- ce11 module life of >325 cycles @ 80% DOD.

Severa1 env1ronmenta1 issues have also been addressed in 1980.
Low temperature performance of the battery has demonstrated that only a
25% decrease in.capacfty»occurs for a 0°C ambient'compared to 25°C. In
addition, no detrimental environmental or biological effects for the man-
Ufaeture or end use of the Westinghouse nickel iron battery system have
been identified as a result of Environmental Impact and Safety Studfes,
' A‘materials analysis indicates<no'signifieant raw materials impact will
occur for annual commercial proddctfdn of 25 kWh batteries in quantities
of 100,000 units. Recyc11ng of nickel is poss1b1e with the most proba-
ble form be1ng ferro-nickel alloys.

Progress during FY '80 has been substantial in the aforementioned
areas .of performance improvements and identified cost reductions. A
so]1d base has been established to demonstrate cycle life and perfonmance :
in e1ectr1c vehicle systems during the next year.
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2.0 TECHNICAL STATUS

The technical effort on the program during FY '80 was aimed_ét
meeting the performance objectives of the program. These objectives and -
present performance levels are summarizgd in Fig( 2.1.

The objective of the System Development task of the nicke]—ifon
battery program was to demonstrate improved perfofmance capability in
prototype cells, modules and Battery. These improvements include:
attaining 53-60 Wh/kg and 120-135 Wh/1 in the overall cell, under 4-8h |
charge and 2-4h discharge conditions, while exhibiting short-term, stable
cycling capability. | ‘

The System Development task encompasses five major subtasks:
~ (1) nickel electrode ’ '

-(2) iron electrode

(3) cell components

(4) cell testing .

(5) pilot plant operations.

The progress toward meeting the objectives. of each of these sub-
task areas and their présent status are now described.

2.1 NICKEL ELECTRODE |
The nickel electrode development consists of:

e controlling electrode swelling
e improving active material utilization
e improving the load factor and porosity.

Concurrently, a]] these developments are aimed at féduced matéri-
als, processing and capital equipment costs. ‘ '
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.¢-¢

Pre1iminary-
Contract Goals

Best Present

Characteristies (Set Dec. 1977)  Demonstration
1. Battery Capacity'(kﬁh) 25 26.5
(100% rated) . - ;
2. Battery~Dimension'm H. 0.28 0.28
mMHxmWxmL)mW 0.38 0.38
B mtL 2.21 2.21
- - Volume (%) 23) 230
3. - Weight (kg) | N7 - 420
‘4. Volumetric Energy (Wh/%) 100 143
5. Specific Energy (Wh/kg) 60 58
6. Specific Power GW/kg) . =
Peak Battery 109 175 -
- Sustained @ C/3 . 20 --
7. Duty Cycle : o
" Charge (h) 4-3 C/3 for-4h
Discharge (h) 2-3 3 S
8. Lifetime _ '
- Deep Discharges. - 2000 >500
9, Pr1ce/Energy (5/Kwh) <60 --
>60 54

Energy Eff1c1ency (%)

Figure 2.1.

NickelaIron‘Battery Technicalveoa]s



2.1.1 NICKEL PLAQUE

The nickel plaque refers to the current collector structure that ‘
is used both to contain the nickel electrode active material and to pro-
vide electrical conductivity to and from the electrode active material to
the cell positive terminalQ Presént1y, a double plaque is processed
(Fig. 2.2), and is cut in half to produce the final nickel electrode.
The plaque consists of steel wool that is nickel plated to provide corro-
sion protection to the steel fibers during the EPP process. The nickel
plaque contains 2 vertical grooves that serve as electrolyte flow chan-
nels when the nickel electrode is installed into the cell stack.

2.1.2 EPP NICKEL ELECTRODE

The objective of this subtask is to improve upon the well-estab-
Tished Westinghouse EPP prdcess for preparing nickel electrodes. Specif-
ically, this effort is aimed at developing 25 Ah nickel.electrodes with
0.25 Ah/g active material, 0.14 Ah/g total electrode and 0.075 Ah/cm3,
all at the 3h discharge rate. These goals are to be attained in plates
of 2.54 mm maximum thickness. The EPP process technology, at the onset
2, 3.3 mm thick electrodes of the following
specifications: 0.20 Ah/g active material, 0.12 Ah/g total electrode and::
0.07 Ah/cm2 at the 3h discharge rate. ' g

of this program, made 343‘cm

~In addition, electrode design and process techniques are being
investigated to improve electrode dimensional stability during operation
in a nickel-iron cell.

Experiments 'conducted to date show EPP, as applied to fiber plaque
substrates, is most consistently accomplished by employing two levels of
impregnation. These levels are: a) "high" current, followed by b) "low"
current.

According to the concept arising from experiments, the “high" cur-
‘rent step reaches a saturation level with respect to accomplished
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1. 60

' A 48.49cm
Cut Here — : .

L3 |

Figure 2.2. Nickel Electrode .Plaque Design
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impregnation with Ni(OH)2 in a short time. The "lTow" current step,
which is required to complete the Ni(OH) loading to the densities

needed for target capacity, can take from 16 to 20 hours to reach comple-
tion, as presently executed. '

An increase in electrode capacity was accomplished by modifying
the procedure between the two levels of EPP processing. The resultant
electrode capacity is 25 Ah at a 2.5 mm electrode thickness. Total
elapsed processing time is approx1mate1y 48 hours. This process has been
emp]oyed for all nickel electrodes manufactured in the pilot plant during
1980.

2.1.2,i COBALT SUBSTITUTION

Because of the potential shortage and sharply increased cost of
cobalt on the open market, the composition of the nickel electrode was
critically examined.. An important criterion for selection of candidate
. substitute materials is the crystal habit of the hydroxide species. It
is reasonable to expect that candidate hydroxides should be crystal ana-
logs of}Co(OH)2 if they are expected to replace Co(OH)2 in its func-
tion as a capacity enhancer and cycle life extender for the positive
~electrode. ‘ ‘

. Known crystal analogs of Co(OH)2 are: Mg(OH)2, Fe(OH)z,
Mn(OH),, Cd(OH),. The order listed is that of relative unit cell
volume, although other criteria, such as free energy of formation, metal
ion radius or solubility in KOH may be more important properties. Since .
prior work at Westinghouse had indicated that barium was another possible
replacement for cobalt, barium was also inc1uded.in the investigation.

~ An objective was established to determine whether incorporation of
these alternate materials in EPP processing, as distinguished from direct
pasting methods‘which are also being considered, can equal or improve .
performance of nickel electrodes. '
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Ca]cium

~Calcium in Ni(OH), loaded electrode failed to produce the levels
of performance that was expected. - Work on calcium was not pursued beyond
~ the 3-plate cell evaluation stages. ' ‘

Barium

~ Barium did show promise as a possible cobalt substityfe, and two
. 21-plate cells were put on test. Bérium-to-niékeI,content in these elec-
trodés was less than 1%. due to the Tow solubility of barium nitrate in
the EPP so1ution (the loaded active material in the electrode tracks the
Co:Ni ratio of the EPP.so1ution),  0ne cell: was. removed from test at 175
cycles, at which time the capacity had decreased to 160 Ah from an ini-
tial 195 Ah. ' ‘

Iron

Iron also showed promise as a cobalt substffute in nickel elec-
trodes made in the EPP‘process. In the case of iron, the solubility of
. ferric nitrate is sufficient to permit the formulation of an EPP nitrate
solution. However, EPP nickel plaques processed in such a bath yield an

active material containing a low iron:nickel Eatio; This reflects, in
" this case, considerable preferential precipitation of nickel hydroxide
over iron hydroxide from the bath.

NevértheIess, nickel electrodes containing iron, were prepared
with a capacity of 22 Ah and a thickness of 2.44.mm.  Three plate cells
wefe_cyc1ed and dropped. in capacity, dramatically, after 10-20 cycles. 4
In order to compare with performance in a constrained cell, a 21-plate
stackup was evaluated. This cell also lost capacity rapid1y'after 15
cycles. ’ ' ‘



Magnesium
Magnesium was the next cobalt substitute'to be evaluated. EPP

conditions for a co- prec1p1tat1on of Mg(OH)z with N1(0H)2 were inves-
tigated.

An EPP bath having magnesium nitrate and nickel nitrate was
employed to produce magnes1um-doped nickel positives.

_Ce]] 091CE was constructed, cycled nine times and demonstrated a
nominal capacity of 200 Ah at the 3-hour drain rate. In a manner similar
to the tests on iron, capacity ot this cell dropbed rapidly after 10-15
cycles. It was removed from test at approximately 100 cycles, at which
time its capacity was 120 Ah.

Summary - Cobalt Substitution

Co-precipitation of adequate amounts of the cobalt substitutes
that were tried is difficult under any of the EPP process conditions. A
New methods need to be developed to achieve the requisite co-prec1p1ta—
tion rates.

If these materials can be employed at all as cobalt substitutes, :'
this should be ascertained by evaluating electrodes haVing a nomiha] -
ratio of‘NickeT Mx where Mx denotes the candidate cobalt substitute
material. ‘This can be done mos t easily by prepar1ng e1ectrodes via the
pasting route, rather than by EPP, at this t1me.

2.1.2.2 NICKEL ELECTRODE EXPANSION

An important design problem related to cycle life of the nickel-
iron cell is the stack e]ectro]yte starvation resulting from an increase
in the nickel electrode thickness on cycling. The design approach under
development and evaluation to circumvent and/or minimize EPP electrode
swelling is, basically, a high-strength, 1ow-l1oading, high active mate-
‘rial utilization electrode, via a high fiber density plaque design.
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, Nine EPP runs, comprising 108 e]ectrodes,_were prdcessed to evalu-
ate the effect of grid fiber densfty on electrode performance. The data
for e]ectrodes.having'a nominal 2.54 mm thickness were extended»further,
to plots of specific nickel active material efficiency‘verSUS the ratio
of active material (AM) volume : current collector fiber volume.

Re]ative grid fiber has been incrementa]]y'raised A trend to
‘greater AM eff1c1ency may be present due to.increased pore vo]ume but the
data are not precise enough to resolve .this effect very clearly. The
resu1ts have demonstrated that more active-material efficiency results
‘when higher fiber density (1ow AM = Gr1d) plaques are emp1oyed

To demonstrate these results cell 048CE, employ1ng higher fiber
density, was constructed and cycled to estab11sh the relative merit of
high fiber density on performance, particularly, electrode swelling.

Discussion: Cell 048CE (H1gh Fiber Dens1ty) Resu]ts '

Cell 048CE, wh1ch reached end-of- 11fe after 258 charge d1scharge
cycles, exhibited much 1ess nickel electrode expans1on than is normally
observed. The electrodes from this cell were originally 2.44 mm thick-
ness. - When removed from the case, they averaged 2.67 mm. Expansion up
- to 3.05 mm had been observed for electrodes having several hundred test
cycles. The critical design aspect of this cell was aunfgher'fiber den- -
sity. Needle-punching was not employed for these particular electrodes.

Failure of this cell is attributed‘to stackup dryout. After 258
cycles, wet-weight determinations indicated that active material volume
percent -had increased, before release of compression. This resulted in a
decrease 1n porosity, a change that was insufficient of itself to account
for the unsat1sfactory stackup wetting with electrolyte.

The increase in active material weight and volume on Cell O048CE
may result from two processes: ' ‘



(1) Ni(OH)é lattice incorporation of K* and Li* ions and,
possibly, incorporation of additional water of hydration
in the crystal lattice.

(2) Addition of Ni(OH), and Fe(OH),, due to corrosion of
both the nickel electrode and of the exposed steel
fibers of the grid. '

Since significant corrosion of the nickel plating on the steel
fibers has been observed by microscopy on extensively-cycled fiber
plaques, mechanism (2) is quite important. Of the total of 30g typical
weight pickups per electrode measured after cycling, analysis shows that
only 10g can be attributed to alkali metal ion absorption. The remainder
must be due to either chemically-bound OH ~ ion, attached to the corroded
fiber grid material, making mechanism (2) dominant on pickup of water of
hydration. o ' ‘

" Chemical analysis shows that, after 258 cycles on Cell 048CE, the
active material contains approximately 3.0.w/o iron, further corroborat-
ing the view that fiber corrosion has taken place. In spite of this
growth of additional Ni(OH), and Fe(OH), material within the nicke]
electrode, a steady decrease, not an increase, in capacity was observed.
Decreasing porosity serves to hinder electrode performance, although the
5 v/o porosity decline estimated in this case would not seem to be the
strongest influence. ‘

Instead, at least two other mechanisms should be considered:

(1) progressive loss of electrical contact due to the forma-
tion of a corrosion scale, '

(2) "poisoning" of the active material with iron.
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Since the original Edison cell delivered long cycle life with
nickel flake as the current collector, then mechaniﬁm:(Z) would appear to
be most plausible. Details of the "poisoning” mechanism are unclear, but
the effeét-of iron has been suggested to be one of lowering charge volt-
age. Therefore, further work was then oriented_toWard improvement of the
coverage and bonding of the protective nickel p1ate'oyer the steel fiber
current collector. The throwing“power of the plating bath can be
improved by adjusting current density to 1owef values and employing, cor-
respondingly, longer p1ating time. This~appr6ach_was evaluated in a
development nicke1 plating process line. '

2.1.2.3 NICKEL-PLATING EXPERIMENT

Cell #80 (21-plate) had been constructed with high- dens1ty fiber
plaques having needle-punched construction and an extended nickel-plating
‘time. The nickel plating current was reduced, keeping plated nickel
‘weight constant. Thus, this specimen should. have demonstrated advantages:
that could be derived from a more uniform nickel plating on the steel
fibers. ' Initial capacity for the electrodes on the EPP rack was 23.9
Ah/plate. Initial capacity of the cell was 230 Ah. At 150 cycles, ‘the
.cell delivered 180 Ah at the 3 h rate.

Further experiments were carried out with longer nickel-plating
times and lower plating currentldensities, The resultant plaques were, '
mechanically, quite weak, indita;ing that a very low-current density,
cathodic protection was insufficient, with respect to bath condition to
prevent steé] fiber corrosion in the acidic plating solution.

2.1.2.4 HIGH FIBER DENSITY GRID STRUCTURE

The evaluation of grid structures with heavier fiber weight is
being continued. Seventy electrodes with the heavier grid were fabri-
cated in the EPP pilot 1ine and proce;sed‘through cell assembly and
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testing. Seven 21-plate cells were tested to evaluate the merit of’
heavier fiber plaques. The results are summarized below:

"Plate Thickness (mm):

Min Max Avg. S.D.
2.37 2.49 2.41 . .04

Active mater1a1 weight R 89 g/electrode
Capac1ty for a 70-Plate Rack ---- 23 Ah/electrode (average)

Initial (3-hdur'drain rate) capaéities of these'ce]]s were deter-
mined on the formation bench:

CELL NUMBER
084CE 085CE _086CE 087CE 088CE 089CE 090CE

Cycle #1 (Ah): 190 223 204 - 208 212 206 214
Cycle #7 (Ah): 210 227 208 212 221 213 - 227

A six-cell modu]e, employing these cells has been constructed and
was cycled on the module tester to compare performance versus standard-
design cells. One cell developed a short, creating a high-temperature
Spot on the bottom of the cell and affecting the two adjacent cells. The:
test is being continued with the remaining three unaffected cells.

2.1.2.5 GAS PRESSURE RELIEF EXPERIMENTAL DESIGN

Based upon the ongoing work on nickel electrode desﬁgns; a concept
has been developed to permit gas pressure relief during the charge |
cycle. Additional electrode height has heen incorporated for selected
electrodes in the nickel-iron cell stackup design. These higher elec-
trodes will extend into space that is presently not utilized above the
sfackup. Because of greater separation distance, thfs portion of the
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poéitive and‘negative electrodes will not employ separators. The exposed
- electrode surfaces are expected to gas freely on overcharge, thereby pre-
' vent1ng stackup dryout and plate swe111ng Also, the design should
prov1d¢ approximately 4 Ah-additional capacity in the p]annéd 21-plate
test cell. These special electrodes have been fabricated and cell con-
struction completed (Cell 093CE). To date, at 32 cyc]es, this cell is
stable at 215 Ah at the C/3 drain rate.

2.1.2.6 "BRUSH"-ELECTRODE SUBSTRATE

The electrode substrate comprises radia]lermanating curkent col-
lector fibers, oriented about a steel wire'bus axis. Many of these com-
ponents, comprising individual "brushes" are arranged in parallel, verti-
cally, and»cbnnected to the top bar and tab (Figure 2.3).

This type of brush design (axially-oriented fiber) is uniquely
suited to the EPP method of imbregnatidn. Such a design, by virtue of
the fiber orientation, should display both maximum resistance to elec-
trode expansion in the thickness direction and enhanced power. capability.

Since the'starting Brush fiber material is cotton, the nickel
plating of this structure has, In the past, involved an electroless
nickel "flash" coat, followed by conventional electroplating. An alter- -
nate method has now been devised in which the cotton fibers are rendered
conductiVe with a heat treatment. This carbonaceous conductive structure
is easily e1ectr0p1ated directly, thereby e11m1nat1ng the electroless
nickel plating operation. The structure emp1oyed in this design has:

aSpects wh1ch compr1se improvements in critical areas: ;

(1) Electrical contact to the active material is via nickel whis-

" kers w1th‘a carbon core, thereby reducing possible iron con-

tamination of the active material and/or fiber breakage when
steel fiber corrosion can occur.



Figure 2.3. Full Size "Brush" Type Nickel Electrode



(2) Radial fiber/tubular design, with much less possibility of
expansion, compared to random fiber orientation in state-of-
the-art plaques.

(3) Reduced average mean free path from active material to the
current collector providing, potentially, more power capabil-
ity than the standard EPP electrode.

Therefore, the next generation brush-type design, comprising
nickel plating directly over carbon for the entire electrode could pro-
vide improved positive electrode cyclic stability. Due to the emphasis
of work in the area of sintered steel wool plaque strengthening, the
brush type electrode activity is presently suspended.

2.1.3 PASTED NICKEL ELECTRODE

The performance goals for the pasted nickel electrode are the same
as those cited for the EPP nickel electrode. However, independent prepa-
ration of active material and subsequent pasting into the plaque can
offer a reduction in total electrode manufacturing cost and significant
decrease in capital equipment expenditure, relative to the total EPP pro-
cess. Effort during the past year has centered on methods for continu-
ous, large batch production and formulation of an optimum active material
paste composition, for incorporation into the nickel plated fiber metal
plaque.

2.1.3.1 PREPARATIVE METHODS

Two development approaches are currently being used for the pro-
duction of nickel (paste) active material. The first approach involves
the incorporation of commercially-available green nickel hydroxides into
the nickel plated steel wool plaque. These commercial materials have a
density of 3.5 to 3.7 g/cm3 and electrode active material loadings of

90-100 g in 345 cm2 area are achievable at 2.0 mm final thickness.



Additives, such as cobalt hydroxide, are milled with the nickel hydroxide
prior to the paste making operation.

A second development approach for the production of nickel active
material involves the room temperature ozonation of alkaline slurries of
nickel hydroxide or carbonate. The ozone stream converts the nickel spe-
cies into a black, flocculant powder of Tower density than the initial
green powders. This lTower density results from incorporation of alkali
cations and water molecules into the nickel-oxygen interlayer during the
ozonation process. These black powders require only a few charge-
discharge cycles to achieve maximum electrochemical utilization. The com-
position and structure of the active material prepared by using this
method is very similar to that obtained as a final product in the thermal
process. In the ozonation process, the pH of the slurry can either be
neutral, or inght1y alkaline, without affecting the performance signifi-
cantly. Strongly alkaline slurries (>pH 10) tend to decompose the ozone
and thus require longer ozonation time.

The ozone reaction chamber that is currently in use is pictured in
Figure 2.4. The unit was constructed in house and is modeled after the
York-Schriver liquid-liquid extraction column. It consists of a vertical
chamber separated into eight reaction zones, each consisting of a pair of
baffle plates and a stirring paddle. Each baffle plate has a center hole
and the lTower baffle of each pair is extended to the glass chamber wall
by a teflon skirt. Ozone enters the cylinder through a perforated ring at
the bottom so that bubbling 1ifts the slurry. The counter effect of grav-
ity results in a circular agitation in each zone. A drain at the bottom
allows easy removal of active material. New material is then entered
through a top fill hole connected to a pump and reservoir. Continuous
pilot production of active material can be achieved, by using this appa-
ratus, for evaluation in full-size cells.
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Figure 2.4. Eight Zone Ozonation Chamber
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2.1.3.2 ELECTRODE CONSTRUCTION

Nickel active material is loaded into a fiber metal plaque, using
a roll pasting procedure similar to that used for the iron electrode. To
assure uniform distribution and reproducibility of loading, the aqueous
paste must maintain.single phase fluid properties during ro]]ing Suit- -
able def]occu]ants which do not affect active material performance, are
added to the paste to prevent curd11ng At this step, cobalt hydroxide,
“or other performance improving agents, are incorporated.

_ NThe performance goals for pasted nickel electrode in the nickel-
iron battery is O. 14 Anh/g .of finished electrode at the C/3 discharge rate
and at a 25% overcharge A large number of full size electrodes (344
cm ) have. been constructed and tested in-order to meet the goals required
for a finished cell. The pasting procedure begins with plaques about 4.5
mm thick which are then roll pasted, dried and sized to 2.5 mm, or less.
Loadings of 90-105 g active material per full size plaque are achieved at
1.8 to 2.3 mm final sized thickness. These have a resulting electrode
performance in the 20 to 23 Ah range over hundreds of test cycles.

2.1.3.3 ADDITIVES

Cobalt hydroxide continues to be the best additive to enhance the
performance of pasted nickel electrodes. Addition of Co(OH)2 to the
active powder enhances utilization 20 to 30% over nickel hydroxide
alone. Due to the cost of cobalt, other additives are under investiga-.
tion. Known crystal analogs of Co(OH), were tried initially. These,
included Mg(OH)z, Mn(OH)Z,.Ce(OH)z, Ba(OH)2 and their peroxide

. forms. These additives were milled with the nickel powders, prior to the

paste making procedure. No significant effects in performance were noted
for these additives at various concentration levels. Other materials
under 1nvest1gat1on include: aluminum, chromium and their mixed metal
oxide analogs. | | o
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2.1.3.4 FULL-SIZE CELL CONSTRUCTION

Fu11-sfze ce11$,‘constructed using'pasted‘nicke1-e1ectrodes; have
achieved hundreds of -stable,high performance cycTes. Emphasis now is on
production of additional cells, using both greén nickel hydroxide and -

' .oZonated active material. These cells will encompass many process vari-
ables,-including electrode thickness'énd‘aqdftives'other than cobalt
‘hydroxide. ' | ) ' ‘ ' A

Nickel e1ectrode'thfckness increase on pr61onged;cyc11ng is the
most important factor in determining 1ife and performance of the nickel
iron cell. Pasted nickel e]ectrodes offer greater f]ex1b111ty and con-
trol over electrode parameters. Un1form 10ad1ng, optimum porosity and
fixed final thickness can be effectively achieved- and their influence on
long life can.be determined. Cells are b1ng constructed with nickel elec-
_trode thicknesses varying from 1.80 to 2.30 mm. Cell life w111 be deter-
mined as a function of these initial th1cknesses Both act1ve material
types are being used in these exper1ments '

2.2 IRON ELECTRODE

The compos1te-type iron electrode cuntains a f1ber métal-expanded
metal comb1nat1on conduct1ng grid system as the current carrier. This
structure allows firm attachment of the connecting tab and imparts excel-
lent power characteristics to the iron e1ectrode The battery design
requires an iron electrode of 345 cm2 act1ve area and approx1mate1y one
mm th1ckness having an output of 26.5 Ah at the C/3 discharge rate. The
final program goal is to achieve 0 27-0.28 Ah/g of total e]ectrode,
entirely on. the upper voltage d1scharge plateau.

2.2.1 . IRON PLAQUE

The current collector for the iron electrode is a porous struc-
ture, presently formed from a combination of steel fibers and an expanded
metal iron sheet. The expanded metal is the center layer for the fiber
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structure which is sintered to both sides using a similar fiber lay-up as
developed for the:plaque used for the nickel electrode. The final plaque
is sintered in hydrogen and a vertical tapered tab is seam welded into
the plaque body (See Fig. 2.5). The open pattern in the expanded metal
is diamond-shaped and the long direction, having higher electrical con- -
duétivity, is aligned with the axis of the fiber. A process advantage of
this composite grid structure is that the expanded metal center provides
integrity in handling the plaque during the seam welding operation.

The basic process steps in the continuous production of full size
electrodes are: (1) the loading of the grid structure with red iron
oxide and carbon additive. (2) the reduction of this mixture and (3) the
pressing of the electrode to a final thickness of 1 mm. Control over the
amount and uniformity of the loading is based on the eXpansive structure
of the steel wool matrix and on the use of a suitable paste of the oxide.

After the pasting step, a room temperature drying step is;requiréd
to remove most, or all, of the paste water. An open structure results,
~ which offers easy access for the hydrogen gas during the in-situ reducing
step. A continuous belt hydrogen furnace is used for the reducing proce-
. dure. The overall dimensions of the electrode are not affected by the
reduction step. The final electrode contains a 68-70 g loading and is
readily pressed to 1.0 mm.

2.2.2 COMPOSITE ELECTRODE

The starting material for the composite-type iron electrode con-
sists of red iron oxide and a carbon-producing additive, such as phenolic
resin, or most recently, corn starch. These components are incorporated
as an aqueous paste into the steel wool grid, as described previously. )

Overall electrode performance is strongly dependent on the proper-
ties of the red iroﬁ oxide starting material. Initially, successful '
results were obtained using Fisher Red Iron Oxide which is prepared by
calcining ferric sulfate. Some residual sulfate (0.05 wt%) remains after
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. calcination and this imparts a degree of catalytic activity to the iron
oxide. Prior research and -development efforts indicate that the ferric
sulfate calcination temperature is the most important factor in determin-
ing final electrode performance. -A summary of electrode performance ver-
sus calcination temperature and residual sulfate concentration was
included in the 1979 annual report.

Several. suppliers were contacted to provide iron oxides to the
required specifications. Experiments with certain Pfizer and Columbian
Cérbon calcined red oxides'yielded 25-30 Ah in full size electrode °
tests. These electrodes exceed the 23-25 Ah performance achieved using
the Fisher oxide and cost approximately 1/3 that of the Fisher Red
Oxide. In the past year, material was obtained in ton-lots for use in
battery manufacture. Electrodes prepared from this Pfizer material con-
sistently exceed 26 Ah per full size electrode at the C/3 discharge
rate. The Pfizer electrodes have shown no significant loss in capacity
after 500 cycles of continuous testing.

Evaluation of several types of carbon-producing additives has been
completed in full-size electrode tests. The materials found most effec-
tive, initia11y, were phenolic resins of the phenol-formaldehyde type.

- These materials lose weight when reduced in hydrogen and leave behind a
carbon residue evenly distributed throughout the electrode active mass.
This carbon residue was found to increase electrode performance about
20%, compared to iron oxide with no additive. Some eventual storage
problems, particularly caking, occurred using this matérial. Further

" experiments led to the selection of corn starch as an additive which had
all the desired properties for paste formulation and handling. Addition
of corn starch to the iron oxide paste produces electrodes which meet the
performance and 1ife obtained using the phenolic resin.

New pressing techniques have recently been incorporated into the
iron electrode sizing process, resulting in significant capacity
increase. ~All processing parameters and raw materials are the same, as
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specified in the'precedfng péragraphs, except fof the final éizing step.
These new process iron electrodes are sized, using 0.97 mm shimstock and
~a fabric interface between the electrode and the face plates of the
preés. This interface prevents closing of metallic iron pores at the
electrode surface during pressing, thereby allowing better e]e;tro]yte
‘ access to the electrode interior when placed in a cell stackup. Perfor-
mance is 28-29 Ah,‘versus 24 Ah fof electrodes pressed in the former man-
ner without shims and fébric. The 28-29 Ah capacity results from a con-
stant current charge input of 33 Ah (4 hr x 8.3A) for an Ah efficiency of
about 87%. This high coulombic efficiency should enable high énérgy 4
- efficiency to be obtained (%70%) in nickel-iron cells built with these
electrodes. ' o ' '

. The curves 1n Fig 2.6 represent Ah capacities at about 0.80 V

- (vs Hg/Hg0) terminal voltage for the iron electrodes.” If oniy 25 Ah is
removedlfﬁom these newer technology electrodes, the final voltage is
about 0.86 V (vs Hg/Hg0). Since the stérting voltage is about 0.92 V-

(vs Hg/HgO0), the total drop for these iron electrodes in a 250 Ah cell

is A 60 mV. This value exceeds the original program goal of A 80 mV and
should aid greatly in improving the thermal characterisfics, internal
resistance and charging cfficiency of cells, since Lhese 1ron electrodes
are now operating on the higher portion of the voltage dischérge curves.
Specifiéétion for these improved iron electrodes are given in Table 2.1.

Further improvements in iron electrode performance can be éxpected
with optimization of the oxide starting material and refined pressing
techniques. Theée areas are being explored to achieve a goal of 32 Ah
output.

2.2.3 LIFE TESTS RESULTS

Full size iron electrodes were put on éontinuous test in January
1979 to determine the effects of all components on electrode life. The
~ variables included nickel plating of the steel wool matrix, carbon

- 2-22



€¢-¢

Ampere Hours per Plate at C/3 Drain Rate

40

3

|

M- 4—’; -

V :
WV ?_

———n G — — —.———————————

\_oo" Target = 23.5 Ah for 250 Ah Cell

!

-9 } New Technology, 1980

10— | o  Former Technology, 1979
oL 1 ! 1 1 ! !
e 5 10 1B R+ R~ 30

Test Cycle Number

P

Figur2 2.6. Iron Electrode Performance



TABLE 2.1
IRON ELECTRODE SPECIFICATIONS

4 , ‘ Program Goals 1979 . Present - 1980
Thickness . 1.0 mm 40 miTs) 1.0 mm.- 1.0 mm

Weights for 11 electrodes (g): |
Grid & Tab | 493 | 493 493

Active Material 750 SRR [ B 770
Active area (cmz) ) . 343 7 o 343 - 343

Performance at C/3:

" An - 25 s 29

/g active 034 0.34 - 0.40

Ah/g electrode 0.22 S -0.22 ‘ . 0.25
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additive content of the active material, tab configuration, and size of

the steel wool fiber. All eXpenfments were run using Fisher Red Oxide,

since that was the raw material at that time. These tests were designed
to give insight into the reliability of these components over 1000 test

cycles. A summary of test results is given in Table 2.2.

Electrode FX901 was removed from test at. 725 cycles after its per-
formance had declined to 17.3 Ah. Examination revea1ed'that the unplated
steel wool matrix was severely corroded and hadlsebarated from the
expanded metal center grid. The vertical tab remained firmly attached to
" the expanded metal grid. “The active material was very soft thoughbht the
entire electrode. The electrode had expanded to 1.40 mm from the initial
1.00 mm value.- Failure was related to steel wool corrosion and the
resulting detachment.of agtive méteria] from the electrode body.

E1ectrode FX902 was removed frbm test at 418 cycles since the
capacity had fallen below 18 Ah at the C/3 dischérge rate.. Failure was
attributed to the iron electrode. E]ectrode‘FX902.contained unplated
steé1 wool fibers and had a horizontal tab connection. A steady decline
in performance was noted after 350 cycles and the electrode was removed
at 418 cycles where it had an output of 15.7 Ah. The active material for -
this electrode contained no phenolic resin. Examination revealed that
the body of the electrode maintained its metallic appearance and original
thickness with no noticeable corrosion of the steel wool fibers. Some
| deteriorafion at the tab junction was apparent and wou}d'aCEOUnt for the
~ observed decline in the discharge voltage. |

Electrode FX903 was removed at cycle 412 with an oufput of 17.2
Ah. The active material throughout the entire electrode was mushy,
a1though'the fibers appeared intact. The electrode had swelled to about '
1.9 mm ffom its original 1.0 mm thickness. This is in contrast to FX902,
which maintained its active material integrity over a similar number of
" cycles. The basic difference between these two electrodes is that FX903
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TABLE. 2.2
CYCLIC'STABILITY.OF COMPOSITE IRON ELECTRODES

Material . Electrode . : ' ‘ Ah Capécity.vs. Cycles
_ Mt. g Wt. g 5 10 50 125 500 1000
FX901 . 69 -120 21.9 2.2 24.3 22,9 21,9 17.3
. - _ - o o (off at 725) -
FX902 67 115 7.5 19.1-  23.6 20.6 15.7 .
‘ o - | | (off at 418)
FX903 69 M6 24.6  24.7 245 26.0  17.2
| - © (off at 412)
" FX904 70 120 2.9 25 24.7 226 2.8 18.0°
| o | - . o (off at 960)
FX905 71 124 17.6 211 . 2.4 7.2 2.7 18.0.
| S © (off at 1050)
FX906 66 M3 187 2.6  24.3.  22.1 22.1 18.0 -
S | B (off at 1150)
- FX907 69 15 12.3 22.9  23.0  20.8  18.0

(off at 160)

Active area = 53.2 in = 345 cn?
Thickness = 40 mils = 1 mm-

Electrddes are Fisher Réd Oxide -

E1ectrodes are discharged versus nickel counter electrodes to a final

.cell potential of 0.97V for each test:cycle.



" contained phenolic, compared to none for FX902. However, FX901, 904 and
906 also contained phenolic and continued to perform well at 500 cycles.

- Electrode FX904 declined to a steady output of 18.0 Ah and was
taken off test at 960 cycles. This electrode contained a nickel plating
on the fibers and tab and also contained.pheno1ic in the active mate-
rial. Evaluation of this electrode revealed that the active material
remained intact and that no significant thickness increase had occurred.
The average discharge voltage had decreased about 50 mV from its optimum
value in the first 500 cycles. Some very thin cracks were observed along
the length of the electrode body. Constant expansion and contraction of
the nickel counter electrodes most 1ikely caused the cracks to occur,
resulting in fatigue and voltage loss. Electrode FX905, removed from
test at 1050 cycles, was s1m11ar to FX904.

E]ectrode FX905 was removed from test after 190 cycles since its
capacity had declined to 17.2 Ah. Cell voltage profiles indicated that
the nickel electrodes were 1imiting performance. The nickel counter
electrodes were of prior design. New nickel electrodes were inserted and
testing was resumed. An immediate increase from 17.2 to 21.7 Ah was
obtained.  Simultaneously, new counter electrodes were inserted in all
the test cells. Unfortunately, it was too late to rebuild electrode
FX907 which was removed a few weeks earlier.

E]ecfrode'FXQOG declined to a steady 18.0 Ah output at 1150
cycles. The failure mode for this electrode was ascribed to some fiber
weakening and resulting loss of active material integrity. The electrode
body was still adequately attached to the horizontal tab.

* Electrode FX907 was removed from test at 160 cycles at a capacity
of 18 Ah. This electrode contained unplated steel wool fibers and pheno-j
lic resin. No measurable expansion from -the 1.00 mm (initial) thickness
was observed. This electrode retained its hard and smooth tab' junction.
A steady decline in average discharge voltage accompanied the decrease in
output. No corrosion jn the mainAbody'of the electrode was observed. It
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possible that degfadation at the tab junction‘contriBUted to the 20%
-decline in capacity observed for this electrode.

It is concluded from these tests that the sintered composite type
electrode is capab1e of long 1ife (>1000 cyc]es) in.nickel-iron cells.
Since these tests were begun in January 1979, several 1mprovements have
been made in tab welding and grid structure integrity. These, along with
~changes in active material composition, have increased performance dra-
matically, as described previously. Electrodes manufactured using this
newer technology are currently on life test and are approaching 600
cycles with capacities greater than 25.0 Ah, representing less than 5%
decline from their optimum values. Nicke1‘p1ating of the grid structure
1s now considered not necessary for long 1ife iron .electrodes s1nce 1500
cycles are obta1nab1e. using the newer technology approach.

2.3 CELL HARDWARE COMPONENT DEVELOPMENT

- Development work on cell components includes: separator(s), ce]T
and intercell connectors, cell case and cover, and cell auxiliaries that
deal with automatic water feeding and/or the electrolyte circulating sys-
tem. ' R '

2.3.1 SEPARATORS

A decision was made to use Ce]gard K-501, supplied by Celanese
Fibers Company, as the standard separator. This decision was made
because of the satisfactory performance of cells in which it was used and
because of its good handling properties. In particular, since it is lam- °
inated into-one sheet, adoption of a serpentine method of'wrapping elec-
trodes in the stack assembly was possible. One shipment was received
with h1gh res1stance K-501, caused by excessive wett1ng agent, but this
was replaced by Celanese with acceptable material. The quality control
measurements made on incoming material are given in‘Table 2.3.
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TABLE 2.3
.- QUALITY CONTROL MEASUREMENTS ON CELGARD K-501

Roll ' Thickness Weight s Resistance(])

No.  Mils o g/lyd? m £-in?
6723% 13.3 69.9 77
21846 14.3 69.9 * 29.5
21847 14.2 70.1 31.5
6721% ial 72.5 . 646
832-7-1% 10.9 70.5 889
839-1-2* 13.3 .. - 82.4 - 1136
839-4-1 131 74.8 1106
874-4-2% 140 88.3 = 674
855-8-1* 12.3 - 80.2 770
854-4-1% 12.8 ' 70.1 816
6727* 13.1 - . 75.6 677
23294 4.2 70.0 32.5
23295 13.8 \ 70.7 . 34.6
23296 ' 4.9 - 7.9 ©30.6
23297 - 13.0. 78.1 ‘ 0 29.3
23298 13.9 -72.0 | 29.6

23299 131 - N.a - 29.8

(M Separatof resistance is measured by the ac method, described in"
Alkaline Storage Batteries, by Falk and Salkind, pp 257-260.

*  Returned to supplier. X
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- In the search for an alternate separator to K-501, barrier and
.absorber materials from W. R. Grace Company were evaluated. This was
done by comparing measurements and performance of the W. R. Grace materi-
als with those of Celgard K-501 and its components, Celgard 3401 and '
Fibertex. An advantage of W. R. Grace barrier is ‘that it has, poten-
tially, a much Tower price than Celgard 3401." The th1ckness,,we1ght and
resistance measurements are shown in Table 2.4. B

TABLE 2.4
COMPARISON OF W. R. GRACE AND CELANESE SEPARFTOR_MATERIALSN

Thickness Weight Resistance

Supplier : ' Material (mils) - - (g/yd®) (mQ-in?)’
. - \

W. R. Grace 90921-BC-1 barrier - -7 136 20

W. R. Grace 114 absorber 6 - 63 10

Celanese : K-501 laminate J13.2 . n - 30

Celanese 3401 barrier . 1T 3 5-10

Crown Zellerbach  Fibertex absorber 5.8 26.4 - 7.

Two 21- p]ate cells were assembled with the W. R. Grace materials,
and two control cells were assembled with Celgard K- 501. The serpentine
method of assembly is too difficult to use with the un]aminated W. R.
Grace materials, therefore the bag type of construction was used. These
bags were made with one layer of absorber and one layer of barrier, the
absorber being inside the barrier; the bags were assembled on the iron
electrodes. Bags were also made of K-501 for the froh electrodes of the

control cells, thus the type -of assemb1y used for separators in-all four
of the test cells was the same .

On the 1n1t1a1 charge-d1scharge test cycles the capacities'of the
cells were similar but, by cycles 7 and 8, the average capacity of the
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control cells was 20 Ah greater than the capacity of the cells with W. R.
Grace separators. Internal resistance and pressure readings on the cells
with W. R. Grace separators tended to be higher than on the cells with
Celgard K-501. The capacity of the experfmenta] cells was lTimited by the
iron electrodes, which may have been affected by reduced access of elec-
. trolyte to these electrodes. ‘

Therefore, K-501 is the present "standard" separator for nickel-
iron cells. However, exp]oration‘and examination of other candidate sep-
arator materials, as they become available from the commercial suppliers,
will continue. |

2.3.2 ELECTRICAL CONNECTORS

"The continding objective of this subtask is the development of
reliable, easily manufactured and highly conductive electrical connec-
tors. The connectors interface with two types of environment -- the
internal connections (requiring caustic-resistant components) and the

- connections external to the cell (in air). The present internal design

for the cell terminal assemb1y is a four component system, involving
three joints: (1) electrode-to-tab, (2) tab-to-collector and (3) collec-
tor-to-terminal post, with experimentation being conducted on joining
materials and/or techniques. The external intercell connections are
lengths of flexible cables, with mechanical fastener joints at each end,
that clamp onto the cell terminal posts.

The internal connections between the electrode tab and the termi-
nal post have received much attention during the past year. Here devel-
opment work was focussed in two major areas: (1) cost reductions in comb’
fabrication, and (2) elimination of the tab and comb. Significant
results were seen in (1) where combs were assembly weIdeq (rather than
machined) from individual blanks and bar stock pieces. .Preliminary work .
in (2) involved a technique that utilized cables and a through-the-cover
cable collection terminal. '
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The cost savings achieved in the'assemb1y welding of combs led to
the .method now being used. Here a bar stock piece is first spot welded
to each electrode tab in an operation that eliminates the melt down of
separator at the tab region on top of the plates, which was always a .
prob]em'when the machined comb was welded to each electrode tab, despite
various, heat sinking schemes that were employed. Later, during cell . |
‘stack assembly the electrodes are gathered and welded to the collector
assembly (See Fig. 2.7). This not only reduced the cost of the assembly
but improved'the stacking operat1on. The second development act1V1ty was .
no longer necessary and was discontinued.

2.3.3 CELL CASE AND COVER

work in this area was two-fold: (1) des1gn and procurement of
molded prototype cell containers and covers, (2) development of new Join-
ing and sea11ng techniques, having compatability to a mu1t1ce11 module
case and cover.

A new design of case and cover is being utilized. Improvements in .
~ the circulation ports and the external connections.associated with them
necessitate changes in the cover, as shown in ng 2.8. At the same
time, structural changes were made to strengthen and improve the seal
integrity of the area around the terminals. The case design finally
selected remains very close to the original. Previous core shift prob-
lems were resolved by tighter alignment during the mold setup. .

The 1nduct1on weld sealing process (cover-to-case) was also aban-
doned. . D1mens1ona1 var1at1ons in the adjoining pieces, a1though satis-
factory for an adhesive method proved too 1arge for the sensitive induc-
tion equ1pment Burns and leaks in the joint area were unacceptable.

A conceptual design for a multicavity module was completed. The '
a1m was to reduce, the volume and we1ght of a six-cell module by packaging
all as a group Additionally, man1f01d1ng and intercell connections were
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made internally. Figure 2.9 shows the design. Here, about 9% reduction
in weight and 14% in volume can be achieved.

2.3.4 ELECTROLYTE MANAGEMENT SYSTEMS

Development work on auxiliaries relate to electrolyte water makeup
and electrolyte recirculation. Emphasis is on an automated system capa-
bility.

An electrolyte management system (EMS) has been developed to pro-
vide minimum maintenance features through single point water replenish-
ment, charge temperature control, and safe gas handling. Electrolyte
circulation through the battery during the charge cycle provides effec-
tive heat removal thus enabling 2-5 hour charging and cooling of a 100%
discharged battery. The primary elements of the EMS are pump, reservoir,
heat exchanger and associated flow controls and interlocks. Development
work during the past year was concentrated on design of a system for
on-board vehicle use. Several improvements have been made in the safety
and reliability of the electrolyte management system, including flow,
level, temperature and spill protection. The integrity of the fluid
seals at the cells has also been increased. The manifolding has been
changed to incorporate flexible feed and exhaust hoses and elastic seals,
making the system not only less sensitive to motion and misalignment
stresses, but also more suitable for cell interchanging. Leaks at the
manifold/cell joint have been completely eliminated. Fig. 2.10 shows a
flexible hose manifold attached to a cell string.

2.4 CELL TESTING

The purpose of the testing program is to demonstrate the state of
technological advancement, with respect to the overall nickel-iron bat-
tery goals. The ultimate purpose of the testing program is two-fold:
(1) provide performance information for use by the developer as feedback
to determine operating characteristics, suggest modifications, and
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improve design, (2) provide information of interest to potential users,
who have a need to know many performance, environmental and safety
aspects of the system.

For Task 2, the System Development portion of the contract, test-
ing continues to concentrate in several areas. Prototype-size iron and
nickel electrode tests are being performed to assist in evaluating
design, materials and process changes and determining their effect(s) on
improving performance. Also, full size nickel-iron cells are being
tested in finished, molded containers. Six-cell modules, as used for the
DOE/JPL "2 x 4" battery, are also being tested for performance and design
evaluation. Testing of full size batteries is now part of the DOE/JPL
program of near term electric vehicle evaluation. Two 90-cell batteries,
including electrolyte management systems, have been supplied to JPL.

The testing is to provide, ultimately, information on the opera-
tional and performance characteristics in the following areas: (1) pre-
test, (2) charging and charge efficiency, (3) capacity, (4) power,

(5) charge retention, (6) 1ife, and (7) environmental aspects, as temper-
ature.

Developmental cells and modules (and batteries) are Lested with
circulation of electrolyte during both charge and discharge. Up to five
charge/discharge 80% DOD cycles can be run each day, with 20 full-size
cell test positions available. Up to 25 full-size iron and/or nickel
electrodes can also be tested at this same rate.

A special, variable depth-of-discharge test station was designed
to simultaneously test up to three 6-cell, full-size modules. The system
was chosen in an effort to cease the practice of testing cells at 100%
DOD and to provide information on cells tested in a condition more
closely approximating battery usage. These stations can assist in
obtaining added depth-of-discharge and 1ife data. The system is capable
of cycling the modules at different DOD's and can also be used in temper-
ature/life tests.
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The 3-station, full-size module tester is shown in Fig. 2.11.
Here 3 modules are shown under test, complete with the electrolyte circu-
lation system. Controls and instrumentation are in the rack at the right
and power supplies and the voltage recorder are in the rack to the left
of the modules.

2.5 PILOT PLANT OPERATIONS

Pilot plant operations include all operations for plaque, nickel
and iron electrodes, cell, module and battery fabrication.

Production in the pilot 1ine facility proceeded in the past year
to the extent that the cells required for the 2 JPL batteries, 2 addi-
tional ANL/NBTL test modules and full size experimental cells were fabri-
cated. Pilot 1ine equipment and operations are presently being trans-
ferred to the Westinghouse Advanced Energy Systems Division at Large, PA,
where future cells and batteries will be manufactured.

2.5.1 GRID FABRICATION

Grid fabrication continued until the present shut-down with the

only change implemented comprising needle-stitched steel wool as the
feed-stock material in making the grids.

2.5.2 IRON ELECTRODE FABRICATION

From September 1979 through August 1980, 6,050 composite-type iron
electrodes were fabricated and c011ated into 550 cell stacks. During
this period, the basic raw material, Fisher I-116 red iron oxide, was
successfully replaced with a Tow cost red iron oxide, prepared and sup-
plied by the Pfizer Company.

The raw active material was 1oaded into the electrode plaque by
means of the same process as used in the prior year, i.e., two facilities
were used, one for each basic process step. In the loading step, the

2-39



0v-2

Figure 2.17.

Module Test Facility




plaque was purposely loaded with excess aqueous iron oxide paste. In the
sizing step, controlled amount of the paste was retained in the plaque,
by sizing it down to a predetermined thickness.

To Tower labor costs and to reduce material waste, a design study
was undertaken to combine the loading and sizing steps into one facil-
ity. The best approach was a system containing, in addition to the
paste, a series of loading rolls, followed by a set of sizing rolls. As
the plaque is propelled through the system, it is first loaded with
excess paste and then sized-down, prior to it leaving the process line.

2.5.3 EPP NICKEL ELECTRODES

The electroprecipitation process (EPP) utilized for producing
nickel electrodes is essentially as described in 2.1.2.4.

With respect to the nickel electrode fabrication, analytical data
is gathered as part of Maxi-line plating and EPP solutions QA/QC. Other
data, taken from QA/QC, include recording steel weight (grid plus tab),
nickel plating weight, and thickness of the grids prior to EPP, as well
as thickness and immersed electrode weights afterwards. Eight locations
are consistently measured for the thickness determination. The weights
taken prior to EPP and the immersed weight of the finished electrode per-
mit a calculation of the active weights. Both quantities are significant
for QA/QC means, and were determined for 10% of the electrodes in every
run.

2.5.4 CELL ASSEMBLY

Changes in cell fabrication were discussed in Section 2.3. Cells
assembled fall into one of the following groups: (1) developmental cells
SCT vehicle contains two of these 21-cell strings, as well as one 18-cell
string and two 15-cell strings (90 cells/battery), designed to fit into
the SCT Rabbit battery compartment.
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Six modules have been tested on the auto 1ife cycler. An addi-
tional four modules were recently sent to the NBTL, two as part of this
program and two as part of the JPL program.

2.5.5 BATTERY ASSEMBLY

Three hundred twenty-nine (329) cells have been fabricated for the
JPL program to permit building and delivering the two full-size batteries
and spare cells required. One battery system has been delivered; the other
is presently on test at Westinghouse and scheduled for delivery in November,
1980.

Fig. 2.12 shows the present method of assembling full-size nickel-
iron cells into strings. Strings of cells are designed in such a way as
to efficiently use the particular vehicle battery compartment. In the
figure, a 21-cell string is shown, complete with circulating system mani-
folding, end clamping plates and string binding. The first battery that
has been constructed on the JPL/DOE program at Westinghouse for the SCT
vehicle contains two of these 21-cell strings, as well as one 18-cell
string and two 15-cell strings (90 cells/battery), designed to fit into
the SCT Rabbit battery compartment.
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3.0 TECHNICAL PERFORMANCE

Initial program goals and projected demonstration values are pre-
‘sented in Table 3.1. Full-size cells and three plate cells were ini-
tially cycled to 100% depth of discharge each cycle. These cycling tests
were more stringent than fhose required for long 1ife cycle testing,
which are now conducted on cells in finished molded caée/covers, to 80%
depth of discharge, based on rated capacity. The cycle 1ife test cells
-~ employ. electrolyte circulation, electrolyte composition and temperétﬁre
control, and minimization of CO; formatiqn in the electrolyte. All
these controls have been incorporated into the auto cycler, single cell
test system and into the "closed," 3-module test system, which is used to
test up to 6 cells/module. The cell test System operates with 20 test
stations in the auto cycle life tester. Twenty-five 3-plate cells can be
simul taneously tested.

Full-size cells have always been on test in containers of the
proper volumetric constraints, as per design specifications. Cells made
with molded cases and covers are being rated on performahce, based on
their actual weights, including electrolyte. Cells are being fabricated
" with cases and covers made of GE Noryl 225.

3.1 THREE-PLATE CELL TESTS

" Full size electrodes are tested in a 3 plate cell configuration to
provide initial performance evaluation of design and process configura-
tions prior to full size cell evaluation. The following sub-sections
summarize the results of this test program. '

3.1.1 EPP NICKEL ELECTRODE TESTS

Table 3.2 summarizes 3-plate cell test results on EPP ﬁickel elec-
trodes. LETectrodes‘comparab1e to state-of-the-art technology deliver 21
to 26 Ah, depending on EPP processing conditions. From 6 to 33% decline:
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TABLE 3.1

NICKEL-IRON BATTERY TECHNICAL GOALS

Pre11m1nary '
Contrac- Goals Best Present

€

; Char§cteristi;s B (Set Dec. 1977)  Demonstration
. Battery Capacity (kwh) 25 . 26.5
. (100% rated) o
Battery Dimension m H 0.26 . 0.28
-(m HxmWxmL)mW _ 0.38& - - 0.38
m L 2.21 t2.21
o Volume (2) ' 230 230
Weight (kg) S a7 - 820
. - Volumetric Energy (Wh/2) 100 ) 143
Specific Energy (Wh/kg) 60 -~ - 58"
Specific Power (W/kg) o
" Peak Battery 100 175
‘Sustained @ C/3 20 o --
Duty.Cycle _ _ :
Charge (h) 4-8 C/3 for 4h
Discharge (h) =~ 2-4 ‘ .3
Lifetime : , - ~
“ Deep Discharges - 2000 - . =500
Pr'ice/Eherg,yc ($/Kwh) : ' <60 -

| Enerqy Efficiency (%) _ >60 . 54
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TABLE 3.2
EPP-TYPE NICKEL ELECTRODE 3-PLATE CELL TEST RESULTS

: 'Lnitiaib - o Life Characteristics
Plate .. <Lapacity ‘Initial ;" 4 % Decline ' a
Bescription - Ah Ah Eff., % Cycles Capacity Remarks'

3E 15.4 - :50 C20 ‘Control,iﬂuréiNiFOH)z .
Mne - 25.2 - 76 . - 625 51 038CE Comparison Cell -- Cross-
: : - Fiber, Standard Density

27€ 25.7 77 34 Y 026CE Comparison -- 3.23 mm diameter
T ’ holes

49€ 19.7 - 59 248 32 #1 Fiber Plaque
1004E 21.8 66 560 59 Control for 1007
1008 13.0 39 215 9 Manganese Dopant.
1006E-  15.8 . 48 208 15 ‘Calcium Dopant
~1007E 22.4 67 - 307 58 EPP Process Variation
1008E 140 0 42 300 0 Barium Dopant
1009E . 155 47 . 5 2 Iron Dopant
1011€ 7.8 54 200 o * Needle-Punched Fibers
1012E 14.8 45 120, 0 High Fiber Density
10138 - 20.3 66 350 39 0B8CE Comparison Cell
1025€ [ -] ' ‘Brush Design Plate
- 1028E = o 184 Brush Design Plate
1048E 202 8 266 36 High Fiber Density

2114E 23.9 72 405 39 0.25CE Comparison.Cell
: . . 3 channels, 3/0 steel wool
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TABLE 3.2 (CONTINUED)

Initial .Life Characteristics

Plate - Capacity”  Initial c 4 % Decline a
Description Ah -Ah Eff., % Cycles Capacity Remarks
38 174 - 83 505 36 - Barium Dopant
2558E 18.6 - , >212 9 “083CE Ccmparison Cell
o - - ) ~ Reactively Sintered
2650E . 20.7 - , >149 4 092CE Comparison
. . S . ' : Reactively Sintered
2707 18.7 | ' >N2 3 094CE Comparison Cell
SR : . _ ~ ~  Sinter + Ni Replate
-2801E 17.8 - >112 6 . Pure Nickel Fiber Control

20028 - 25.7 - > 25 2 Pure Nickel Fiber Control

Special feature, components, weight (kg) and volume (1).
C/3 discharge, a- 8 hour charge.

Based on at least 5 consecutive cycles.

. "Greater than" symbols denote cont1nu1ng operation.
Percent decline from initial. _
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in capacity is usually noted after 200-300 test cycles of standard tech-

nology plates (Tab]e 3.2, annual report for FY '79). 11E and 1004E, |

. driven to approx1mate1y 500 test cycles, further extends this ‘capacity
dec11ne, showing 51% to 59% dec11ne ‘

Tests to evaluate the merit of standard fiber thickness range
against a more coarse (Electrode 49E) and finer (Electrodes 27E and 2114)
fiber range did not reveal any effect of fiber size on rate of capacity
decline. However; the 49E electrode test suggested that coarse fibers
may not collect eTectfode_éurrent efficiently, resulting in a lower ini-
tial capacity for the electrode. “ '

Experimental electrodes 1005E, 1006E, 1008E, 1009E, and 3183E rep-
resent the present state of EPP technology, with respect to the possibil-
ity of replacing cobalt active material dopant with more economical,
alternate materials. As discussed in 2.1.2.1, it is stil) a moot ques~
" tion as to whether EPP methods can be adapted so that higher, and, there-
fore, more effect1ve concentrat1ons of these additives can be evaluated.
The part1cu1ar electrode tests do serve to show, however, that the Tow
dopant levels obtained did serve to maintain the percent capacity decline
within the range observed for cobalt-doped electrodes. ' Without any dop-
ant whatsoever pure N1(0H)2 active material declines to approximately’
20% of its initial capac1ty value in 50 cycles (electrode 3E, the control
samp]e) With the sole except1on of iron, all dopant materials tested
appear to remain candidates for future substitution of. coba1t

E1ectrodesvemp10y1ng higher - density fibers (1012E, 1013E 1048E)
did not show significant increase in cycle 1ife, but did demonstrate more
efficient use of active material. This change in electrode design demon-
strated that some nickel could be removed and replaced with less expen-
sive stee1; yielding a potentially lower - cost electrode. '

. Treatment of the high dehsity fibers.in,the reactive sintering
process (2558E, 2650E) further improved the electrode design by producing
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a stronger fiber plaque, showing less capacity dec11ne while -on cycle
life. These two cells are continuing on test

. Electrode 2707E, a]though not very far in cycle test, shows that -
‘nickel replate over the reactively - sintered fibers does provide addi-
tional performance benefits. Judgement is reserved on the need for |
nickel replating, however, until this continuing test is completed.

Electrodes 2801E and 2902E are baseline ce1ls'emp10yin§ pure
nickel fiber current co11ectdrs, whfch will provide a comparison of the
performance of nickel positive active material which is not affected by
any possible iron contamination.

3.1.2 PASTED NICKEL ELECTRODE TESTS

Full-size pasted nickel e]ectrodes (2.00 to 2.40 mm initial th1ck-
ness) display 20 to 22 Ah capacity at the C/3 drain rate in the best
3- plate test cells to 1.0V cutoff voltage, versus iron counter elec-
trodes. These electrodes were designed to investigate various active
materials and pasfe formulations. Active materials undervinvestigation‘
include: ozonated nickel hydrox1de slurry, commercially available green
nickel hydroxide and nickel carbonate. These materials represent a |
departure from the thermal preparat1on procedure, previously:used, since
they are easier and less expensive to obtain in large quantities and show
similar performance_and 1ife characteristics. :

Tests on these electrodes which reflect continuing process and
material improvements, are between 100 and 200 test cycles. Tests with
ozonated nickel hydroxide and commercial green nickel hydroxide, both
conta1n1ng 5 W/o Co(OH)Z, are nearing 200 test cycles and are producing
21 Ah with 11tt1e decline from their peak values. The ozonated material
achieved maximum electrochemical capacity of 22 Ah in a few forming
cycles, wheneas electrodes made from commercial green nickel hydroxide
required about 10 cycles to achieve a level output of 22. Ah.. Testing of
full-size electrodes, using nickel carbonate as the starting material are



in the early stages of cycling but show promise of achieving 23-25 Ah
output at loadings comparable to the ozonated material or commercial
nickel hydroxide..

3.1.3 BRIQUET TRON ELECTRODE TESTS

A1l effort on the briquet type iron.electrode has been deferred to
enable'concentration on improving the composite electrode approach.

3.1.4 COMPOSITE IRON ELECTRODE TESTS

Results on full-size test electrodes have been summarized in
Tables 2.1 and 2.2 of Section'z.z. The composite-type iron electrodes
have demonstrated a stable capacity of 22-23 Ah at.up to 1,000 test
cycles to date at 80 and 100% depth of discharge cyclic 1ife testing.
This stability has been maintained in electrodes having variations in
nickel plating, steel wool fiber type and phenolic content of the active
material paste, suggesting none of these factors are critical to stable

performance,'in the ranges specified in Table 2.2. This improved perfor-

mance has been attained in 1.00 mm thick electrodes. Some electrodes
‘have tested to.1,150 cyc1es'td date, delivering 18.0 Ah/plate at that
test level in the 3-plate test. Nickel plating is not necessary on the
iron electrode grid structure for. Tong cycle life. Newer technology iron
electrodes are approaching 600 test cycles with capacities at 25 Ah.

-

3.1.5 SUMMARY OF THREE- PLATE TEST RESULTS

EPP e1ectrodes are wet and therefore cannot be accurately weighed
for active material content. However, based on electrodes of 23 Ah
capacity, performance of EPP electrodes is estimated at 0.26 Ah/g act1ve
material and 0.11 Ah/g total electrode weight (target performance is
0.25 Ah/g active and 0.14 Ah/g electrode). EPP nickel electrodes indi-
cate 76% loss in capacity in 300 test cycles in one of the better
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electrodes. At up to 500 test cycles, a decline of up to 50% of the
- original capacity can occur in the unrestrained, 3-plate test.

Full-size, pasted nickel electrodes deliver 20 to 23 Ah for sev-
‘eral hundred cycles, to date. These loadings are 90-105g active material
in electrodes of 1.80 to 2.30 mm thickness (.22 Ah/g active material).

With respect to individual electrode gravimetric performance
goals, composite iron electrodes are approaching taYget-performance
(0.40 Ah/g active material and 0.27 Ah/g total electrode) at 0.40 Ah/g
active and 0.25 Ah/g clectrode, based on 29.0 Ah capacity ohtained for
the electrodes. ' ' ‘

Work is continuing to improve the pérformance of nickel electrodes
by modifications in electrode construction, active material formulation
and processing. ‘

3.2 FULL-SIZE CELL TESTS

Testing of all cells is done with electrolyte circulation for the
100% and 80% DOD test cycles. Based on a,nomihaT capacity of 230 Ah, thef
cells haVe been charged. at 83.3A/3.7h (300 Ah, in) and discharged at
83.3A/1.0V per 100% DOD cycle. For the 80% DOD cycle, the cells have
been charged at 83.3A/2.9h (240 Ah, in) ahdldisCharged at 83.3A/2.2h
(184 Ah, out). '

Again, these tests use a circulated and temperature controlled
electrolyte condition (30°C on charge and 40°C on discharge -- bulk elec-
trolyte temperature). Occasionally all are given a full charge of 83.3A
for 4 hours and discharged at 83.3A to 1.0V cutoff to establish total
- cel capacity. |

- 3.2.1 FULL-SIZE bELL TEST RESULTS

Fig. 3.1 shows the appearance of~the”present full-size cell that
is used to evaluate the in-house state-of-the-technology. The 21-plate
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Figure 3.1. Nickel-Iron Cell Configuration
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cell has barbed tube fittings, which secure the electrolyte circulation
and exhaust gas manifolding (see Fig. 2.8), as part of the electrolyte
circulation and gas venting system. '

Table 3.3 presents the nature of some of the full-size experimen-
tal and/or pilot 1ine nickel-iron cells tested, or on test, to date.

Couloumbic efficiencies have not been optimized in the test
results reported in these tables, since the cells were cycled by in-house
standard procedures, primarily to obtain the effects of variables in
electrode and cell construction perfurmance, as a function of cycling.

However, cell results have indicated the feasibility of attaining
50 to 60 Wh/Kg at the C/3 drain rate in full-size nickel-iron cells, hav-
ing the design volumetric constraint and using EPP nickel and composite-
type iron electrodes.

Cyclic 1ife testing was modified to a mixture of 100% and 80%
depth of discharge cycles at the C/3 drain rate and was further modified
to permit electrolyte composition, circulation and temperature control.

Table 3.4 summarizes the best results obtained to date on full-
size nickel-iron cells. Initial capacities of these cells ranged from
189 to 232 Ah at the C/3 drain rate. The better cells sustained up to
80% of their initial capacities after 325 cycles (Cell 128CE), 464 cycles
(Cell 186CE) and 511 cycles (Cell 270CE). Maximum test cycles to date
have been completed on Cells 169CE (556 cycles and 27% degradation), Cell
186CE (541 cycles and 24% degradation) and Cell 270CE (650 cycles and 28%
degradation in capacity). Cell 194CE degraded only 9% in 355 test
cycles, but was only 192 Ah, initially. Gravimetric energy density on
these cells, based on an estimated 1086g contribution from electrolyte,
case cover and terminals, ranged from 45 to 61 Wh/Kg at the C/3 drain
rate for cells made with molded cases and covers. These cells ranged
from 5.2 to 5.5 Kg per cells in total weight.
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Cel

Code

025CE

048CE
049CE .
050CE

169CE

186CE
270CE
194CE
260CE
956CE

057CE

060CE

TABLE 3.3

CONSTRUCTIDN DETAILS OF FULL-SIZE NICKEL-IRON CELLS

- Construction Details,
Nickel ETectrodes

2.45 mm thick, EPP, coarse fiber,

3 vertical channels

2.44 mm thick, EPP, 2 vertical
channels

2.54 mm thick, EPP, 2 vertical
channels :

2.56 mm thick, EPP, 2 vertical
channels .

2.51 mm thick, EPP, 2 vertica’

channels

EPP, 2 vertical channels

- EPP, 2 vertical channe1s

EPP, 2 vertical channels

EPP, 2 vertical channels

2,64'mm thick, EPP, 2 vertical

channels

2.44 mm thick, EPP, 2 vertical
channels

1.78 mm thick, EPP, 2 vertical

Separator System
Absorber, Barrier

SM 263.4,

KC 49696
KC 49696
KC. 49696
SM 263.4,

SM 263.4,
SM 263.4,
SM 263.4,
SM 263.4,
K501

K501

K501

3501

3501

3501
- 3501
3501
3501

Remarks

‘Pebuilt into new case and cover

having electrolyte circulation
capability. Unclamped and re-
clamped at cycle 114.

50% >fiber depsity, 1/0 fiber
Special fiber
Bariumrdoped'njcke1 electrodes
PiTot 1ine cell. Unclamped and
rectamped at cycle 75..

Pilot 1ine cell.

Pilot line cell.

Pilot line cell.

Pilot 1ine cell.

24g outer fiber layer.
10g outer fiber layer.

25-plate cell..
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TABLE 3.3 (Continued)

Cell . ,' - Construction Details, Separator System

Code Nickel Electrodes . Absorber, Barrier - ' }Remarks
062CE 2.28 mm thick, EPP, 2 vertical - 49696, 3501 Increased fiber density.
channels : 4 :
'042CT . 2.00 mm fhick,“therma], 2 vertical - 49696, 3501 Nickel plates bagged with
‘ channels : A separator, sealed onsides,
_ bottom open.
061CE 2.28 m thick, EPP, 2 vertical . ' 49696, 3501 - Increased fiber density.
' channels _ : ' .
063CE EPP, 2 vertical channels . 49696, 3501 Increased fiber density. -
065CE ~  2.54 mm thick, EPP, 2 vertical 49696, 3501 ' | '
channels , ' v
-330CE 2.31 hm’thiek,’EPP,VZ vertical 49696, 3501 o Needle punched nickel
_ channels : ‘ : plaques (from vendor)
331CE ©~  2.31 mm thick, FPP, 2 vertical . : 49696, 3501 . Needle puﬁched.nické]
: ~channels ) T plagues (from vendor)
066CE . 2.29 mm thick, EPP, 2 vertical K501 Needle punched nickel plaques
~ channels v : (from vendor).
067CE 2.43 mm thick, EPP, 2 vertical K501 : Higher fiber density
: channels ‘
068CE' 2.43 mm thick, EPP, 2 vertical : K501 Higher fibervdensity, needle-
» "channels ' : ' ' , punched plaques (from vendor)
336CE 2.39 mm.thick, EPP, 2 vertical K501 Sernentine wrapped.

channels
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Cell
Code

337CE

'338CE

 O77CE

079CE
128CE

080CE
081CE
J9ICE

393CE

Construction Details,
Nickel Electrodes

2.39 mm thick, EPP, 2 vert1ca1

- channels

2.56 mm thick, EPP,. 2 vertical
channels

2.29 mm thick, EPP, 2 vertical
channels

2.29 mm thick, EPP, 2 vertical
channels

2.40 mm thick, EPP, 2 vertical
channels '

2.50 mm thick, EPP, 2 channels
2.41 mm thick, EPP, 2 channels
2.61 mm thick, EPP, 2 channels

TABLE 3.3 (Continued)

Separator System

Absorber, Barrier

K501
KFOT
KEO
-
sﬁ ?63.4, 3501

K507
K501
K501

Four extra-height nickels, three extra- K501

height irons

Remarks -

19-plate stack (9 nickel elec-»
trodes) )

19-plate stack (9 n1cke1 elec-
trodes) . :

50% >fiber density, needIEf
punched

Barium substitution for cobalt

Cells from Module €-1, tested
at ANL/MBTL for 327 cycles

Mini-1ine run nickels
Maxi line run II

Mg-doped n1cke1 act1ve

‘material

Gas pressure relief design
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TABLE 3.4

Ll

SUMMARY OF SOME OF THE BEST FULL-SIZE NICKEL-IRON CELLS TEST DATA

331CE

*Still on test at >800 cycles

Initial Capacity Best Cycles to "80%
No. Ah Cycle Wh/Kg of Initial Ah
025CE 232 5 61 195(76%) -
042CT 210 31 50 176(83%)
.056CE 203 . 69 45 168(83%)
061CE- 219 12 . 51 161(76%)
062CE 218 30 . 49 175(80%)
128CE° 210 ~10 -- :325(79%)
169CE 225 5 49 233(77%)
186CE 189 - 5 - - 464(80%)
194CE 192 5 -- -
270CE 232 25 50 511(80%)
330CE ~190 5 ' 54 --
230 5 -- --

Total
Test

,Cxc1e$
383
242
216

203 .

265 -
-357
556
541

355
650*
310
306 .

‘Total %
Loss of

Initial Ah

35
25
29

29

45
21
27
24



The module design of Fig. 2.9 should effect a decrease ih average
weight of 9% and 14% in volume. This would improve the gravimetric
energy density per cell to 49 to 59 Wh/Kg for the test cells described.

Fig. 3.2 shows the 1ife cycle history of Cell 270CE which remains
on test after 800 test cycles. This cell suffered an irretrievable loss
of 10Ah after a 2,000h open circuit stand at 410 test cycles. At cycle
650 the cell delivered 167Ah, at cycle 511 (including the 10Ah Toss) the
cell was still at 80% of its initial capacity: Figs. 3.3, 3.4, 3.5, 3.6
and 3.7 show the discharge characteristic of this cell at test cycles 52,
366, 510 and 659 (100% DOD) and cycle 304 (80% DOD). Good average dis-
charge voltages are obtained on this cell, even after 659 cycles
(1.21V). Fig. 3.8 shows the charge-discharge characteristic of nickel-
iron. pilot line cells to 1.0V and 0-8V cut off at the C/3 drain rate.

3.2.2 LOW TEMPERATURE TESTS

' Low temperature tests were performed on five cells that were
grouped into a module configuration. Eabh of the cells had been previ-
ously bench tested, individually, for three cycles, to determine their
capacities, with 30°C circulation during charge and 40°C circulation dur-
ing discharge. The first three cycles of the cells in the module config-
uration were run to confirm capacity, but with 30°C circulation during
charge and no circulation during discharge: In these initial ambient
temperature cycles, no open circuit time existed between charge and dis-
charge. In the next three cycles, charging was performed in ambient con-
ditions with 30°C circulation, the module was then cooled to -5°C (typi-
cally over a 14 hour period), placed into a 0°C water/ice bath, and dis-

charged with no circulation. Three additional test cycles were then run
~ under ambient conditions to confirm capacity. The electrolyte concentra-
tion was then increased and the module test schedule was repeated.

In analyzing the data, open circuit losses in the cells at -5°C
were assumed to be one-half those at 25°C (this tended to make the
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temperature effect seem greater). Figure 3.9 illustrates the effects.
Average discharge potential dropped from 1.23V to 1.17V. Capacity at 0°C
was still measured to 1.0V, where capacity losses ranged from 20 to 30%,
with an Everage decrease of 25%. Energy loss averaged “29% at 0°C,
compared with 25°C. This performance is much better than predicted at
the onset of the program, where up to 40% loss in capacity was expected
at 0°C, when compared with room temperature capécity. Other recent cell
tests show even better low temperature performance. 0n1yV12% decrease in
capacity at 0°C and 25% decrease at -17°C at the C/3 rate. At the C
rate, a 22% decrease in capacity was observed at 0°C.

3.2.3 DISCUSSION OF RESULTS

Initial capacity performance of full-size cells is on target, with
230Ah per cell at the C/3 rate readily attainable within the cell design
volumetric constraint. Gravimetric energy density of ful]—size'tells
having the design volumetric constraint, range from 49 to 61 Wh/Kg in
finished cells, more typically, 50-54 Wh/Kg. This value éan be
improved "10% with the concepted 6-cell monoblock design. Extended
cyclic capability has also been demonstrated, with some cells operating
500 to 800 cycles to date. Low temperéture (0°C) performance has exceeded
expectations. However, cyclic life test capacity stability is below expec-
tétions,'with long-cycle test cells showing about 21% to 35% loss, based
on initial capacity. The besf cells héve shown 20% loss in initial capacity
at 464 cycles (Cell 186CE) and 511 cycles (Cell 270CE).

Several factors can contribute to nickel-iron cell capacity loss,
during long time cycling 1) stack electrolyte starvation, 2) fiber metal
grid corrosion, 3) internal gas pressure on charging; 4) deactivation
and/or detachment of the active matefia1, and, 5) excessive COZ pickup
in the electrolyte. '

Stack electrolyte sfarvation can be caused for several reasons.
The'firSt can be due to insufficient porosity in the electrode active
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material, limiting wicking of electrolyte. This condition, in turn, can
cause localized overheating on fast charge (as at the C/3 rate), with
irreversible damage to active material and/or poor charge acceptance.
Nickel electrode charge acceptance is best at ~35-45°C. Dimensional
change, due to structural change in the active material during charge and
discharge, results in swe11ing'of'the nickel electrode. This swelling
can compress and reduce the wicking Capabi1ity of the separator between’
the'p1ates, causing localized dry out regions and, possibly, .overheating
of the active material on charge. It'has been determined that a 42% vol-
‘umetric increase is associated with the charge-to-discharge cation (K+
and Li+) movement -- in (charge) and out (discharge) of the active mate-
riai and this, largely, contributes to the dimensional instability of the
nickel electrode in the thickness direction. This swe1iing, as a func-
tion of charge-discharge cycling, is the most critical factor affecting
performance and 1ife of cells that contains nickel electrodes. Sintered
nickel powder plaques have been developed and used for many years in the
industry, (especially for nickel-cadmium batteries) to provide a rigid
" structure that will resist swelling, but, such structures are inherently
expensive, when aimed at a selling price of $80/KWh (1980) in a nickel-
iron battery. For this reason this.solution to the nickel electrode
swelling problem has been discounted for the Westinghouse program.

Loss of collector grid integrity can be another cause of capacity
loss during cyclic 1ife testing of nickel-iron cells. Increasing the
mean fiber diameter, nickel plating at‘higher w/0 pickup, relative to the
grid, and reactively sintering the nickel electrode and replating with
additional nickel are all potential solutions to this problem and are all
being actfve]y pursued. Cells with extreme cycling still have disp]ayed
nickel electrodes with good structural integrity (>300 cycles), so that ‘
grid collector failure does not seem to be a predominant factor, if any,
in loss of capacity with cycling.
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Deactivation of the nickel electrode active material can occur for
several reasons. These include, physical detachment from the grid cur-
rent collector, (by internal gas pressure and/or corrosion of the grid)
thermal damage, dryout and, possibly, 1oss of water of hydration from the
activé material. These factors are best controlled by maintaining elec-
trb]yte availability, by controlled electrode porosity and electrolyte
-flow channel control. Thermal damage can be avoided by electrolyte
availability during charge and discharge, electrolyte flow on charge, gas
bubble release and back-wicking of electrolyte on discharge. Detachment
of active material usually relates to fiber grid currosion and/or mechan-'
ical breakdpwh of bonds between the fibers (usually a localized condi-
tion, only, but significant enough to show hp in capacity 1oss in the -
electrode and cell). ‘

Carbonate pickup in the electrolyte can occur .if-it is exposed to
air and absorbs CO, from it. Maximum permissible concentration is
about 50g/1 K2CQ3 in the electrolyte, at which l1evel the electrolyte
must be changed. At higher concentration, .lower capacity and lower dis-
charge voltage can result, probably due to carbonate having an adverse
effect on the iron electrode. Carbonate pickup is avoided by operation
. in an essentially closed loop system. .Gas produced~duf1ng charge is
vented through an isolating water bubbler, which also serves to shield
the electrolyte reservoir from direct contact with the atmosphere.
Therefore carbonate pickup should not be a major factor causing capacity .
loss.

In summary, the loss in cyclic capacity of the nickel-iron cells
appears to be due, principally, to nickel electrode active material
swelling, which is irreVersib]e and can lead to electrode dryout, over-
heating on charge and permanent deactivation of active material in over---
heated regions. This problem is'being'addressed in several areas...
optimization of pore volume/active material/grid volume, gassing control,
strengthening the grid ftself, utilization of grid designs aimed at - |
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maintaining thickness integrity and utilization of a<paste‘formu1ation
nickel active material, whose density and chemistry may;prodyce less
overall electrode swelling. '

3.2.4 CELL POST OPERATION EXAMINATION |

Three modules from the first 2 x 4 battery were returned by'JPL
after 13 cycles because they had developed defective cells. Two cells
appeared to have internal shorts and three had very high charge volt-
ages. The three cells which had been observed to have high charge volt-
ages (172CE, 219CE, 221CE) were found to have inlet tubes blocked with
epoxy. Shorts were found in the other two cells (138CE, 146CE). Both
shorts were at the top of a positive electrode. The separator, which had
been accidentally folded down on assembly, left the top of the electrode
bare, a11owing the positive electrode to contact and short to the adja- ‘
cent negative electrode. Conditions which caused these failures have.
been alleviated by changing the method of sealing inlet tubes and by
using a serpentine wrap to assemble separators.

| Fourteen experimenfa] cells which had been cycled were dismantled
when cycling was completed. Table 3.5 gives a summary of the construc-
tion, performance and final condition of these cells. Changes in cell
construction, made as a result of these and other tests, are discussed in
" other sections of this report. '

Module 6-1 was delivered to ANL/NBTL for testing in July 1979.
Prior to shipment the capacity of the module was 239Ah to 6.0V at the C/3
rate. Cell 102CE failed at cycle 34 and cell 120CE failed at cycle 100.
Each cell was bypassed when it failed so that cycling of the remaining
cells could continue. Four cells were tested for a total of 327 cycles,
when cell 107CE failed. Typical capacities obtained at NBTL were: .

Cycle Initial 150 200 250 . 300 327
" Ah 1 215-220 180 172 165 - 157 161
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TABLE 3.5

SUMMARY OF NICKEL-IRON CELL POST-OPERATION .EXAMINATIONS -

- 042CT

‘Thermal nickel ' 25

A1} cycles to 100%

o , Final
Cell Max. - Capacity Final Capacity
No. Construction Cycle -  Ah Cycle Ah Performance
017CE Kendall SP126 32 254 % - 121 58 cycles to 100%
"~ absorber : capacrty
022CE 0.635 cm holes in 20 233 . 56 182 31 cycles to 100%
nickel plates A s capac1ty
023CE High density steel 49 242 76 -147 15 cycles to 100%
fjbers ' ~ ' capacity
OZSCE Finer gage steel 25 - 262 383 153 Cell restraints
fiber ' ‘ loosened
~ 026CE “Kimberly-Clark 8 250 - 84 105 18 cycles ta 100%
‘ S 49023 absorber ' . capacity
030CE K-C 49696 absorber 48 224 48 228 . AN cycles to 1003
" No barrier A capacity
031CE Célgard K-501 A 6 246 45 214 All cyc]es to 100%
Separator : ' capacity
'032CE  K-C $49023 absorber 6 212 48 210 A1l cycles to 100%
. - No barrier : capacity
038CE Cross fiber nickels. 2 214 23
K-C S49033 absorber v capacity
225 246 137,

Loosenfng cell restraints
gave slight improvement

~ Observations

Separator & plates
in good condition

Nickel plates expanded
to 3.05 mm

Nickel plate

" channels blocked

Nickel plates
expanded to 3.17 mqm

Nickel plates
expanded to 3.05 mm

Plate & separators
in good condition

Nickel plates soft

Nickel plates to@gh

~ Nickel plates

expanded to 2.96 mm

2% iron in nickel

active material



62-¢

TABLE 3.5 (CONTINUED)

' ' , Final
Cell , Max. Capacity Final Capacity ,
‘No. Construction Cycle Ah Cycle Ah Performance o Observations
(J50CT Barium in nickel 9 197 263 13 Cycled to 80% of Co in active material
active material , rated capacity of one nickel plate
058CE 19 plates, K-C 31 212 130 131 _ , Separators with black
© 5§ 49696 absorber ' ' _ 4 residue stuck to plates
"~ C60CE Low porosity nickel 2 237 91 100 Low electrolyte Plates and separators
plates o flow very dry ,
194CE Celgard 3501 barrier 100 . 233. 355 175 Cell case split on Plates and separators

Kendall 263.4 absorber ' : cycles 225, 348, 355 “in good condition



The three ce]]s 102CE 120CE and 107CE failed because of shorts between
adjoining plates. In cell 102CE the short was due to separator meltdown
at the nickel tab region, during TIG welding of the electrode tab to the
post comb. The short in cell 120CE, which occurred at the bottom of the
stack, may have been caused by a sharp edge or fiber penetrating through
the separator bag that sealed the iron plate.

A new method of fabr1cat1ng the comb, us1ng bar stock, helps pre-
vent separator meltdown at the electrode tab region (see Sect1on
2.1.3.2). Inspection of electrode cdges before assemb1y nsures that no
fiber or sharp sheared edge protuberences exist to cause shorts. Serpen-
tine separator wrapping (now being used) will avoid shorts caused by
faulty bag sealing. -

Table 3.6 summarizes prdcedures that are used in post operation
~ examination of nickel-iron cells,

3.3 MODULE TEST RESULTS

"Fig. 2.12 illustrates the module concept that is presently fabri-
cated in the nickel-iron battery pilot 11ne and that was used to con-
struct the batteries this year. It d1ffers from the modulc constructed
and used to build the 2 x 4 battery (see Fig. 2.7 of the FY '79 Annua1
Report) for JPL in 1979. Principal constructioh changes include: 1loca-
tion of manifolding at the outside edges of the cell; flexible rubber
inlet and outlet manifolds, which seal onto barbed posts coming out of
the cell tover; flexible intercell cables that are of the shortest 1ength
possible and that are mechanically clamped onto the all terminal posts.

Fig. 2.11 illustrates the 3 station_nicke]-iron module tester.
Modules are tested with electrolyte circulation on charge and with or
without electrolyte circulation on discharge. Testing temperatures are
controlled to 30°C on charge and’'40°C on discharge, via a cooling loop in
the electrolyte reservoir. Tables 3.7 to 3.10 illustrate some module
data 6btained at the onset of testing. Excellent control performahces
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TABLE 3.6
POST-OPERATIONS ANALYSIS PROCEDURE FOR IRON-NICKEL CELLS IN MODULES

Y

Step Action

(1) record open circuit voltage

(2) record cell weight

(3) cut cell from module with hacksaw, cut open top of manifolds and
inspect inlet and outlet tubes | ‘ .

(4) pour out and bottle electrolyte for analyses, if desired '

(5) cut off case bottom with hacksaw, examine bottom of stack and
channel openings, examine case bottom for{sediment‘

(6) cut off cell cover at joint with hacksaw

(7) unbolt terminals and remove cover

(8) examfne tubes, separator posts/comb welds

(9) cut off posts With hacksaw, directly below comb-visually inspect

' ~ welds o -

" (10) cut off case body from stack with hacksaw, by cutting at one
vertical edge where the most stack to case clearance exists--
carefully pry off case from stack

(11) cut stack binding tapes

(12) carefully remove electrodes, checklng separator external cond1t1on

(13) inspect unbagged nickels, remove bags from outside and central iron
and inspect |

(14) measure outer and centrally-located nickel and iron electrodes for
thicknesses at corners and between flow channels

- (15) inspect separator layers removed from outer and central iron
electrodes for appearance, dryness, overheating, sticking, strength

(16) store iron and nickel electrodes in sebarate tfays of electrolyte of
the same composition as in the test reservoir
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Step

TABLE 3.6 (Continued)

_Action

(17)

(18)

(19)

if electrodes are to be post ‘tested for performance allow excess
electrolyte to drip off and seal in p1ast1c bags until ready for

‘3-plate test assembly

depend1ng on observations, chem1ca1 and meta1lograph1c procedures
may be used to evaluate electrolyte.active material for clues to ,
explain observed behavior of module; electrodes should be bagged if

“Tong storage periods (>1 day)'are‘antjcipated. prior to analyses

if iron electrodes are to be discarded, they should be allowed to
completely oxidize, first in a hood, in a vertical position resting
in a tray having 1/2" of water as a heat sink, at least a week, or
until it is obvious they have oxidized; allow bottom part to ox1d1ze
during this per1od by inverting the plates
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TABLE 3.7
MODULE NO. 6-18 TEST DATA

Cell Voltage at End
of Discharge

: . Avg.'Form . Cycle No.
Pressure Rj Bench Cap.

Cell No. (psi) (m2) Vo (Ah) 1 2 3
398 81 1.22 236 .99 .94
447 .. 2.0 .79 1.24 210 . .94 .83
442 1.6 74  1.22 212 : 1.11  1.06
444 1.2 .91 1.24 . 208 1.11 .92

+449 1.5 .86 1.27 200 95  -.13
453 1.0 .99 1.26 205 1.10  1.02
Module Capacity at cut-off (Ah) | 246 247
Module Voltage at cut-off _ - -
Charge Temperature Range (inlet) °F : 80-85 85
Charge Temperature Range (outlet) °F 80-85 85
Discharge Temperature Range (inlet) °F 85-120 125

Discharge Temperature Range (outlet) °F 85-120 125

+ removed before shipment to ANL, as a ‘5-cell module

3-33



TABLE 3.8
MODULE NO. 6-19 TEST DATA

Cell Voltage at EndA
of Discharge

_ _ Avg. Form ' . Cycle No.
Pressure " Rj Bench Cap. o
Cell No. _(psi)  (m) Ve (An) 12 3
S04 - 2.2 .62 1.22 225 - 232
509 1.0 61 1.23 219 . . 255
507 <1.0 60 1.23 219 258 -
+508 1.5 .58 1.21 212 244
- . 510 <1.0 58 1.24 223 - 249
511 <1.0 .59 1.28 212 249
Module Capacity at cut-off (Ah) .
Module Vultage at cut-offt ‘ - 6.0
Charge Temperaiure Range (inlet) °F .86
Chargé}Température-Rahge (outlet) °F 86
Discharge Temperatufe Range (inlet) °F ' 104

Discharge Temperature Range (outlet) °F _ _ 104

+ removed before shipment to ANL, as a 5-cell module

. - Testing: Chg. 70 A-6h
: ~~ Dschg. 70 A to 1.0¢o

* Cell #504 had 5h Chg.
A Ah capacity to 1.0V
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TABLE 3.9
MODULE NO. NIPAK #5 TEST DATA

Cell vVoltage at End
of Discharge

Avg. Form Cycle No.
' Pressure R. v Bench rap. '
Cell No. (psi)  (md) (Ah) | 12 3
450 . <1.0 .72 1.274 212 1.04  1.05
452 1.0 J6 1,254 208 1.04 .98
456 <1.0 J4  1.266 212 1,056 1.03
459 2.0 78 1.252 223 1.07  1.07
462 1.0 .98 1.218 223 1.00 1.00
465 1.0 .87 1.243 221 1.08  1.09
Module Capacity at cut-off (Ah) 238 246
Module Voltage at cut-off : - -
Charge Temperature Range (inlet) , 85 85
Charge Temperature Range (outlet) : 85 85
Discharge Temperature Range (inlet) : 85 125
Discharge Temperature Range (outlet) | 85 125
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TABLE 3.10
* MODULENO. NIPAK #7 TEST DATA

Cell Voltage at End
of Discharge

- Avg. Form Cycle No.
Pressure = Rj . Bench Cap. :
Cell No. _(psi)  (m) Ve (Ah) 1 .2 3

457 <1.0 .68 1.217 _ 208 1.05 1.01 .75
_470 1.5 .71 1.217 __208 .96 1.01 _.99
472 1.0 78 1.229 217 1.06 1.00 1.06
473 1.0 .99 1.204 196 .98 1.00 .97
474* 1.0 - .69 1.257 _ 187 .74 .78 |
476 1.5 .68 1.227 _ 210 .95 .97 .95
486 1.0 . . o .95
Module Capacity at cut-off (Ah) 238 246 247

Mndule Voltage at cut off | . - - -

Charge Temperature Range (inlet) °F 85 85 85

| Charge Temperature Range (outlet) °F 85 85 85
Discharge Temperature Range (inlet) °F : 85 -125 125

Discharge Temperature Range (outlet) °F _ 85 125 125

*Replaéed w/cell no. 486 after cycle 2.

' 3.36



were obtained in the cells comprising these modules -- 238-247Ah. Some
cycles data on 2 modules are presented in Table 3.11 at 87 and 160 test
~cycles. .Both of these modules (NIPAK 3 and 5-9, respectively) exhibited
stable performance. However, both modules degraded in capacity with fur-
ther cycling. ‘ '

The best nickel-iron module data is still represented by Module
6-1, which was tested at Argonne National Laboratories, National Battery -
Test Laboratory. This module was tested for 327 cycles at which-time it
had degraded about 26% from its initial capacity. Other modules in test
~at Westinghouse have delivered 53 Wh/kg and 106-113 Wh/1 based on a C/3
"drain rate. - -

3.4 BATTERY TEST RESULTS

Two 90-cell batteries have been constructed and tested, as part
of the JPL/DOE near-term electric vehicle test program. . Tables 3.12,
3.13 and 3.14 summarize the data obtained for the 90—ce11 batteries.

Battery #1 sfrings (comprised of 2-15, 1-18 and 2-21 series con-
nected cells) initially developed from 232 to 262Ah at a 70A drain rate
(see Table 3.12). When these strings were assembled into the battery
configuration, complete with circulating electrolyte systems (to fit into
a South Coast Techhology converted VW Rabbit hatchback), Battery #1 -
delivered up to 236Ah at the fourth test cycle (see Table 3.13). Battery
#2 delivered 236Ah at the 70A drain rate and 204Ah when the drain rate
was increased (from 70A to 104 to 135A see Table 3.14).

Table 3.15 summarizes and compares data obtained on the JPL " 2 x
4" battery, delivered by Westinghouse in 1979, and the 2 current JPL bat-
teries. '

Total battery energy of the two JPL batteries had increased to
- 25.9 KWh, from 22.7 KWh for the 2 x 4 battery. Also, energy density of
the #1 JPL battery had increased from 46 (2 x 4 battery) to 53 Wh/kg at
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- TABLE 3.11
* NICLEL-IRON MODULE CYCLIC TEST RESULTS
Charge 83.3A/3.9h

: Discharge 83.3A/1.0V/cell
© NIPAK #3  Cycle 60 T tycle 87

R . Ah . Ah
‘Cell # .390CE - 207 | o 207
Co3cE 190, : 187
392CE 212 S 20
_ 394CE 210 o - 208
" 395CE 214 - 210
396CE - 209 S 3 - 204
5-9 . Cycle 153 . Cycle 160
- TR . | LI
Cell # 243CE 9% _ T
 272CE . 185 | ) 188
201CE 183 - 181
ascC- 178 3 R Vi

197CE 186 : 187 -
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TABLE 3.12
DOE/JPL BATTERY NO. 1, STRING TEST RESULTS

3ATTERY CELL STRING DATA

CHARGE . DISCHARGE
STRING CYCLE AMPS  AH  Tg(°F)  Tg(°F) AMPS AH
-15-1 1 70 350 80 70 252
15-1 2 70 350 NA 70 253
15-2 1 70 350 80 70 232
15-2 2 70 350 83 70 250
15-2 3 70 350 » 83 70 234
18-1 L 70 350 . 80 . 70 - 252
18- 2 70 350 85 70 252
21-1 1 70 350 .80 70 257
21-1 2 70 350 | 80. 70 256
21-2 1 70 350 80 70 262,
o2 2 70 350 76 70 259
WEIGHT SUMMARY '

CELL WTS. TOTAL STRING WTS.

STRING # (KG) (KG)

15-1 78.6 . 81.5

15-2 77.5 80.4

18-1 - 95.7 . 989

L 214 110.7 4.4

21.2 ' 110.8 - " 114.5

]

Ts(°F)
80
NA

80
83

: 83

80
85

80
80

80
76

TE(°F)

NA

85
134
123

121
N9
125
130

125
115
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TABLE 3.13
DOE/JPL BATTERY NO. 1, TEST CYCLE SUMMARY

" CHARGE - " ' DISCHARGE

DATE  CYCLE AWPS AR  Tg(FJ Tgi°F) AWPS AN TgUFJ TF(F)  COMMENTS
6/10/80 1 . 62/44 '337. 75 85 70 212. 85 125  BENCH TEST
6/11/80 2 70 350 8 &5 70 212 85 125  BENCH TEST
6/13/80 3 70 350 - NA - KA 70 231 NA NA . BENCH TEST
6/23/80 4

70 350 80 80 70 236 80 125 BENCH TEST
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350

CHARGE

TABLE 3.14

DOE/JPL BATTERY NO. 2, TEST CYCLE SUMMARY

-80

DISCHARGE

- 135

DATE _ CYCLE AWPS AN TqUF) TECF) ~AWPS . AR TsUF)  TECF]  COMMENTS -
€/16/80 1 70 ..350.- 80 . .85 70 . 186 80 125 BENCH TEST
@/17/80 2 70 .35 85... - 85 70 .. 236 85 130 .. ‘BENCH TEST
9/19/80 3 70 350 80 80 65-270 224 - 80 130 - BENCH POWER TEST
9/23/80° 4 70 80 104-135 204 - 80 BENCH TEST
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TABLE 3.15
WESTINGHOUSZ NICKEL-IRON BATTERY CHARACTERISTICS
(DATA OBTAINED AT. C/3 PATE) -

#n )

x4 JPL oL
CELLS . a0 . 90 90
WEIGHT, K6 492 490 © N.A.
~ CIRCULATING SYSTEM YES YES YES
* DISCHARGE V M3 N0 ~ 10
CAPACITY, AH 199 212-236 204-236
KWH - g 22.7 25.9 25.9
WH/KE . 46,1 . 53.0  N.A.
WH /2 ' 04 . 106 106
VOLTAGE EFFICIENCY, % 78 75 75
COULOMBIC EFFICIENCY, % 69 68 69

~ ENERGY EFFICIENCY, WH 55 51 - 52.
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FIGURE 3.10.

DOE/JPL 25 kWh 3attery



the C/3 rate. No attempt was made to increase overall energy efficiency
of these batteries, which were .52% for the 2-JPL batteries, for a
50% overcharge regime. Fig. 3.10 shows the #1 JPL battery.

The #1 JPL battery was delivered to JPL in June 1980, and is
undergoing testing there at the present time.
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4.0 FUTURE WORK

~ The development program for‘FY ‘81 will be concentrated in three
key areas: - S

1. Continue nickel electrode development to assess alternative
grid structures and demonstrate paste loading process tech-
niques. ‘ ' ‘

2. .Continue performahce tests to demonstrate cycle 1life.

.3. Conduct post operat1ona1 analysis of.failed cells and prov1de
feed- back for electrode/component modifications.

The probosed task milestones are shown in Fig. 4.1.

4.1 NICKEL ELECTRODE DEVELOPMENT

. The basic task objectives are the continued development and evalu-
ation of nickel electrode designs and manufacturing processes conducive
to meeting the cost objectives for large scale manufacturing.

Development and evaluation of alternative grid stfuctures'for EPP
processes will be conducted with primary emphasis on minimization of
electrode cyclic swelling. Optimization of active material to grid
ratios will continue, to enable achievement of 0. 15 Ah/g total electrode
and stable capacity for 1,000 cycles.

Evaluation of low temperature chemical processes to manufacture
active material for use in pasted electrodes with a goal of producing
materials at costs lower than commercially.available compounds will con-
tinue. An-evaluation of additi#es ‘to enhance active material utilization
and cyclic stab111ty will be comp]eted

Paste 1oading process development by impregnating sintered stee1
fiber metal grids with suitable commercially available active materials
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"~ Nickel Electrode Development
Assess Alternate Grids .
e Demonstrate Alternate Low Cost Grids
o Select Optimal Grid/Active Mtl. Ratio
,Pasted‘Actiye'Material'Dev, '
o Demonstrate Low Temperature Process
o Test Material in Full Size Cells
Paste Load Process Development
o -Scaled Process and Cost Analysis
Test and Analysis
~Performance Evaluation
¢ Define Optimum Charge of Efficiency Conditions
e Define Control Parameters for Charger .
Pilot Plant Operations
| _Program Support ‘
e Fabricate Four 5 Cell Modules
@ Revise QA Plan
e Update Process Specs
Program Managément
e Draft FY '81 Report
o Updated Commercialization Plan
e _Updated Program Management Plan

Figure 4.1. FY '81 Proposéd TaskAMilestones

. 7-30-81

6-30-81

3-31-81

4-30-81

6-30-81

7-31-81

' 7-31-81

Quarterly
12-30-80

- 2-1-80

8~30=81
5-30-81
2-15-81"



will continue. A scale-up of the process for pilot production and iden-
tification of equipment and facilities requirements will be provided.

A nickel electrode manufacturing cost analysis for a pasted pilot
process and comparison to the EPP process will be conducted.

4.2 TEST AND ANALYSIS

Lffe-cycle testing of electrodes, cells and modules to assess per-
- formance and demonstrate capability of cell designs to meet energy den-
sity, power Tife, and cost objectives will continue.

Tests will be conducted to optimize charge efficiency. These will
Ainclude eva]uations of constant potential, modified constant potential -
and other techniques amenable to minimizing charge energy input. Control
parameters for charger design will be determined..

Post-operational analysis of cycled cells will be conducted to
provide feedback for electrode/component design modifications.

4.3 PILOT PLANT OPERATIONS

Four 5-cell modules will be fabricated per quarter, incorporating
the most recent development items. Up to two of these modules will be
submitted to ANL/NBTL for test and evaluation. '

Electrodes, cells and hardware components required to support
development and test tasks will be fabricated.

4.4 PROGRAM MANAGEMENT

Program managemeht will continue coordination of the development
program and provide necessary program direction and control to enable
achievement of overall performance nbjectives. - Program management,
quality assurance, and commercialization plans will be updated.
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5.0 CONCLUSIONS

Fiber layups prepared by the needle-punching process, to reduce pro-
cess costs by decreasing lay-up thickness and subsequently 1mproving
s1nter1ng furnace throughput, are now standard..
The Electroprecipitation process (EPP) nickel electrodes are: deliver-
ing 24 Ah at target thickness (2.4 mm) and have demonstrated cyclic

~stability at 200+ test cycles.

Pasted nickel electrodes of 2.0 mm thickness have been fabricated
which have demonstrated 23 Ah in full-size electrode tests and cyclic '
stability at 400+ test cycles to date.

Composite-type, full size iron electrodes have demonstrated 29 Ah at
target thickness (1.0 mm). Cyclic stability has been demonstrated
with electrodes at 1000+ cycles to date.

The separator system presently being used in the pilbt line is
Celanese K501/1aminate, which enabies cell resistance to be in the
0.70 to 0.80 m 2 range, an acceptable level to achieve the power
density goal of >110 W/Kg.

Full-size nickel-iron célls have been constricted and tested that

continue to demonstrate 5761 Wh/Kg at the C/3 drain rate. Degrada-
tion in some of these cells seems to be related to nickel electrode
swelling and subsequent stack electrolyte starvation during cycling.

A full-size cell has demonstrated cyclic stability with 1ess than 20%
degradation in capacity over 500 test cycles, with testing continuing.
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8.

A six cell module has demonstrated 327 cycles at NBTL. The capacity .

. Yoss over this 1ifetime was approximately 26%.

Two batteries have been constructed in the pilot line facility for

.the DOE/JPL near-term electric vehicle program. These batteries are

25 Kwh at the C/3 rate. The first battery, with its auxiiiary elec-

‘trolyte/gas management system, i; presently undergoing test and

evaluation at JPL.
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6.0 FY-1980 PUBLICATIONS AND ﬁRESENTATIONS

"Fabrication of High Capacity Nickel Electrodes Using a Pasting Tech-
nique," J. Seidel/J. F. Jackovitz, Electrochemical Society, October

1979.

"Westinghouse Nicke] Iron Battery Design and Performance," R. Rosey/
B. E. Taber, EV EXPO '80, May 1980.

"An Advanced Technology Iron-Nickel Battery for Electric Vehicle Pro-
pulsion,” W. Feduska/R. Rosey, Intersociety Energy Conversion Engi-
neering Conference, August 1980.

"Annual Report for 1979 on Research, Development and Demonstration of

Nickel Iron Batteries for Electric Vehicle Propulsion,” Westinghouse
Electric Corporation, R. Rosey et al, ANL/OEPM-79-14, June 1980.
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