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factor to corrosion in the field of high-temperature
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Supersaturated Zincate Solutions

W. Van Doorne and T. P. Dirkse*
Department of Chemistry, Calvin College, Grand Rapids, Michigan 49506

ABSTRACT

A study of supersaturated zincate solutions is made using light scattering
and nuclear magnetic resonance techniques. The results indicate strongly that
the excess zinc is present as a solute species rather than in a colloidal form.
The solute species appears to be the same as that in solutions of ZnO in aque-

ous KOH, viz., Zn(OH)2~
presence of other solute species.

When metallic zinc is treated anodically in aqueous
KOH the surface often becomes dark in color and, if
the treatment is continued long enough, a white solid
precipitates from the solution. Both the white solid and
the dark film on the metal are zinc oxide. Thus, the end
product of the anodic treatment appears to be ZnO.
However, ZnO is soluble in aqueous KOH. For some
time it was believed that the solution from which the
white solid precipitated was a saturated solution of
ZnO in KOH. But further investigation (1) disproved
this assumption. Instead, it was shown that the dis-
solved Zn (II) content of the electrolyte decreased and
after about a year approached that of a saturated solu-
tion of ZnO. Meanwhile, a white solid continued to
precipitate from the solution.

This phenomenon has been known for some 29 years
and it is of significance for batteries containing a
metallic zinc electrode and an aqueous KOH electro-
lyte. However, very little work has been done with
these so-called ‘“supersaturated” zincate solutions
(szs).

A variety of evidence suggests that in a saturated
solution of ZnO in aqueous KOH the dissolved Zn (II)
species is primarily Zn(OH)42~ (2-4). Very little
work has been done to determine the nature of the
dissolved Zn(II) species in the szs. Dirkse (1) mea-
sured the emf of a zinc electrode in various szs and
interpreted the results as indicating that Zn(OH).2~
is also the predominant species in szs. However, this
suggestion has been called into question. It has been
suggested, e.g., that the excess Zn(II) in the szs is in
a colloidal form and there is evidence to support this,
e.g., the slow precipitation of the excess Zn (II) as ZnO.
Hampson et al. (5) on the basis of emf measurements
concluded that the excess Zn(II) in szs is electrochem-
ically inactive. A Raman spectra investigation (6)
showed that the Zn(II) species in saturated solutions
of ZnO in aqueous KOH is a tetrahedral zinc-hydroxy
arrangement. With anodic treatment of zinc in a 40%
KOH solution saturated with ZnO the dissolved Zn (II)
content increased about 70%, but the area under a band
typical of Zn(OH)42~ increased only about 12% and
no new bands were observed. The conclusion is that
about 1/6 of the excess Zn(II) is converted to

* Electrochemical Society Active Member.

Key word;: supersaturated zincate solutions, light scattering, nu-
clear magnetic resonance.

There is no strong evidence to indicate the

Zn(OH) 42—. The nature of the remaining 5/6 was not
determined.

In the early work with szs, it was observed (1) that
the specific conductance of the solution decreased with
increasing excess Zn(II). This may have been due to
increased viscosity of the solutions and/or to replace-
ment of OH~ ions by the zinc-hydroxy species.

In summary, on the basis of the work done to date
it is not possible to describe precisely the nature of the
excess Zn (II) in the szs. The work reported here was
carried out in an attempt to gather more information
about these szs solutions. Two techniques were used:
(i) light scattering, and (ii) nuclear magnetic reso-
nance (NMR). The light scattering technique may
give information as to whether or not the Zn(II) in
the szs is in a colloidal form. The NMR technique pro-
vides information about the environment of the pro-
tons in the solutions. This environment is averaged
over all possible proton locations (i.e., in water, hy-
droxide ions, and Zn species). Because of rapid ex-
change of protons among these locations the NMR
technique cannot distinguish between the various pro-
ton-containing species.

The initial investigation of the ZnO-aqueous KOH
system by NMR techniques was reported by Newman
and Blomgren (4). Their investigation covered a series
of KOH concentrations ranging from 3.89 to 13.62 molal
and ZnO concentrations nearly up to the saturation
point for each of the KOH solutions. The analysis of
Newman and Blomgren shows that the formulation
Zn (OH) 42—, as the primary Zn (II) species, is consistent
with the chemical shift values. The present work em-
ploys a similar technique but extends the range of
ZnO concentrations into those of the szs.

Experimental

The light scattering results were obtained by the
use of a Coleman Universal spectrophotometer with a
nephelometric attachment. The NMR spectra were ob-
tained using a Jeolco MH60 spectrometer, operating
at 60 MHz. Water was used as the external reference.
After allowing time for obtaining temperature equilib-
rium in the sample, each spectrum was scanned five
consecutive times.

Three stock solutions of KOH were prepared using
reagent grade KOH. Saturated solutions of ZnO were
made by dissolving the maximum of reagent grade
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ZnO in each of the KOH solutions, followed by filtra-
tion through a Pyrex frit. Unsaturated solutions of
varying ZnO concentrations were prepared by mix-
ing appropriate amounts of pure KOH solution and
the KOH solutions saturated with ZnO. A supersatu-
rated Zn(II) solution was made by anodic oxidation
of metallic zinc in a saturated ZnO solution. Solutions
with varying degrees of supersaturation were made
by mixing the saturated and supersaturated solutions
in varying ratios. All zinc analyses were made by titra-
tion with EDTA.

Results and Discussion

Light scattering.—A saturated solution of ZnO in
2.8M KOH [0.13M in Zn(II)] was used as a reference
and to set the galvanometer to 0. Next a szs solution
[2.8M KOH + 0.35M Zn(II)] was placed in the same
cuvette and the galvanometer then read 3%. This
is within the experimental uncertainty associated
with making these measurements. In a second run a
saturated solution of ZnO [10.2M KOH + 1.12M
Zn(II)] was placed in the cuvette and the galvanom-
eter set to read 0. When a szs [10.2M KOH + 1.5M
Zn(II)] was placed in the same cuvette the galvanom-
eter read 0%. Thus, in both these cases the szs showed
no or negligible increased light scattering compared
to the saturated ZnO solutions. These results indicate
the absence of colloidal material. It has been argued
that the light scattering results are dependent on the
refractive indices of the substances involved and that
in these cases the refractive indices are such that
even though there is colloidal material present no
light scattering is observed. It has been observed under
magnification that a pronounced refractive index
change occurred around the zinc electrodes during
discharge, i.e., during anodic treatment (6, p. 34). This
argument has been used often when solutions of ZnO
in aqueous KOH are said to be optically clear. How-
ever, the fact that NMR results also support the ab-
sence of colloidal material (see below), seems to make
it reasonable to state that the szs solutions contain no
appreciable amounts of colloidal material.

Nuclear Magnetic Resonance.—All spectra showed a
single peak for the external reference and a sharp,
single, downfield peak for the KOH-ZnO solution. A
typical scan is shown on Fig. 1.

<—sample signal

=— external
reference signal

|
r—s—#w'w

Fig. 1. Typical nuclear magnetic resonance scan
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The five chemical shifts relative to water were mea-
sured for each sample and averaged to give the un-
corrected chemical shift, 8. The standard deviation was
0.4 Hz for a typical set of five values.

Since an external reference was used, bulk suscepti-
bility corrections were made using the equation given
by Pople, Schneider, and Bernstein (7)

8 = [(H — Hr)/H:] + (21/3) (xv.r — xv) (11

xvi and xv refer to the volume magnetic susceptibilities
of reference and sample. x values were obtained from
the table given by Selwood (8) and it was assumed
that the additivity law

Xv = ¢1x1 + ¢2x2 + ... + bnxn [2]

was obeyed. (¢ represents the volume fraction of each
component.)

The change in the chemical shift, §, from that of the
pure KOH solution, caused by the addition of ZnO, is
defined as Ad.

As is shown in Fig. 2, A} increases with increasing
Zn concentrations, and the slope of the lines increases
with increasing KOH concentrations. The linearity of
these plots, as has been observed by Newman and
Blomgren (4), is consistent with the existence of a
single Zn-containing species. Evidence from other
authors suggests that this species is the tetra-coordi-
nated ion Zn(OH) 42~ (2, 3).

Figure 3 gives a plot of A8 vs. the increasing mole
ratio of KOH to ZnO. In a similar graph, Newman and
Blomgren found rossible discontinuities in the two
curves of lowest KOH concentrations (2.89 and 4.83M).

These discontinuities were tentatively attributed to
second coordination sphere effects. Although our curve
for the lowest KOH concentration (2.9M) also shows
an increase at a mole ratio of about 11, we feel that
this must be viewed with caution since the increase
is less than twice the standard deviation of the d-val-
ues, and may be due to normal statistical scatter.

In Fig. 2, 3, and 4 the dotted vertical line indicates
the limit of normal solubility of ZnO in each of the
KOH colutions. Neither Fig. 2 nor Fig. 3 shows a
statistically significant discontinuity or change of slope
on passing from the unsaturated into the suversatu-
rated region. The absence of such a discontinuity is
consistent with the view that in both the unsaturated
and suversaturated regions only one type of Zn com-
plex exists, namely Zn (OH) 42~

- | | | 1 |

04 08 1.2 16 20
molality of ZnO

Fig. 2. Change in chemical shift with added ZnO at different
base strengths: a, 12.2M KOH; b, 7.3M KOH; ¢, 2.9M KOH.
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Fig. 3. Change of chemical shift with increasing mole ratio of
KOH to ZnO at different base strengths: a, 12.2M KOH; b, 7.3M
KOH; ¢, 2.9M KOH.

|
0.02 004 006
P

ZMOH)‘

Fig. 4. Plot of &’ with increasing proton fraction of Zn(OH),2—
at different base strengths: o, 12.2M KOH; b, 7.3M KOH; ¢, 2.9M
KOH.

The total chemical shift with respect to the reference
signal may be expressed by the equation

& = Pou- 8°mn- + Pzncoms2— 8°zncoms2— [31]

in which the following definitions apply
& = chemical shift corrected for bulk susceptibility

Pgou- = proton fraction of OH~ in solution

= (Mxou — 2Mzn0) / (Mkon + 2 X 55.51) [4]
Pznconys2— = proton fraction of Zn(OH) 42~ in solu-
tion

Pznconrs2— = 4Mzno/Mgon + 2 X 55.51) 5]

SUPERSATURATED ZINCATE SOLUTIONS 3

8%n— = ratio of change of chemical shift with
change in mole fraction of OH~ at infinite dilution
8°zncomyq2— = ratio of change of chemical shift with
change in proton fraction of Zn(OH) 42~

The above definitions are identical to those used by
Newman and Blomgren (4).

The value for 8°on- found by Newman and Blom-
gren is 20.0 ppm or 1200 Hz.

This value was found by measuring the chemical
shift, 8, vs. the proton fraction of OH~ jon and mea-
suring the slope of the curve at zero concentration.

Both our values and those of Newman and Blomgren
(4) show positive deviations from linearity which the
latter authors have attributed to ion-pairing between
the K+ and OH- ions. The magnitude of this devia-
tion should depend on the concentration of KOH and,
since water solutions are strongly hydrogen-bonded,
the deviation should also be temperature dependent
(7, p. 400).

The differences in the deviation from linearity (Fig.
5) for identical KOH concentrations may be attributed
to different spectrometer probe temperatures.

Newman and Blomgren do not report a temperature
value. Ambient probe temperature in our instrument
is 40° = 2°C. In any case, the value of the slope of the
curve extrapolated to zero concentration corroborates
the value of 20.0 ppm for 8%mu-.

From the value of 8°%u- and the known KOH con-
centration the value of & may be calculated for each
solution.

Y = szoﬂ“z— 8°zn(0M)g2— = 8 — Pon- 8%mnu-— [61
A plot of & ws. Pzncomse— Wwill then give as its slope,

the value of 8°zncoma2— (Fig. 4).
The following values were found:

Molality of KOH  8°zncom)s2—, pPmM
2.9 —9.60
7.3 —8.60
12.2 —17.32
° | [ l | l
-0~ T
\
\
20—\ -
\
\
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\
\
\
40— \ =
3 0 \\
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Fig. 5. Plot of proton resonance shift, d, with increasing proton
fraction of base: a, our values; b, approximate experimental values
of Newman and Blomgren (4); c, slope of curves at Pxon = 0.
Used as values of 8°kon.
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In view of the small magnitude of the effect being
measured and the uncertainty in the temperature,
these values compare well with those found by New-
man and Blomgren (4) which ranged from —6.44 to
—6.04 ppm. Although our values are slightly higher,
the change in dznon)s2— With changing KOH concen-
trations is similar, though somewhat more pronounced.

In calculating the data in Fig. 4, it was assumed that
8°%mn- has a constant value of 20.0 ppm. The error
introduced by the deviations from this value (see Fig.
5) causes the nonzero intercepts of the curves in Fig.
4, but should not affect the slopes appreciably.

The plots of & vs. Pznconys2— do not show a signifi-
cant deviation from linearity on passing from the un-
saturated to the supersaturated region. In view of this,
no difference in the zinc-containing species existing
in those two regions is indicated. Should a second,
different, zinc species exist in the supersaturated re-
gion, a change in slope might be expected.

If, for example, the excess zinc (above the normal
limit of solubility) existed as simple Zn** ions, the
slope of the curves in Fig. 4 should approach zero in
the supersaturated region. The species which cannot
be eliminated by those arguments are other complexes
of zinc containing 4 protons, namely, Zn(HyO)o*+
and Zn(OH)2(H20). The existence of these, however,
is placed in doubt by the work of Fordyce and Baum
(3).

Finally, the linearity of the plots in Fig. 4, and the
lack of signal broadening in the spectra eliminate the
possibility that the excess zinc exists as a colloid or
suspended solid.
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The Sealed Nickel-Hydrogen Secondary Cell
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ABSTRACT

A recently developed sealed nickel-hydrogen cell offers considerable prom-
ise to develop lightweight, long-life, rechargeable batteries. The most ap-
parent advantages of this cell are its higher energy and power density as
compared with other rechargeable systems including nickel-cadmium, lead-
acid, and silver-zinc cells and the regenerative Hs-O: fuel cell. The energy
density for lightweight 50 A-hr cells shown is 28 W-hr/lb. The cell enjoys a
unique overdischarge protection mechanism which allows for long cycle
life at high depth of discharge. Experimental data are presented to define the
characteristics of the cell. Over 5000 high rate cycles have been completed on
small 1.5 A-hr cells with good voltage performance. A 50 A-hr cell has
completed to date over 800 cycles discharge to 70% of measured capacity in

hr.

A recently developed sealed nickel-hydrogen cell
(1) offers considerable promise for the development
of light, long-life, rechargeable batteries. This system
competes favorably in many applications with such
rechargeable systems as the lead-acid and nickel-
cadmium (Ni-Cd) cells and with systems in the
developmental stage, such as the regenerative Hy-O»
fuel cells and Cd-O, cells. The most apparent ad-
vantages of the cell are its attractive -energy and
power densities for both charge and discharge. In
addition, it shows high reliability, long cycle life,

* Electrochemical Society Active Member.

1 Present address: Giner, Inc., 144 Moody Street, Waltham, Massa-
chusetts 02154.

Key words: batteries, rechargeable batteries, nickel-hydrogen
batteries, aerospace batteries.

storage life which is insensitive to the state of
charge, considerable overcharge protection, and a
unique overdischarge protection mechanism which
makes it eminently suited for connecting cells in
series. It also promises attractive low-temperature
performance. The specific application of this system
to synchronous satellite operation has already been
discussed (2). In the following the characteristics of
the cell are defined, based on experimental measure-
ments, and the lightweight 66 W-hr (50 A-hr) cell
design.
Description of the System

In its construction the nickel-hydrogen cell resem-
bles the Ni-Cd cell, except that the cadmium electrode
is replaced by a catalyst electrode capable of oxidiz-
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ing hydrogen gas on discharge and evolving it on
charge at low polarizations. Figure 1 is a schematic
representation which shows the basic electrode ar-
rangement for the cell. In this arrangement, the posi-
tive plates, the separators, and the electrolyte are
identical to those used in the Ni-Cd cell, while the
hydrogen electrode structure consists of Teflon-bonded
platinum supported within a thin, fine mesh, Ni screen.
A gas diffusion mesh Teflon screen is placed on the
back side of each hydrogen electrode to facilitate
hydrogen diffusion to the platinum electrode. The
total electrode-electrolyte separator stack is sur-
rounded by an atmosphere of hydrogen under pressure.

Under normal discharge conditions, the reaction on
the positive electrode is

NiOOH + H20 + e~ - Ni(OH): + OH— [1]

and, at the negative electrode

% Hs + OH~ -> H0 + e~ [2]
which results in the over-all cell reaction
NiOOH + % Hy—> Ni(OH)g [3]

During charge, the reverse reactions occur. From
reaction [3], it can be concluded that there is no water
production or consumption during operation other than
that caused by differences in the amount of water of
crystallization in the different nickel hydroxides. As
shown by Eq. [1] and [2], there are local water con-
centration changes at each electrode.

On overcharge, when most of the bivalent nickel
oxide has been oxidized, oxygen is evolved according
to the reaction

20H~ - H20 4 % Oy + 2e~ [4]

This oxygen reacts immediately at the abundant cata-
lytic surface with an equivalent amount of the hydro-
gen (which is being produced at equivalent stoichio-
metric rates) according to

H2 + 1/2 Og—) Hgo

or is reduced at the negative electrode according to
the reverse of reaction [4]. The Ni-H; cell is intrinsi-
cally positive electrode limited on charge because of
the practically unlimited supply of water for the
charging reaction at the negative electrode.

Cell reversal protection can be achieved by intro-
ducing a hydrogen precharge (i.e., an amount of hy-
drogen gas) in the cell while it is in the discharged
state. Under these conditions, the cell becomes posi-
tive electrode limited on discharge. When all the
trivalent nickel hydroxide has been reduced in the
discharge part of the cycle and further current is
passed, hydrogen is evolved on the nickel electrode
surface (since it is extremely difficult to reduce nickel
hydroxide to pure nickel under these conditions). The
evolved hydrogen is compensated for by an equivalent
amount of hydrogen which is oxidized at the hydrogen
electrode.

GAS DIFFUSION MESH

e e T

ELECTROLYTE __} &
MATRIX

Ni/NiOOH ELECTRODE __|
(2 ELECTRODES BACK
TO BACK)

T T P
FAVAVAVAVAVAVAVAY

Fig. 1. Ni-Ho cell configuration

NICKEL-HYDROGEN SECONDARY CELL 5

Experimental Results

All experimental data presented were obtained using
demountable heavy-walled pressure vessels. Two types
of experimental cells were fabricated, a single 1.5 A-hr
Ni-Hs electrode cell, and multielectrode 5, 15, 25, and
50 A-hr cells. All of these cells used sintered nickel
hydroxide positive electrodes, polypropylene sepa-
rators, and Teflon-bonded platinum black negative
electrodes, with a 30% KOH solution as electrolyte.

Single nickel hydroxide electrode cells (Fig. 1)
were used to characterize electrochemical perform-
ance for cycle life, overcharge protection, temperature
performance, and electrolyte management. Multielec-
trode cells (Fig. 2) were used to determine the effects
of connecting a number of electrodes in parallel. In
all cases the hydrogen gas was contained within the
pressure vessel,

Parametric Data

The multielectrode cells were used to characterize
the Ni-Hs cell behavior in terms of temperature, pres-
sure, and voltage with cycling. The cover of the
heavy-walled container had an inlet tube to allow for
hydrogen precharge filling and for pressure monitor-
ing via a pressure transducer. The electrical feed-
throughs were Ziegler-type plastic compression seals
(3). A thermocouple was located in the cavity of the
hydrogen electrode at the center of the electrode stack
to determine the temperature under operating condi-
tions. The thermocouple was encapsulated in poly-
sulfone to avoid corrosion.

Conventional aerospace sintered nickel electrodes
used in these cells were chemically impregnated and
had a thickness of 0.76 mm and a measured flooded
capacity of 0.12 A-hr/g. Two of these electrodes were
used back to back to construct one positive electrode.

The hydrogen electrodes used in most cells were
constructed from platinum black, bonded with Teflon,
and pressed onto a thin nickel screen. Some of the
electrodes had a porous Teflon backing on the gas side.
A few cells used hydrogen electrodes consisting of a
lightly vlatinized, graphite felt material (Energy Re-
search Corroration proprietary electrode).

Pressure and voltage characteristics on cycling.—The
pressure and voltage vs. time over a charge and dis-
charge cycle are presented in Fig. 3. On charge at
the C/1 rate.2 the pressure increases linearly as hydro-
gen is evolved. The voltage rise at end of charge is

2The C/t rate is the rate in amperes for charging or discharging

a cell, defined as the cell capacity in ampere-hours divided by the
time, t, in hours (in this case, 1 hr).
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Fig. 2. Nickel/hydrogen test cell with 9.9 cm diam plates
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Fig. 3. Ni-Ha cell pressure and cell voltage characteristics

caused by the onset of oxygen evolution at the nickel
electrode. A slight voltage decrease observed during
overcharge after O, evolution occurs is attributed to
a temperature rise caused by Oz and H; recombina-
tion. The pressure levels off and becomes constant.
The partial pressure of oxygen measured during over-
charge is less than 1% of the total cell pressure.

On discharge at the C/1 rate, the pressure decreases
linearly as hydrogen is consumed. The voltage on dis-
charge is characteristic of the nickel hydroxide elec-
trode. A second plateau observed below 1V may be
attributed either to reduction of chemisorbed oxygen
on the positive electrode or to reduction of higher
valent nickel. The cell voltage on discharge is not
appreciably affected by the partial pressure of hydro-
gen at these temperatures and discharge rates.

During reversal on overdischarge of the positive
electrode, the cell voltage reverses polarity and be-
comes slightly negative while the pressure levels off.
This capability for continuous overdischarging of the
cell with no adverse effects or pressure buildup is a
unique feature of this cell.

Temperature characteristics—Temperature data
presented in Fig. 4 are for the thermocouple located
in the center of the cell stack. On charge at a C/10 rate,
the cell is slightly endothermic, and the cell tempera-
ture is practically constant. All of the power delivered
to the cell on overcharge is dissipated as heat. Oxygen
is evolved at the positive electrode, while hydrogen is
evolved at the negative electrode in equivalent Fara-
daic rates. This oxygen and hydrogen react to form
water (see Eq. [4] and [5]), causing the temperature
to rise.

On discharge at the C/2 rate, part of the electro-
chemical energy is dissipated as heat, primarily be-
cause of polarization at the positive electrode which
results in a temperature rise. A very high transient
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Fig. 4. Ni-H; cell temperature characteristics
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temperature rise occurs at the end of discharge be-
cause of the high polarization at the positive electrode.

During reversal at the C/2 rate, the temperature
decreases and stabilizes to a value lower than that
observed on discharge. Hydrogen is generated at the
positive electrode and consumed at the negative elec-
trode with low polarization.

In general the thermal and temperature character-
istics of the Ni-H; cell are very similar to those of
the Ni-Cd cell with the exception of behavior on
reversal.

Temperature effects on capacity.—The voltage wvs.
time discharge characteristics with temperature as
a parameter are shown in Fig. 5. The cell has been
overcharged by 60% at the C/10 rate and then dis-
charged completely to 0V. From 0° to —10°C there is
a significant loss in capacity and also above 40°C a
significant loss is observed. As with an Ni-Cd system,
the desirable temverature range of operation is from
0° to approximately 25°C. However, the Ni-H; cell
does not have the low temperature limitation of the
Ni-Cd cell attributed to the poor charge acceptance
of the cadmium electrode.

Self-discharge.—The self-discharge characteristics
for the Ni-H; cells standing on open circuit are shown
in Fig. 6. Starting with a fully charged cell, the self-
discharge can be directly related to a loss of hydrogen
pressure. As shown in Fig. 6, the self-discharge, similar
to that of a Ni-Cd cell, occurs in a diminishing ex-
ponential fashion; after one day of standing on oven
circuit. the cell retains approximatelv 809 of its full
capacity. This self-discharge is attributable either to
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Fig. 5. Temperature effects on capacity
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the direct reduction of Ni+3 to Nit2 or to the reduc-
tion of chemisorbed oxygen on the nickel electrode.

Effects of charge and discharge rates.—Both the
nickel hydroxide and the hydrogen electrodes are
capable of high-rate charge and discharge. Figure 7
shows the cell voltage vs. the charge rate (up to the
5C rate) as a function of the state of charge of the
positive electrode at room temperature. Figure 8 shows
the cell voltage vs. the discharge rate (up to the 5C
rate) as a function of the state of discharge.

Figure 9 shows the effect of the charge rate on
charge acceptance. The charge acceptance was deter-
mined by charging the cell at different rates to return
5 A-hr of capacity to the cell and then discharging it
at the C/1.2 rate to 1V. Maximum charge efficiency is
achieved at the C/1 charge rate.

The effects of the rate of discharge on measured
cell capacity after the cell is charged at the C rate to
33% overcharge are shown in Fig. 10. The capacity
obtained on discharge at the 5C rate is only 10% less
than that obtained at the C rate. Thus, in addition to
providing a high energy density (approximately 66
W-hr/kg), the Ni-Hs system has an excellent power
density capability (over 300 W/kg).

T T T T

1761 4
3/4 CHG
r 1/2 CHG

a
veal. 174 che |

2

<]
T
1

CELL VOLTAGE (VOLTS)

152 4

L L L
c/nz ¢/ 2c 5C
CHARGE RATE

L
c/10 cr2

Fig. 7. Polarization on charge

144} 4

CELL VOLTAGE (VOLTS)

L L1 i !

c/io c/2 c/12 ¢/ 2c 5C

DISCHARGE RATE

Fig. 8. Polarization on discharge

DISCHARGE CAPACITY (Ahr)
&
>

CHARGE RATE

Fig. 9. Charge efficiency

NICKEL-HYDROGEN SECONDARY CELL 7

5.

52

a4t .

DISCHARGE CAPACITY (A hr)
&
Y
/
.

4.0l L L
€/0 c/5 ¢/ ciz c 2c 5C
DISCHARGE RATE

Fig. 10. Discharge rate effects on capacity

Cyclic Lite Data
The nickel hydroxide electrode and the Teflon-
bonded H; electrode are the two most stable electrodes
developed for sealed secondary cells to date. Since the
sealed Ni-H, cell is a recent development, the major
failure mechanisms must still be determined. Data are
presented for cyclic test results to date.

High-rate cycle test.—The purpose of this test is to

evaluate different combinations of commercially avail-
able electrodes and separator materials in terms of
cyclic life performance. Data are presented for five
cells with electrode and separator materials identified
in Table I. These cells are subjected to a 1 hr cycle
test consisting of discharge for 26 min at a C/1.5 rate
which corresconds to 28.6% depth of discharge (DOD)
and charge for 34 min at a C/1.5 rate corresponding to
30% overcharge.
High-rate cycle test results—Cell S/N 123 has com-
pleted over 5000 cycles to date. (Figure 11 shows the
end-of-charge and end-of-discharge voltages for this
cell.) The other cells have failed at 3000, 1674, 1068,
and 468 cycles. The cells are considered to have failed
when the discharge voltage drops below 1V.

Cell S/N 122 failed after 3000 cycles. The measured
impedance of this cell increased from 70 mohm at the
start of the test to over 200 mohm at failure. The in-
crease in impedance results from a loss of electrolyte
from the separator. Examination of the separator after
failure revealed that the polypropylene had dried out
and would not absorb electrolyte. Examination of the
positive electrodes showed that they were still struc-
turally sound, but that the thickness had changed
from 0.76 to 1.16-1.30 mm.

This cell was rebuilt by using the same positive elec-
trodes, but with a Hercules polypropylene separator
and ERC Teflon-backed hydrogen electrodes. It has
now completed 2000 additional cycles.

Cell S/N 115 failed after 1674 cycles. The hydrogen
electrode in this cell did not have Teflon backing. The
measured impedance increased from 70 mohm at the
start of the test to 620 mohm at failure. Examination of
the separator after failure again revealed that the poly-
propylene had dried out and would not absorb electro-
lyte. Examination of these positive electrodes showed
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Fig. 11. Cyclic life performance of cell S/N 123
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Table |. Electrode materials for use with polypropylene separators

Cell
S/N Nickel positive electrode Separator Negative
122 SAFT sintered nickel (slurry process) Hercules polypropylene ERC platinum and PTFE on nickel screen,
Teflon backing
Nickel-plated perforated iron support
Double electrodes back to back
Each electrode 0.76 mm thick
123 SAFT sintered nickel (slurry process) Hercules polypropylene ERC platinum and PTFE on nickel screen,
Teflon backing
Nickel-plated perforated iron support
Double electrodes back to back
Each electrode 0.76 mm thick
115 Eagle Picher sintered nickel (dry process) Hercules polypropylene ERC platinum and PTFE on nickel screen
without Teflon backing
Nickel screen support
Double electrodes back to back
Each electrode 0.76 mm thick
126 Eagle Picher sintered nickel (dry process) Hercules polypropylene Er:]c platinum on graphite without Teflon
acking
Nickel screen support
Double electrodes back to back
Each electrode 0.76 mm thick
127 Eagle Picher sintered nickel (dry process) Hercules polypropylene ERC platinum on graphite without Teflon
backing
Nickel screen support
Double electrodes back to back
Each electrode 0.76 mm thick
128 GE sintered nickel (slurry process) Pellon polypropylene ERC platinum and PTFE on nickel screen,
Teflon backing
Nickel-plated perforated iron support
Double electrodes back to back
Each electrode 0.76 mm thick
129 SAFT sintered nickel (slurry process) Pellon polypropylene ERC platinum and PTFE on nickel screen,
Teflon backing
Nickel-plated perforated iron support
Double electrodes back to back
Each electrode 0.76 mm thick
Table 1I. Electrode materials for use with nylon and p titanate separators
Cell
S/N Nickel positive electrode Separator Negative
130 SAFT double electrodes back to back Nylon ERC platinum and PTFE on nickel screen,
Teflon backing
Each electrode 0.76 mm thick
131 SAFT double electrodes back to back Potassium titanate ERC platinum and PTFE on nickel screen,
Teflon backing
Each electrode 0.76 mm thick
132 SAFT double electrodes back to back Potassium titanate ERC platinum and PTFE on nickel screen,
Teflon backing
Each electrode 0.76 mm thick
136 SAFT double electrodes back to back Nylon ERC platinum and PTFE on nickel screen,

Each electrode 0.76 mm thick

that they also were still structurally sound, but that
the thickness had changed from 0.76 to 1.16-1.30 mm.

Cells S/N 126 and 127 failed after 468 and 1068
cycles, respectively. These cells had the ERC graphite
hydrogen electrodes without Teflon backing. Both
failed because of loss of electrolyte, resulting in high
impedance. These cells were rebuilt, S/N 126 with an
ERC hydrogen electrode without Teflon backing and
S/N 127 with an ERC hydrogen electrode with Teflon
backing, using the same positive electrodes. These
rebuilt cells have now completed over 3000 additional
cycles and are still running (see Fig. 12).

Two new cells, cells S/N 128 and S/N 129, were
built to evaluate the Pellon polypropylene separator
material. The electrode and separator materials are
identified in Table I.

Cell S/N 128 failed after 1488 cycles, again because
of high impedance. The Pellon polypropylene was
dried out and would not readily absorb electrolyte.
This cell was rebuilt by changing the separator to
Pellon nylon 2505. A significant improvement in volt-
age performance has been observed with the nylon
separator (see Fig. 13).

Conclusions of the high-rate cycle test.—The thin
graphite hydrogen electrodes and also the electrodes
on nickel screen without Teflon backing have limited
cycle lifetimes because of electrolyte entrainment, re-
sulting in a loss of electrolyte from the separator. In
addition, the polypropylene separators, both Hercules
and Pellon, with wetting agents are becoming hydro-
phobic with cycling. Because of the problems with the
polypropylene separator additives, cyclic tests have

Teflon backing

been initiated to investigate nylon and potassium
titanate separator materials (see Table II). The cells
are subjected to a 3 hr cycle test consisting of dis-
charge for 72 min at a C/1.5 rate to 85% DOD and
charge for 1.8 hr at a C/1.96 rate to 15% overcharge.
They are being cycled at a very deep DOD (85% of
the measured capacity). To date they have completed
500 cycles demonstrating good voltage performance
(see Fig. 14).

Cycle test data for the 50A-hr cell.—This cell elec-
trode stack is similar in construction to the lightweight
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prototype cells being fabricated. It has a 22 multi-
electrode plate stack with the positive and negative
electrodes connected in parallel. The hydrogen elec-
trodes are Teflon-backed platinum and PTFE on nickel
screen. SAFT aerospace positive electrodes, each 0.76
mm thick, are used back to back with the Hercules
polypropylene separator.

Over 1000 cycles have been completed, demonstrat-
ing the ampere-hour turnover necessary to meet a
7 yr synchronous satellite mission (Fig. 15). A second
50 A-hr cell has now completed over 200 cycles on
test. A positive SAFT nickel electrode has been manu-
factured specifically for this Ni-Hy cell. Each nickel
electrode is 0.96 mm thick; again they are used back
to back to make one positive electrode, and all edges
are coined. The cell has nylon separators.
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Fig. 15. Cyclic performance of the 50 A-hr cel!
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Lightweight Cell Design

For synchronous satellite applications, the cell de-
sign has been optimized for maximum energy density,
subject to the practical restrictions discussed below.

A computer study has as the main variables cell
capacity, capacity per unit area of the positive plates,
cell diameter, and operating range of the cell pressure.
The cell configuration for this study is a cylindrical
single cell with the hydrogen contained within the
pressure vessel. To characterize the electrode stack,
state-of-the-art commercially available hydrogen elec-
trodes, separators, gas diffusion screens, etc., are as-
sumed. Inconel 625 is assumed to be the material used
for the pressure vessel.

A practical cell design has been selected on the
basis of the following criteria. The cell is sized to pro-
vide 66 W-hr (52 A-hr) of energy. The corresponding
energy density for a cell of this capacity is 62-64
W-hr/kg (Fig. 16). Increasing the cell capacity does
not significantly improve the energy density; how-
ever, if the cell capacity is reduced, there is a drop in
energy density.

The cell capacity per unit area of the positive plates
does have a significant effect on energy density (see
Fig. 17). The practical limitations are the plate thick-
ness that can be achieved in commercial production
of the nickel plaque and the utilization of active mate-
rial for thicker plates. For these reasons positive plates
are used back to back in the fabrication of the multi-
electrode cells.

Once the cell capacity is selected. the number of
electrodes is devendent on the cell diameter selected.
For the 66 W-hr cell the effect of the cell diameter
and the current density on the energy densitv and the
number of electrodes in the stack is shown in Fig. 18.
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A diameter of 8.89 cm has been selected. At a cur-
rent density of 25 mA/cm? the number of electrodes
in the stack is 20. Decreasing the diameter makes it
possible to achieve somewhat higher energy densities
at the expense of an increased number of electrodes in
the cell stack. The present design is a compromise be-
tween energy density and reliability.

The energy density and cell volume as functions of
the maximum cell pressure are shown in Fig. 19 for an
initial hydrogen pressure of 100 psi. A maximum pres-
sure of 27 atm has been selected. Again, this is a trade
off between maximum energy density and cell volume.

Figure 20 shows the weight breakdown for the 66
W-hr cell design. It should be noted that the weight
of the nickel hydroxide electrodes is 44% of the total
weight.

Lightweight Ni-H, cells are now being fabricated
to the design shown in Fig. 21. Characteristics of the
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sintered nickel electrodes are as follows:

thickness: 0.76 mm each,
0.152 mm back to back
density: 3.25 g/cm3
capacity: 0.12 A-hr/g (measured, flooded)
utilization: 96% (measured in electrode stack)

current density: 25 mA/cm? (for 1.2-hr discharge)

This cell is designed to provide 66 W-hr at an energy
density of 62-64 W-hr/kg.

The cylindrical pressure vessel is 8.89 cm in diam-
eter by 19.9 cm high. The insulated feedthrough is
a Ziegler plastic seal.

Conclusions

Experimental data presented from laboratory in-
vestigations demonstrate the capability of the Ni-H;
system to meet the 7-10 year cyclic life requirements
for a synchronous satellite application. In addition, the
Ni-H; system has demonstrated performance char-
acteristics superior to those of the Ni-Cd system in
terms of higher overcharge capability, overdischarge
capability, better low-temperature operation, and
higher power density.

Lightweight cells have been designed and are now
being fabricated. These cells are expected to demon-

NICKEL-HYDROGEN SECONDARY CELL 13

strate three to four times the usable energy density
of Ni-Cd cells. For an INTELSAT V (2 kW) satellite,
this represents a potential weight reduction of 200-
300 1b for the battery system.
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The Effect of Solvent on the Electrochemistry of Iron
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Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830
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Chemical Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

ABSTRACT

A study was made of the electrochemical behavior of the active iron elec-
trode in acidic ethanol-water media. The pA (pH in pure water solvent) and
potential dependence of the iron dissolution and hydrogen evolution re-
actions were determined. The results of this investigation served to resolve
the role of water in the iron dissolution mechanism. Basic to the proposed
mechanism was the validity of an “absolute acidity scale” for EtOH-HOH

solutions.

A study has been made of the electrochemical be-
havior of the active iron electrode in acidic ethanol-
water media. The purpose of the investigation was to
test the applicability of an “absolute acidity scale”
postulated for ethanol-water (1), and in the applica-
tion of the “acidity scale,” to determine the kinetic
order with respect to water and protons in the cor-
rosion mechanism.

It has been shown by Kelly (2) and Bockris (3)
that the steady-state anodic dissolution of zone-refined
iron in aqueous acid sulfate solutions is characterized
by a Tafel slope of 2/3(2.303 RT/F), ie., 40 mV/
decade of current, and first order dependency on the
hydroxyl ion activity. The results were interpreted in
terms of the following mechanism

Fe + HoO 2 Fe(H0)aq [1]
Fe(H:0)aa 2 Fe(OH™)aa + HY [2]
Fe(OH-)aq =2 Fe(OH)aq + € [3]
Fe(OH)aa~> (FeOH) * 4 e (rate determining) [4]
(FeOH) + - H+ = Fe+2 | H,0 [5]

These equations take formal account of the simultane-

Key words: absolute acidity, electrochemical kinetics, corrosion,
iron, ethanol-water.

ous coverage of the surface by adsorbed water mole-
cules, hydroxyl ions, and the surface intermediate
Fe (OH) a4, and lead to the kinetic expression

i+ = 2Fk4¥ (ksWko®/a(u+ yk—3®k_o%) 61 exp (3FE/2RT)
[6]

where 6; = (kiVaw/(k1Vaw + k—1%) is the fraction of
the total possible adsorption sites occupied by
Fe(H20)aq, aw is the activity of water, and the k¥
are the rate constants with infinitely dilute water
solvent as the reference state. Since the infinitely
dilute water solvent is the reference state for all
solvent compositions including pure alcohol, the super-
script “w” will be omitted in subsequent rate expres-
sions.

In a subsequent paper, Kelly (4) reported on the
results obtained for the iron dissolution and hydrogen
evolution reactions on zone-refined iron in hydrogen-
saturated sodium benzoate solutions (referred to as
the inhibited system). The mechanism proposed for
the iron dissolution reaction in the inhibited system
involved the formation of an electrochemically active
surface intermediate from the adsorbed anion,
(FeB, )aa. and (FeOH).q. Then by analogy with the
inhibited system, an alternate mechanism for the non-
inhibited system was proposed. If to the reactions
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represented by Eq. [1]-[3] are added the reactions
represented by Eq. [7] and [8]

(FeOH) ag + Fe(HOH) aq
= [(FeOH) : Fe(HOH) laa = (Daa [T7]
(I)ag=> (FeOH) *+ + Fe(HOH)aq + e(rds)  [8]

where [8] is now the rate determining step, Eq. [6]
becomes

i+ = 2FKgkqkska/[k—7k—3k—2(au+)]
612 exp (3FE/2RT) [9]

The steady-state current is now second order with
respect to 6;, but remains unchanged with respect to
pH and potential. In pure water 6; ~ 1 and the effect
of water on the anodic dissolution cannot be deter-
mined. The addition of ethanol to the aqueous acidic
sulfate solution may provide a test for the alternate
mechanisms as represented by Eq. [6] and [9]. How-
ever, changing the solvent system from HOH to EtOH-
HOH introduces alternate reaction paths via other in-
termediates, e.g., (FeOEt),q and Fe(EtOH) 44, and also
introduces a junction potential into the measured cell
potential when the measurements are made with re-
spect to the aqueous calomel reference electrode. In
order to compare the rates at constant potential and
with respect to the same reference state (infinitely
dilute water solvent), the measurements must be made
with respect to an aqueous reference electrode. Here,
the saturated aqueous calomel electrode was chosen
as the reference electrode. Since the aqueous calomel
electrode is in a constant environment (saturated
aqueous KCl), its potential is constant and independent
of changes in the solution composition on the other
side of the liquid junction. The term potential is used
here as a contraction for potential difference, i.e., a
Galvani potential difference, MAS1 ¢ = ¢m — ¢s;, be-
tween some point in the metal phase and some point
S: in the solution phase. Although the absolute value
of this potential cannot be determined, changes in
this potential are obtained when the measurements are
made with respect to some unchanging reference elec-
trode. Here, however, the measured cell potential
difference, EScn, includes a liquid junction potential
difference as well as the Galvani potential differences
at the metal/solution interfaces, i.e.

(oM — dHgoclz/g = EScet = (M — os1)
+ (¢s; — ¢s2) + (bsg — PHgaCl2/HE)

where (ém — ¢s;) = Esy is the Galvani potential
difference for the metal electrode, (Fe or Pt), (¢s; —
¢ss) = — Esg, the liquid junction potential difference
between EtOH-HOH solvent and saturated aqueous
KCl, and (¢2 — oHgoclz/Hg) = — Esce is the Galvani
potential difference for the reference electrode. There-
fore, Espe,pt = EScen 4+ ESL 4+ Esce, and changes in the
Galvani potential for iron or platinum are obtained
when the cell potential Es.en is measured and the
junction potentials Es;, are known.

Junction Potentials
In solvents other than water it is useful to dis-
tinguish between two acidity measuring functions, pA
and pH (5), defined as follows

pA = —logat+ = — log cu+ YSu+ fu+ [10]
pH = — log an+ = — log cu+ YSu+ [11]

where ySu+ is the conventional molar lyonium ion
activity coefficient in solvent S, and fu+ is the “degen-
erate activity coefficient” for the transfer of proton
from infinite dilution in solvent S to infinite dilution
in HoO (the reference state). The parameter fu+ is
also referred to as the “primary medium effect” term
(6, 7). The pA function measures the actual proton
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activity, a+, of the given solution, whereas pH mea-
sures the molar lyonium ion activity referred to the
extremely dilute solution in the given solvent. There-
fore, to correlate the rates of iron dissolution with
respect to proton activity using the infinitely dilute
water solvent, w, as the reference state, the pA of
the solution must be measured. The pA can be ob-
tained from a measurement of the emf of the Pt/H:
electrode in the EtOH-HOH solvent with respect to
the saturated aqueous calomel electrode, SCE

Pt-Hs (1 atm) /Soln. (X)
in EtOH-HOH/EsL/KCl1 (sat. aq.) HgoCls-Hg  [17]
where
pA = — loga+ = — logcu+ ySu+ fu+ = — Espt/0.06
[12]

where Espy = Escencpty + Esce + EsL. Again, however,
for measurements in each solvent system S, the liquid
junction potential Es;, must be known, and this is
known if values for fu+ in each solvent can be deter-
mined. Grunwald (1, 8) and co-workers Gutbezahl
and Berkowetz have determined the thermodynamic
dissociation constants, (pKs$), of weak uncharged acids
HA (acetic acid type) and cation acids HA+ (am-
monium type) in ethanol-water solvents. An extra-
thermodynamic relationship, the activity postulate (9),
was used to obtain values for the ‘“degenerate” activ-
ity coefficient of the hydrogen ions, fg+. From a knowl-
edge of fu+ it was then possible to calculate the junc-
tion potentials in cells like (1’). Rearranging Eq. [12],
the liquid junction potential

Esp, = 0.06 log (cu+ y%u+ fu+) — (Ecencpty + Esce)
[13]

where for dilute solutions, ySu+ can be estimated from
the Debye-Huckel limiting law, all other quantities on
the right-hand side of Eq. [13] are known or measur-
able, and Es;, may be calculated (1). Values of Esp as a
function of EtOH-HOH composition are shown in Fig.
1. The measurements reported here are for a solution
containing 0.5M HySO4, which is not dilute, but is con-
stant for all solvents S. The assumption is made that
the liquid junction potential is approximately inde-
pendent of acid concentration to 0.5M acid. This as-
sumption could lead to errors of about 0.1 pA units
(5).

Aleksandrov and Izmailov (10, 11) obtained values
for the “degenerate” activity coefficient of the hydro-
gen ion, fu+, which were not too greatly different from
those of Grunwald and Gutbezahl. However, more
recently, Popovych and Dill (12, 13) have obtained
values which were greatly different. Liquid junction
potentials calculated from these values were not only
different in magnitude but also in sign. It will be
shown later that these values are not consistent with
the present study.

With this background and the values for Es;, in Fig.
1, the analysis of the anodic dissolution of iron can
be attempted. The experimental system can be repre-
sented as

(Pt or Fe) — Hy (1 atm) /0.50M H2SO4

in EtOH-HOH//E’s.//0.50M HSO4

in HOH//EvL//KCIl (sat. aq.) HgCl-Hg [2']
where E’sp, 4 EvVp = Esp and

Espe = EScencre) + Esce + Est
[14]
Espy = EScencpty + Esce + Esy,

where Eeiicreorpt) is the experimental measured poten-
tial vs. the saturated aqueous calomel electrode. The
calomel electrode becomes inoperable in solutions of
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Fig. 1. Liquid junction potentials, ES., between soln X in EtOH-
HOH solvent and saturated aqueous KCI as a function of weight
per cent EtOH in EtOH-HOH solvent.

high ethanol content due to plugging of the asbestos
wick with KCl precipitation. According to [2'] a solu-
tion 0.5M H.SO, in water was interposed between the
calomel electrode and the ethanol-water solution. The
liquid junction potential EsL now becomes the sum of
the two junctions E's;, and EYp. Several measurements
in cells like [1’] and [2] showed that ES, ~ E's, + Evr
within about 5 mV. An additional iron electrode was
included in the cell for the polarization measurements.
The liquid junction potential E¥, was constant and
probably less than 5 mV (14).

Experimental

The high purity zone-refined iron! electrodes used in
this investigation were cut from % in. rod stock and
were % in. to 3 in. long. The electrodes were mounted
in conventional Teflon electrode holders (15). The
entire cell assembly was made from Pyrex glass
and Teflon. The apparatus was designed so that
the addition and removal of solution could be ac-
complished without opening the apparatus to the
atmosphere. The test electrode compartment was a
flat bottom cylinder made from a 55/50 TS ground
glass joint. The ground surface was carefully removed
by fire polishing. A glass jacket was provided for cir-
culating water, so that the solution temperature could
be maintained at 30.00° =+ 0.03°C. The cap to the test
electrode compartment was machined from Teflon and
had seven convenience ports. The ports were % in.
Teflon Swagelock fittings which were epoxied into
holes drilled through the Teflon cap. One port pro-
vided for the delivery of H, saturated 0.5M H»>SO; in
water. A glass tube passed from the bottom of the test
electrode compartment (cell) through the walls of the
water jacket, to a Teflon Nupro plastic valve? dia-
phragm stem model. This tube and valve arrangement
provided for solution sample removal for the electro-

1 Prepared and analyzed by Materials Research Corporation.
2 Manufactured by Swagelock.
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metric Karl Fischer water analysis,® and also for solu-
tion drainage, so that in conjunction with the solvent
delivery facilities, varying EtOH-HOH compositions
could be obtained. Ultrapure Hy gas was provided by
a Matheson generator. The H, gas passed successively
through a presaturator containing 0.56M H,SOj; in abso-
lute EtOH, a reservoir containing the 0.5M H,SOy in
absolute EtOH which is to be delivered to the electro-
chemical cell, the electrochemical cell, a reservoir
containing the 0.5M HSO4 in water, finally exiting
to the atmosphere through a bubbler-trap which
prevented back diffusion of atmospheric oxygen
into the aqueous acid reservoir. Other ports in
the test cell cap provided for the Fe test electrode,
an Fe polarizing electrode for pA determinations,
H: gas exit, and a Haber-Luggin capillary probe. An-
other glass tube for Hs gas inlet passed through the
wall of the water jacket near the top of the test cell
and extended down to the bottom of the cell. An ex-
ternal saturated aqueous calomel electrode was used
as a reference electrode in conjunction with the Haber-
Luggin capillary probe. Flexible Teflon ‘“spaghetti”
tubing (% in. or % in.) was used for convenient con-
nections. A Teflon-coated bar magnet was used for
stirring in the test cell.

The absolute ethanol and reagent grade sulfuric acid
were used without further purification. The water was
triply distilled. The iron electrodes were etched in
50/50 H,SO4-water, rinsed in distilled water and
ethanol, dried, then vacuum annealed at 800°C for
12 hr at 10-7 Torr, and slow cooled. The annealed
electrodes were again etched in 50/50 H»SOs;-water,
rinsed in distilled water and ethanol, and transferred
to the cell. In a typical experiment the iron electrodes
were first exposed to the aqueous acid environment
from one to several days, during which the solution
was frequently replaced with fresh solution. As with
Kelly (2), a well-behaved system exhibited no polar-
ization hysteresis phenomenon, and this fact was used
as the basic criterion by which the suitability of the
system for investigation was determined. The solution
was then drained and the 0.5M H,SOs in absolute
ethanol was delivered to the cell. Again, the above
criterion was used for suitability for investigation.
Usually, when no polarization hysteresis was observed
in the aqueous environment, none was observed in the
absolute ethanol environment. The absolute ethanol
solvent composition was increased in water content by
partial drainage of the cell and addition of the
aqueous acid. When the “hysteresis” criterion was met
in the aqueous and absolute ethanol environment, the
solvent composition could be varied at will with in-
creasing or decreasing water content, and no volariza-
tion hysteresis was observed at any intermediate sol-
vent composition. Sometimes, polarization data on a
given electrode were accumulated over a period of one
week’s time.

The polarizing currents were furnished by using the
Research Model Anotrol Potentiostat in the galvano-
static mode. The currents were measured by recording
the voltage drop across precision resistors in the polar-
izing circuit. The potentials were measured with a
610B Keithley Electrometer and recorded with a 10 mV
Brown recorder.

Results

The anodic polarization data in the acidic ethanol-
water environments are shown in Fig. 2. Here the total
net dissolution current is plotted as a function of
Escencrer (i.e., the potential of the iron electrode vs. the
saturated aqueous calomel electrode). The Tafel slope
(dE/d log i) = 2/3(2.3 RT/F), and is independent of
solvent composition. This implies that in each solvent
S, a mechanism similar to that in pure water prevails.
The alphabetical listing reveals the sequence in which

aThe authors wish to express their appreciation to Dr. Richard

Raridon of the ORNL Chemistry Division for the electrometric Karl
Fischer water analysis.
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the polarizations were made, starting generally with
the least aqueous environment. The polarization in
pure water was indistinguishable from the polarization
in 91.8% water shown in Fig. 2. The pure water result
was repeated numerous times, and was in excellent
agreement with the results reported by Eichkorn,
Lorenz, Albert, and Fischer (16) for zone-refined iron.
Also included in Fig. 2 are the weight per cent H2O
(as g[H20]/100g [soln]), the potentials of the Pt-H,
electrode vs. SCE and the corrosion potentials before
polarization (horizontal slash) and after polarization
(vertical slash). In Fig. 1 the liquid junction potentials
between the acidic ethanol-water solution and the
saturated aqueous KCI solution are plotted as a func-
tion of weight per cent H,O in EtOH-H;O solvent,
where the weight per cent HoO was calculated on the
basis of g (H20)/100g (EtOH + HOH). The weight per
cent reported in Fig. 2 is calculated on the basis of
g(HOH)/100g (EtOH + HOH + H,SO4). Conse-
quently to obtain values for the liquid junction roten-
tials from Fig. 1, the Karl-Fischer determinations of
the water content in Fig. 2 are corrected to weight per
cent (HOH)/100g (EtOH 4+ HOH). For this calcula-

-0.390 -0.430
£ vs SCE (V)

-0.550

tion it was assumed that the density of the solution
was the same as the density of the pure EtOH-HOH
solvent at the Karl Fischer estimated water content.
With these values for Esp, the results in Fig. 2 are re-
plotted. Here, in Fig. 3, the polarizations are reported
as current density (amperes/square centimeter) vs. the
absolute potential of the iron electrode, Esge, i.e., the
potential of the iron electrode in solvent S ws. the
standard hydrogen electrode in water, (SHE)W. Also
included in Fig. 3 are the potentials of the Pt/H, elec-
trode vs. the (SHE)Y. At this point, it is probably
worthwhile to emphasize that the measurement of the
pA of the solutions, which is identically pH in pure
water solvent, is defined according to Eq. [10]-[12].
The validity of such measurements is a test of the
extra-thermodynamic postulates used for the estima-
tion of the “degenerate” activity coefficients fu+, as
a function of solvent composition. Such an application
of the pA scale to inorganic reaction kinetics (in our
case the corrosion of iron) has not heretofore been
demonstrated. Unfortunately, the introduction of the
measured pA values into the rate expression (to be
derived for the EtOH-HOH solvent) does not provide

Fig. 3. Anodic polarization of
iron in Ho-saturated 0.50M H2S0.4

T \"\\\*\ WA | \ﬂ\\f
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V) 9(H,0)/1004q (SOLN) ]
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B 0.187 3.4 1
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F 0426 10.2 q
6 0.02 14.0
H  0.091 15.3 1
J 0.059 25.9
K 0.005 52.2
L -0.017 76.6
M -0.023 94.8

in various EtOH-HOH solvents,
T = 30°C, electrode area 0.97

cm2,
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a direct test. In changing the solvent from pure water
to EtOH-HOH, the activity of the water as well as
the pA is changed, and some assumption must prob-
ably be made relating to the water activity, and pre-
sumably also to the activity of ethanol. It should be
emphasized that the absolute potentials reported in
Fig. 3 are based on the junction potentials provided by
Grunwald and Gutbezahl. An interpretation of the
results using the junction potentials provided by
Popovych and Dill (12, 13) will be considered later.

The derivation of the rate expression for EEOH-HOH
solvent follows very closely the mechanism proposed
by Kelly (4) for the inhibited system. It is postulated
that in pure EtOH the dissolution of iron proceeds by
a mechanism similar to that in pure water, and in
mixed solvents a simultaneous dissolution occurs by
both water and alcohol, i.e., i+ = iw + ia, Where i, is
the total net anodic dissolution current, and i. and i,
are the currents due to water and alcohol, respectively.
Equations [16]-[27] give a formal description of the
mechanism proposed

1

Fe + HOH = Fe (HOH) aq [16]

2
Fe(HOH).q = (FeOH)aa + H* [17]

3

(FeOH™)aq = (FeOH) g + e [18]

(FeOH) aq + Fe (HOH) aq

4

= [(FeOH) - (Fe(HOH) Jaa = (I)w [19]
5
(Dw=> (FeOH*) 4 Fe(HOH)q +e 1rds [20]

6
(FeOH*) 4+ H* = Fet+ 4+ HOH [21]
and simultaneously
7
Fe + EtOH = Fe (EtOH) »q [22]
8
Fe (EtOH) 3¢ = (FeOEt—)aq + H* [23]
9
(FeOET )¢ = (FeOEt) g + e [24]
(FeOET) aa + Fe(EtOH) oq
10
= [(FeOEt) : Fe(EtOH) Jaa = (I)a  [25]
11
(I)a—> (FeOEt*) + e rds [26]
12
(FeOEt*) 4+ H* = Fet*+ + EtOH [27]

These equations take account of the simultaneous
coverage by the several intermediates, where
[Fe (HOH) ] = 61, [(FeOH~)aq] = B2, [ (FeOH) ]
= Bo3, [(1)w] = po1, [Fe(EtOH)qaq] = 64, [(FeOEt—),q]
= B65, [(FeOEt).a]l = gbs, [(1)a] = pba, and a+ =
cu-Yy*u+fu+, where 6; is the fraction of the total pos-
sible adsorption sites occupied by [i], and the surface
concentrations (g6;), are expressed in moles/square
centimeter, with g a proportionality constant, y% the
conventional molar activity coefficient in solvent S, and
fi the “degenerate” activity coefficient. The reference
state for f; is the infinitely dilute aquecus solvent for
all solvent compositions including pure ethanol. A
kinetic description of this mechanism in the steady
state is given by Eq. [28]-[37]

iw — — _
- ka[B6:] — k—3[B63] + ks[B6r1y] [28]
361 _ _ _
) ( di ) 0 = TealB31[801] — k—4[861,,] — Ks[601,]
[29]

I

ss
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0 = ks[B2] — k—3[863]

Il

()
B
at /s
(%)
B8
at
(%)
B
at

+ kal861] — k—20p62] [a+] — k[665][861]
+ k-4piy]  [32]

and similarly for dissolution by ethanol

— Kalpos1[801] + kalBor,] [30]

0 = ka[B61] — k—2[B62][a+]

ss

— Tes[B02] + k—3lp8s] [31]

0 = kylawl [(1 — 67)] — Te—1[801]

ss

-%- = ko [805] — K11 [B615] [33]

901, £
8 (_) = 0 = ki1o[B6s] [B64]
at

ss

— Te—10[B81,] — k11[B61,]  [34]

0 = ks[805] — k—s[Bb]

™
> o
(=1}
a’g
. M-
1

— Te10[061 (8641 + k-10[B61,]  [35]

0 = ks[0s] — k—s[pos][a+]

w
/~
o | @
B
S

Il

— kol[B05]+ k—olp6s] [36]
=0 = kelaal[(1 — 67)]— k—7[804]

— ks[80s]1 (861 + k—s[p651[a+]
— K10[B684] [B06] + k—10[B61,]1 [37]

Here, aw, aa are the activities of water and alcohol, re-
spectively, in the mixed solvent and a+ is the “abso-
lute activity” of the proton (vide Eq. [12]). The k's
are again the electrochemical rate constants referred
to the extremely dilute aqueous solvent as the refer-
ence state. Equations [28]-[37] reduce to the steady-
state solution

it w ia ks ks ki k2
— e — e (91)2
F F F l[a+] VNk—y k-3 k-2
3FE5Fe] k11 [ kio ko ks () SFEsr, ]
ex + 4) 2 exXp
Porr AT e LT ks ks 2RT
[38]
h d .
wherefy = ——and gy = —— .
! k-1k7aa * kik-7aw
1+ 14+ ——-
kik —7aw k—1kzaa

Equation [38] assumes that the surface coverage is
mostly adsorbed water and alcohol; 6; + 61 ~ 61 and
61 ~ 1. In the detailed derivation of Eq. [38], (61 4 64)
~ 1 implies k-1 k—7 << k-1 k7 aa + ki k7 ay, and
k_1 k_7 ~ 0. It is now further assumed that over the
range of solvent composition studied iw >>> i1, leading
to Eq. [39]

k 1 2 3FEs
y = — | exp £e [39]
[a+] da 2RT
14 3—
Aw
ks ks k2 k—-1kz7

where k = F(ks R — ) and ¥ = "
k-4 k-3 k—2 kik -7
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It is assumed that the activity ratio a./aw = Na/Nw
where N, and N are the mole fractions of alcohol and
water, respectively. Further, it can be shown that N/
Ny = 18/46 [weight per cent (EtOH)/ weight per cent
(HOH) ] which leads to Eq. [40]

k 1 2 3FEsg.

i SEEFe 140
YT e womom | *P Ry 1Y

"w/o (HOH)
The value for k in Eq. [40] was obtained from the re-
w/o EtOH

w/0 HOH
ing k, the value for % was a grand average value calcu-
lated from all data for solvent compositions ranging
from ca. 10-50 w/o (HOH). In logarithmic form Eq.
[40] becomes

log(i+%) = 3.1833 — Esp¢/0.06 4 Esp./0.04

sults in pure water where = 0, and know-

B Zlog[ [41]

1-*-1.4R:I

where R = w/o (EtOH)/w/o (HOH), — log (a+) =
—Esp/0.06, log k = 3.1833 and % = 1.4. It should be
recalled that the “absolute” acidity, pA = — log (a+)
= —Esp/0.06. A plot of the experimental anodic cur-
rent densities, (i+5), at constant potential ESpe =
—0.222v vs. (SHE)¥, as a function of solvent composi-
tion, for the results reported in Fig. 3, is presented in
Fig. 4. The calculated values in Fig. 4 were obtained
from Eq. [41]. Also included in Fig. 4 are the results
from another iron electrode of larger surface area. A
better fit of the data would be obtained if % was re-
calculated for each electrode. The value for ) is not
expected to be the same for different electrodes since
it is a ratio of rate constants. The experimental cur-
rent densities reported in Fig. 4 were obtained ana-
lytically as follows. In pure water at Espe = —0.222v,
the current density is 10-2 A/cm? for which log
(i+8) = —2.0. Therefore, it follows from Fig. 3 that

(Espe) 1+ — (—0.222)
1 i+S = —-20 [42]
B, 0.040

where (i+5) is the anodic current density at sol-
E°Fe

vent composition S and constant potential ESpe =
—0.2220 vs. (SHE)¥, (Espe)is is the potential of the
iron electrode vs. (SHE)V at (i+%) = 1072 A/cm? and
solvent composition S, and 0.040 is the anodic Tafel
slope, 3 (Esre)/d(log i+)sa+, at constant solvent com-
position S and proton activity, a+.
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Fig. 4. Anodic current density for iron in H-saturated 0.50M
H2504-EtOH-HOH as a function of weight per cent (HOH) at

fixed potential, ESpe = —0.222v vs. (SHE)¥ at 30°C.
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The calculated values for the anodic current density
at constant Espe = —0.222v are again presented in Fig.
5. The results are corrected for the solvent dependence,

1
2 log (— ), and plotted as a function of pA =
1+ %R

\

—E®p(/0.06. According to Eq. [41]

1
(3[1og (i+S)EFe—2log(—>-|/ 6pA):1
1+ AR 7/ -

if the reaction is first order in the reciprocal of the
proton activity. The theoretical solid line drawn with
unit slope provides an excellent fit to the data. Simi-
larly, according to Eq. [41], after accounting for the
coverage factor, and at constant anodic current den-
sity, the electrode potential should be a linear function
of pA. The proportionality constant should be equal
to —0.040 V/pA if the dissolution reaction is first order
in the reciprocal of the proton activity. The electrode
potential at constant anodic current density of 10—2
A/cm? is plotted as a function of pA in Fig. 6. The
straight line drawn with a slope of —0.042 V/pA fits
the data, further confirming the first order dependence
and the coverage factor term.
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Fig. 6. The variation of the iron electrode potential in Ha-

saturated 0.50M H»SO4-EtOH-HOH as a function of pA, at a
constant anodic current density of 1 X 1072 A/cm2, at 30°C.
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The cathodic evolution of H» as a function of solvent
has been investigated here to only a limited extent.
The polarizations which have been made covered the
range of solvent composition from pure water to about
98 w/o (EtOH), and have shown Tafel slopes, (9E%re/
dlogi—)sa., of 109-119 mV [approximately 2.3 (2 RT/
F)]. Since the results containing EtOH are similar to
that which is observed in pure water solvent, it was
postulated that the cathodic current was first order
with respect to protons and that discharge occurred at
both the adsorbed water sites, Fe(Hy0) 45 = 61, and at
the adsorbed alcohol sites, Fe (EtOH) ,qs = 64. A kinetic
description of this mechanism is given by Eq. [43]

(i_s) _‘FESFE “FESFE
— —— = kw@+6; eXp ——— + Kqa 464 €Xp ———
F 2RT 2RT
[43]
where recalling the anodic dissolution mechanism
AR

) = ——— and 6y = ————
1+ AR 1+ 2R

in the steady state. Again it is assumed that the rate
via the aqueous mechanism is much greater than via
the alcohol mechanism, and

—FEsFe

1
—i-5=kwa ( ) ex 44]
\T+r/ 7 2rT L

From Eq. [39] and [44] the corrosion potential and
corrosion current as a function of pA and 6; may be
obtained. It is recalled that at the corrosion potential,
Esrecorr), i—% = i+5 = 5(corr), and therefore

) + 3.562 = — 1/2 pA
[45]

1
ESpeccorr 0.03 lo (*——) + 0.270 = — 0.06 pA
Fe(corr) + g 1+ 14R p
[46]

1
log iScorry — 5/4lo0g (m

The constants in Eq. [45] and [46] were obtained from
the results in pure water where R = 0, ESpeccorry =
— 0.292v vs. (SHE)Y, #%(corry = 1.8 X 107¢ A/cm?2, and
E;Pt — — 0.022v vs. (SHE)V. Figure 7 shows the cor-
rosion current, log i5¢corr), (corrected for coverage), as
a function of pA, and the theoretical line with slope
—1/2 provides a satisfactory fit to the data. Similarly,
the corrosion potential, ESpeccorr), (corrected for cover-
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Fig. 7. The corrosion current for iron in Ha-saturated 0.50M
H2504 EtOH-HOH as a function of pA at 30°C.
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Fig. 8. The corrosion potential for iron in Hp-saturated 0.50M
H2S04-EtOH-HOH as a function of pA at 30°C.

age) as a function of pA is shown in Fig. 8 and again
the theoretical line with slope —0.060 provides an ex-
cellent fit to the data, i.e., d (ESrecorry + 0.03 log 61)/
dpA = —2.303 RT/F.

Equation [46] can be written in terms of the experi-
mentally measured cell potentials for Fe and Pt. In this
form it is seen that the corrosion potential is inde-
pendent of the liquid junction potential Esy,

Esceent Fercorr = —0.270 + ESccempt
1
— 0.03 10 [—-——- ] [47]
- 14+ kR

The value A = 14 (obtained from Eq. [40]) does
indeed give good agreement between the calculated
and the observed corrosion potentials. Using Eq. [47]
a better value would be » = 1.8. Alternatively, with
this value of . (say, gotten now from Eq. [477], Eq.
[41] and [45] are better satisfied using Grunwald’'s (1)
or Aleksandrov’s and Izmailov’s (10, 11) set of junction
potentials rather than Popovych’s (12, 13).

Accepting this value for » from Eq. [47], a set of lig-
uid junction potentials can be generated from Eq. [41].
Proton activities calculated using these experimentally
determined junction potentials are compared with
those estimated using the junction potentials of Grun-
wald and Gutbezahl (1), Aleksandrov and Izmailov
(10, 11), and Popovych and Dill (13). A plot of these
proton activities as a function of R is shown in Fig. 9.
In this form, it is seen that the proton activities of
Popovych and Dill are unacceptable.

Summary

Values for the junction potentials (1) between acidic
EtOH-HOH solutions and saturated aqueous KCl were
used to interpret the electrochemical polarization
behavior of the active iron electrode in acidic EtOH-
HOH solutions. The junction potentials were obtained
from a correlation of the pKs of organic acids in EtOH-
HOH solvents. The correlation was based on the
validity of the ‘“‘activity postulate” of Grunwald and
co-workers (1, 8).

The mechanism suggested by Kelly (4) for iron dis-
solution in hydrogen saturated sodium benzoate solu-
tions (referred to as the inhibited system) was ac-
cepted with a few additional assumptions: the surface
coverage was mostly adsorbed water (Fe - (H20)a4)
and alcohol (Fe : (EtOH)gaa), t.e.. 61 + 84 ~ 1; there
was a simultaneous dissolution by EtOH and HOH,
with the dissolution rate by water much greater than
by alcohol; and finally it was assumed that the ratio
of the activity of alcohol to water was proportional to
the weight per cent ratio. Thus, in a competition for
active sites on the electrode surface, alcohol acts as a
“relative” inhibitor. The decision to test this mecha-
nism to the corrosion data was based primarily on the
observation that the anodic Tafel slope, (9E/9 log
i+)sa: = 2/3 (2303 RT/F), and was unchanged for
all solvent compositions. Thus a mechanism (2,3)
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Fig. 9. The variation of proton activities, a+, as a function of R
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sets of liquid junction potentials, ESt.

similar to that accepted for dissolution in water sol-
vent was suggested. The further choice of the mecha-
nism suggested by Kelly (4) for the inhibited system
was based primarily on the better fit to the results for
the anodic polarization with a second order depen-
dency on coverage.

The cathodic polarizations gave a Tafel slope (8E/9
log i—)sa+ ~ 2 (2.303 RT/F), and was unchanged for
all solvent compositions. On the basis of this observa-
tion, and to explain the observed variation of corrosion
potential and corrosion current with solvent, it was
postulated that the cathodic partial current was first
order in both coverage, 61, and the activity of the pro-
tons, a+.

Alternatively, accepting the corrosion mechanism,
an “experimental” set of liquid junction potentials was
generated. The proton activities, (a+), calculated us-
ing these junction potentials were in much better
agreement with those estimated using the values of
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Esp from Grunwald and Gutbezahl (1) or Aleksandrov
and Izmailov (10, 11) than with the proton activities
calculated using the junction potentials proposed by
Popovych (12) and Popovych and Dill (13).
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Accelerated Life Testing of Lead-Acid
Industrial Motive Power Cells

N. J. Maskalick*

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235

ABSTRACT

Depth of positive grid corrosion is a regular and precise indicator of cell
degradation during life testing of the subject lead-acid cells. Average cor-
rosion depth at constant temperature is directly proportional to (time on
cycle test) %67 for Pb-5% Sb positive grids. The temperature dependence of
the logarithm of the corrosion rate constant is employed to predict a room-
temperature corrosion function. Lifetime at room temperature is then esti-
mated to a predefined average depth of corrosion corresponding to actual
failure in normal service. This test is capable of high precision predictions of
cell lifetime in a period of 4-6 months, compared to 3-4 years in conventional

testing.

The time required to test lead-acid cells is greatly
shortened at high temperatures as was demonstrated
by Willihnganz (1) in his work with cells on float
service. He observed that the logarithm of the constant
potential lifetime of lead-acid cells with lead-calcium
positive grids increases linearly with the reciprocal
absolute temperature, and that over-all positive plate
growth can be plotted as a regular function of time
on test. Cannone et al. (2) identified this functional
dependence as parabolic for cells with pure lead, or
lead-calcium positive grids, and as linear, for cells
with lead-antimony positive grids. They extended and
corroborated Willihnganz’ work by demonstrating that
the logarithm of the constant term in their derived
positive plate growth functions is a linear function of
the reciprocal absolute test temperature. They con-
sequently specified a value of this constant for room
temperature float service by log-linear extrapolation
of high temperature results.

Cell life, and positive plate growth, in all of these
prior experiments, must be considered to be directly
related to over-all positive plate corrosion current and
time. In the case of a constant voltage test, which was
chosen to relate to the usage mode of cells in float
service, over-all corrosion current does not remain
constant but increases with surface roughness and de-
creases with the buildup of barrier (passivating)
layers. This progress of corrosion with time (or the
positive plate growth vs. time) is described by experi-
mentally determined degradation functions employing
a single temperature-dependent constant.

A test relating to the positive corrosion and lifetime
expectancy of cells in cyclic charge-discharge service
must differ from constant voltage operation as a matter
of definition. The over-all positive grid corrosion in
such cells varies with time in an even more complex
manner.

This present work is a study of the temperature de-
pendence of corrosion of lead-antimony alloy positive
grids in cells in deep cycle service. As an investigation
involved with direct and indirect measurements of
corrosion depth as a function of time and temperature,
it is designed to employ a testing cycle consisting of a
constant-current, constant ampere-hour discharge, and
a tapered-current, constant ampere-hour charge. This
test routine, essentially a constant-coulombs per cycle
(coulostatic) test, was chosen instead of a constant
voltage schedule to reflect more faithfully the usage
pattern of motive power cells.

The purpose of this paper is to describe experiments
monitoring, directly and indirectly, the time and
temperature dependence of the corrosion of lead-5%

* Electrochemical Society Active Member.
Key words: anodic, statistics, batteries, corrosion, oxidation.
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antimony positive grids in specific industrial motive
power cells on this fixed charge-discharge cycle rou-
tine. The test specifications employed (maximum tem-
perature, depth of discharge, extent of overcharge)
are selected from a prior unpublished study of stress
parameter combinations by the author. These param-
eter levels are one of many possible compatible sets re-
flecting different types of service. One objective of the
subject experiments was to produce a near maximum
in cell degradation rate leading to failure comparable
to field service and room-temperature bench testing.
These accelerated test results are further applied to
predict charge-discharge cycle lifetime for cells op-
erating at room temperature.

Experimental

Charge-discharge cycling was conducted on a uni-
form group of 48 series-connected 5-plate industrial
motive power cells equally divided among constant-
temperature baths held at 60.0°, 70.2°, and 82.2°C. A
4 hr constant current discharge was set at 72 A-hr
(90% of nominal capacity at the 6 hr rate). A 4 hr
taper charge for all cells at 101 A-hr (140% of amount
withdrawn) completed the cycle. The initial charging
current was 101A, tapering logarithmically to 1A at
4 hr. Continuous cycling was carried out 5 days per
week. All cells were given an equalizing charge of
2.0A throughout each weekend.

The test cells employed 1.280 sp gr HySO4. Positive
grids consisted of an alloy containing 4.83% Sb, 0.40%
Sn, 0.075% As, and 0.055% Cu. These grids were ap-
proximately 14.8 cm wide, 25.2 cm high, and 0.62 cm
thick at the outside frame as cast. Cured positive paste
content of these grids was maintained at 1.41 = 0.01
1b average deviation by avoiding both overpasting and
underpasting., All positive plates were wrapped hori-
zontally with Fiberglas yarn followed by Fiberglas
mat; finally with a perforated PVC outer envelope.
Such plates normally fail due to grid corrosion and
disintegration rather than via active material loss or
degradation. Cell capacities at room temperature (6 hr
rate = 13.3A) were determined at 50-100 cycle in-
tervals. Three cells were removed from each constant
temperature bath at 50-100 cycle intervals for mea-
surement of antimony content in the active material,
over-all grid growth, and grid corrosion depth. Anti-
mony content of both the positive and negative active
material was determined by atomic absorption spectro-
photometry. Samples for these analyses were obtained
by removing active material from the entire plate,
blending with a mortar and pestle, washing with
water, then oven-drying to constant weight.

The dimension chosen to describe grid growth was
the change in width of the positive grid at one-half of
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plate height. Mean depth of corrosion of the positive
grid was estimated from direct micrometer measure-
ments of residual grid thickness along the outside
frame of the chemically cleaned grid. Oxide film re-
moval was accomplished with an aqueous stripping
solution of 12% KOH containing 10g hydrazine sulfate
per liter.

The estimated mean value of residual grid thickness
was subtracted from the estimated mean thickness
value (0.614 cm) of formed grids from cells in the
same production run, but with no accelerated life test
charge-discharge cycles. The precision of the resulting
estimated mean depth of corrosion for the test grids
was specified by employing tabulated values of the t
statistic (3)

s2
precision = =+ t,,0.025 —
n

where » = degrees of freedom (n — 1), ty,0.025 = tabu-
lated values for 95% confidence limits, s2 = estimate
of the variance of the data

2 -9 -,

n = total number of observations in a sample, and
y = observed values for corrosion depth.

The t statistic was similarly employed to determine
precision of the curve describing the slope (E/R) of
the plot of In k vs. 1/°K, where R is the gas constant,
and E is expressed as an activation energy. Over-all
precision for the prediction of room temperature life-
time was related to the precision with which E could
be specified. Details of the calculations are given in
the Appendix.

Results

Periodic capacity data.—Cell capacities at room tem-
perature (6 hr rate = 13.3A), taken at intervals dur-
ing cycle life, were distributed over a range which re-
vealed only a general trend toward capacity decay
(Fig. 1a). Both positive and negative limitations were
observed, as determined by individual electrode mea-
surements vs. a Hg/HgsSO,4 standard electrode, Treat-
ment of the data to obtain 95% confidence level esti-
mates of the mean cell capacity resulted in improve-
ment in precision of the capacity decay curve. but not
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Fig. 1. Cell capacity vs. days on test at 60.0°C, room temperature
capacity, 13.3A (nominal 6-hr rate).
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enough to allow characterization leading to a lifetime
prediction (Fig. 1b). These data did show, however,
a general trend toward more rapid capacity decay
with increasing test temperature. End-of-life capacity
limitation was due to disintegration of the positive
plate grid, leading to abrupt failure. For the 60.0°C
cells this occurred beyond 216 days on test; it was not
included on the curves of Fig. 1 due to the much lower
confidence levels with which mean capacity values
could be estimated for cells near end of life.

Periodic plate expansion data.—The positive plate
expansion displayed a similar trend, with most highly
expanded plates found in the highest temperature test
bath. However, the results (Fig. 2) were mixed, pre-
cluding interpretation to yield any lifetime prediction.

Antimony migration.—The corrosion of the lead-
antimony positive grid, accompanied by subsequent
migration of soluble antimony-containing species, can
be accurately monitored by direct periodic analysis of
antimony pickup in the active material under ideal
circumstances. Figure 3 demonstrates that test con-
ditions are less than ideal, however, yielding antimony
pickup curves showing such irregularities as concen-
tration crossovers between discrete test temperatures
and concentration maxima at approximately half-cycle
life. No quantitative interpretation of these data was
possible in terms of the experimental goal: prediction
of room temperature cycle life. Qualitative interpreta-
tion is included in the Discussion section.
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Fig. 2. Positive plate expansion during accelerated testing
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Fig. 3. Antimony absorption in PbO2 (positive) and sponge Pb
(negative).
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Corrosion depth.—Residual grid thicknesses, after
removal of corrosion layers, yielded estimates of mean
corrosion depth. Initial measurements, involving a
total of four measurements along the grid frame (Fig.
4), were insufficient to describe a precise corrosion
depth vs. time curve. The average of 14 measurement
points per grid improved precision of the estimated
mean to =0.001 cm at a 95% confidence level. These
estimates of the mean corrosion depth were plotted as
points for purposes of curve fitting (Fig. 5).

The function corresponding to these curves was of
the type

Corrosion depth = kt*

where t = time on test (days) and, k = a tempera-
ture-dependent constant, with a sensitive response to
temperature change such that log k is a linearly de-
creasing function of the reciprocal test temperature in
degrees Kelvin. The best fitting value of the tempera-
ture-independent constant x, as determined by least
squares approximation, is * = 0.67. Figure 6 illustrates
this result and also specifies the k values correspond-
ing to each test temperature, using x = 0.67.

The log-linear extrapolation of these k values (Fig.
7; Appendix D) leads to an estimate of 4.42 X 10—4 cm
days—067 for k at 25°C. The 95% confidence interval
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Fig. 4. Grid corrosion during accelerated testing, 82.2°C. Four-
point grid thickness measurements, and 95% confidence limits for
mean value corrosion depth.
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for this estimate would span from k = 4.30 x 10—4 to
k = 452 X 10~¢ cm days—967,

A solution was obtained for estimated time at room
temperature to corrode to a target depth of 0.035 cm
for the charge-discharge cycle routine employed (Fig.
8; Appendix D). The target corrosion depth was esti-
mated from corrosion measurements of similar plates
bench-tested at room temperature according to interim
federal specification W-B-00133B (GSA-FSS), per-
formance test No. 2. In this test, and in field service,
lifetime end-point is characterized by disintegration of
the positive grid, the life-limiting component of the
lead-acid cell on normal duty. In the accelerated test,
the positive grid fails in the same manner. The extent
of positive grid disintegration and the microscopic and
crystallographic structure of the PbO; corrosion layers
are equivalent to those which are found in cells cycled
on long-term bench tests and cells in field service.

The assumption was made that casting quality for
the room temperature, reference grids was substan-
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Fig. 8. Depth of corrosion vs. days on test

tially the same as for the group of positive castings
employed in this accelerated test. This 0.035 cm depth
of corrosion should, however, be viewed as a flexible
target in a finalized life test, subject to changes reflect-
ing casting quality, grid geometry, grid composition,
etc. For this accelerated test, assuming practical
equivalence with the reference grids, calculation
yields a predicted lifetime of 680 days +4%, —3%.
Converting to number of charge-discharge cycles, the
corresponding 95% confidence statement is 1260 cycles
+4%, —3%.
Discussion

Cell capacity vs. life—During the test, some cells
failed for reasons unrelated to the test objectives
(shorts, loss of contact from lugs to posts, etc.). Also,
progressive degradation evidence, specifically positive
and negative plate voltages, did not consistently show
that the positives were always failing preferentially.
In cases of abrupt failure, such cells were removed,
repaired, and returned to test if possible; if not, then
removed permanently and disassembled to record tem-
perature-dependent control parameter data (plate ex-
pansion, antimony migration, grid corrosion). In cases
of gradual failure, lowest capacity cells were perma-
nently removed and examined similarly at the pro-
grammed 50-100 cycle intervals. Although ultimate cell
failure was due to sudden positive limitation, the ca-
pacity decline shown in Fig. 1 embodies substantial
contributions from causes such as negative limitation,
sediment and moss shorting, etc. Therefore, capacity
curves, as taken on this test, are viewed as indicators
of general cell performance, and not specific for the
positive plate.

In all cases, however, the test was unaffected by
these extraneous effects due to its inherent design,
which called for exclusive monitoring of critical posi-
tive plate temperature-dependent control parameters.
Thus, even if a cell had been abruptly removed for
post failure, the critical data, e.g., grid corrosion, could
be taken and employed as valid for that particular
point in cycle life. Therefore, the progress of, e.g., grid
corrosion during cycle life should be viewed as data
collected on a partially selective, partially random
basis.

Since the grids and plates were constructed as
uniformly as possible, these data are considered to be
representative of positive plate degradation for the
entire group. Further, positive plate degradation is
identified as the life-limiting mechanism in the lead-
acid cell in deep discharge service. Consequently, the
measured control parameters, particularly depth of
corrosion, are viewed as related to critical normal
service degradation, while cell capacity data is con-
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fused by extraneous and less significant failure modes.
These extraneous modes, though extremely tempera-
ture sensitive in themselves, do not affect the tem-
perature dependence of corrosion of the positive grid.

Plate expansion vs. life—Prior work in the litera-
ture had indicated that simple plate growth could be
correlated with plate lifetime. Lander (4) cycled
strips of Pb-6% Sb and Pb-4.5% Sn about typical posi-
tive plate potentials twice a day in 30% H»SO4 at 49°C.
He measured regular increases in strip length with
testing time, reporting up to 3% elongation. Cannone
et al. (2), working with cells for telephone service
in an elevated temperature range of 60°-93°C, showed
that pure lead grids on constant potential charge ex-
panded regularly in width in a parabolic fashion and
that lead-antimony grids expanded along a linear
curve.

The behavior of our lead-antimony grids was ana-
logous to these two prior studies. However, because of
the tendency of our grids to corrode completely
through along fault lines, then to spring open abruptly,
no smooth growth curve could be measured. If grid
castings showing more regular growth are tested, di-
rect nondestructive growth measurements could pro-
vide a lifetime prediction test with a minimum of test
samples. An analysis of precision would be required,
however, to establish the merit of this approach rela-
tive to the depth of corrosion approach.

Antimony migration wvs. life—Corrosion of lead-
antimony positive grids in the lead-acid storage cell
produces either PbO, or PbSO,, depending on state of
charge. Both are essentially insoluble, and remain in
place in the positive plate. The antimony component
of the grid alloy is quite soluble in H2SOy4, forming the
anions Sb(S04)2~, SbOSO4~, and Sb3O¢3~, as pro-
posed by Dawson et al. (5,6). Adsorption of antimony
on active material crystal surfaces is believed to occur,
affecting crystalline growth habit on charge and dis-
charge. Such adsorption is also viewed as the reason
why antimony content of the positive active material
increases so markedly with increased grid corrosion.

Anionic transfer to the sponge lead negative plate,
and subsequent adsorption there leads to a lesser con-
centration buildup in the negative active material,
compared with the positive, PbO; electrode. The well-
known “poisoning” effect of Sb in the negative elec-
trode is shown here to be associated with antimony
accumulations well below antimony levels present in
the positive plate. While positive plate voltages in-
dicated that performance was virtually independent of
antimony level, negatives showed decreasing voltages
early in cycle life. Concentrations of antimony in the
electrolyte itself are negligible, so that almost all
antimony, though considered to be soluble, is associ-
ated with the solid phases of both electrodes.

If total antimony pickup in the active material can
be determined, then, by direct analysis of the active
material, a measure of grid corrosion would result.
The irregularities found in the test are interpreted as
being primarily due to inhomogeneous antimony levels
in the cast grid alloy. Antimony-rich phases are
known to be discrete entities in cast Pb-Sb alloys,
existing in regions between the predominant, lower
antimony grains. This work indicates, however, that a
further change in composition occurs as corrosion
strips away the outer surfaces of the cast grid, with
significantly lower antimony concentrations found at
levels approximately 0.025-0.030 cm below the surface.
The peaks in the curves of antimony concentration vs.
time on cycle life (Fig. 3) correspond to such a view.

In addition to these radial concentration gradients
in the grid bar cross section and the concentration
segregation inherent in the two-phase Pb-Sb alloy
structure, a third effect is known to exist: the evolu-
tion of stibine gas, SbH;, from the negative electrode
while the cell is in the charge mode, could reduce the
estimate of grid corrosion depending on the efficiency
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of stibine synthesis. This effect, in combination with
the radial concentration model, accounts for negative
curve slopes beyond 300 cycles.

Corrosion depth wvs. life.—Test precision—As the
data of Fig. 5-8 demonstrate, the precision of this ac-
celerated life test is considerably better than typical
precision in lifetime prediction currently achieved in
standard, long-time industrial testing (~ = 20% at
95% confidence level). It is possible to identify the
factors chiefly affecting precision from the derived cor-
rosion function

C = mean depth of corrosion = kgs°ct®

when C is a targeted value, and being defined, does
not limit precision. X, once derived, is employed as a
constant which does not affect precision, only accuracy.
This simplifying assumption is justified in the same
way as other work, e.g., when ideally linear (x = 1)
or ideally parabolic (x = 2) functions are assumed to
describe phenomena. Therefore, only kasec has inherent
limitations of precision when solving for t.

Examination of Eq. [A-9], Appendix D, shows that,
if the temperatures are fixed, and precisely measured
(= 0.05°C) within the span of temperatures available
in the test, then the estimate of the variance of the
quantity R In k (where R = 1.9872, the gas constant)
and the degrees of freedom in the t statistic are the
two factors influencing precision. In this three-tem-
perature experiment (three degrees of freedom), two
degrees of freedom are used up, due to the fact that, in
solving for the least squares log-linear extrapolation
of k, two unknowns, the slope E and the intercept R
In A are involved. Since this leaves only one degree
of freedom to define the t statistic, the corresponding
tabulated t statistic for 95% confidence limits is 12.7.
Inspection of the t statistic tables shows that, for a
four-temperature experiment, the term before the
square root sign in the precision expression [A-9], is
reduced to 4.3 since the t statistic can then be based
on two degrees of freedom. For better precision, then,
data should be grouped into four temperature groups.
For industrial testing, which may involve only two
temperatures, the cells should be grouped into equal
samples of duplicate temperatures to yield at least four
temperature groups, provided the variance of R 1ln k
does not increase too rapidly.

The estimate of the variance of experimental values
of R In k with respect to the corresponding least

A

squares values, R 1In k
8

n—2

A
2 (RInk — RInk)2

also decreases significantly as m, the total number of
temperature groups, is increased from 3 to 4 or more.
The difference term within the summation: (i) de-
creases with increasing accuracy in temperature mea-
surement, (ii) decreases with increasing precision in
temperature measurement, (iii) decreases with in-
creasing uniformity of replication in the entire lot of
positive plates employed in the test cell group, and
(iv) decreases with increasing uniformity of replica-
tion of cell cycling parameters, e.g., A-hr discharge,
A-hr charge, shape of charge curve.

If means can be found to avoid rapid negative sulfa-
tion, and thereby extend the temperature range of this
test, precision can be further improved.

The corrected sum of squares in Eq. [A-9]

2(5) -5 (23)

increases with increasing temperature range. Since this
term is a denominator, it therefore increases the pre-
cision as the range of temperature increases.

The question arises: Why not collect the experimen-
tal corrosion depth data at a single temperature, pref-
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erably at room temperature, and simply extrapolate
the experimental room temperature curve to a tar-
geted depth of corrosion? The answer is that this ele-
vated temperature test magnifies the form of the cor-
rosion function so that it can be identified and pre-
cisely specified at room temperature. Any room tem-
perature experiment must be carried out nearly to
end-of-life to achieve the same precision. Experience
and analysis show that curves derived from direct
room temperature measurements over the shorter
period of time involved in this accelerated test lack
the precision needed for satisfactory lifetime predic-
tion. This is because, while the precision of the mea-
surement data is constant, the actual values of corro-
sion depth decrease exponentially with decreasing
absolute temperature.

Consequently, as an example, direct room tempera-
ture corrosion curves of differing grid alloys would be
practically indistinguishable from each other; perhaps
also even from a straight line over the first 200-300
charge-discharge cycles. Such room temperature curves
are readily and precisely characterized with respect to
k and x by extrapolation of high temperature experi-
ments, thus revealing critical differences in calculated,
room temperature, lifetime estimates.

It is appropriate to ask whether the predicted, room
temperature, corrosion function has been experimen-
tally demonstrated out to a point in cycle life where
meaningful precision can be obtained. To make such a
comparison it is assumed that the room temperature
control cells will ultimately demonstrate the 0.035 cm
mean depth of corrosion exhibited by the high tem-
perature test groups and by prior bench testing of
similar production cells. Three five-plate cells from the
original test group, which were cycled at room tem-
perature, obey the calculated corrosion function to
within 0.001 cm at an estimated one-half cycle life to
date, thus providing reasonable agreement of theory
with experiment.

Testing time.—If subsequent test results on other
types of cells and materials show that corrosion func-
tions repeatedly turn out to be of the form

= ki

then the taking of samples for corrosion depth mea-
surements need not be conducted all along the curve,
but merely at one point, sufficiently far along to per-
mit acceptable precision in lifetime prediction. Given
a test closely controlled as outlined above, with a
group of cells all constituting faithful replicas of each
other, excellent precision should be obtainable in
4-6 months testing time. However, any experiment
with a different form of corrosion function would
necessarily involve a full complement of cells being
periodically extracted from test and measured to de-
scribe the exact form of the corrosion function until
such time as actual failure occurs.

Number of specimens—Five-plate cell variability is
significant enough to require four or five such cells in
each of four temperature groups for tests involving ex-
traction from test and measurement at a single point
in life (¢ = kt® assumed). As an alternative, the equi-
valent number of positive plates in fewer cells with
more plates would serve the same purpose.

Asymmetrical upper and lower bounds in predicted
life.—Adapting Eq. [A-8], Appendix D, to solve for k

1
E(——) RInA
T i

R

Ink =

it is evident that the upper and lower bounds obtained
in the least squares estimate of E, at 95% confidence
limits, yield a corresponding upper and lower bound
expressed in In k; not k itself. As a consequence, trans-
lation of these derived limits, which are symmetrical
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about In k, results in asymmetrical limits about k
itself.

The significance of this lies simply in the Arrhenius
model which was originally assumed (Eq. [A-5], Ap-

pendix D)
b
k= Aex (—)
B T

where it can be seen that any symmetrical uncertain-
ties in either temperature or Rb (‘“‘activation energy”)
result in logarithmically related uncertainties in k.

As a practical application of this, it can be pointed
out, for example, that temperature overestimation is
more damaging to accuracy than temperature under-
estimation. Conceptually, the range of values of pre-
dicted life may be visualized as a probability distribu-
tion skewed to the right with the mode located to the
left of the predicted value of lifetime.

“Activation energy,” E.—The slope in Fig. 7 is charac-
terized as an activation energy to conform to estab-
lished practice and to provide a preliminary criterion
for the identification of the type of rate control which
prevails. It should be noted that true charge transfer
activation energies generally lie in a range above 5000
cal/mole. At 3120 cal/mole, it is difficult to distinguish
from the case of diffusion limitation. However, it is
evident that the over-all effect of cyclic operation of
the positive plate of these lead-acid storage cells is to
bring about progressive anodization of the lead alloy
current collector with the corrosion depth curve tend-
ing toward a diffusion-limited value (Fig. 8). E, then,
may alternatively be viewed as related to a character-
istic concentration overpotential.

Conclusions

High temperature charge-discharge cycle testing of
lead-acid cells can yield a prediction of room tempera-
ture cycle life in as quickly as 4 months. The logarithm
of cell lifetime decreases linearly with the absolute
temperature.

Measurement of positive grid corrosion depth as
a function of temperature yields a corrosion function
characterized by one temperature-dependent constant.
The value of this constant at room temperature is spe-
cified by a log-linear extrapolation. An experimental
design employing 16 five-plate 80 A-hr cells at each
of three different temperatures permits a +4%, —3%
precision in lifetime prediction at a 95% confidence
level.

This technique of elevated-temperature corrosion
function analysis permits charge-discharge cycle life
prediction capability of unprecedented precision and
speed.
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APPENDIX

A. Estimation of Mean Depth of Corrosion

Grid corrosion depth during cycle life was estimated
by subtracting the average residual grid thickness

January 1975

n
— 1
Yy=— E Yi [A-1]
n i

from the average initial grid thickness (y,) after
formation and initial capacity determination, then
dividing by two. The mean value estimate of corrosion
depth obtained in this way was characterized with re-
spect to precision at a 95% confidence level by em-
ploying tabulated values of the t statistic (3) in the
following expression

go —Y ; =
—— estimates n = mean value =+ t,,0.025 —
n
where t,0025 = tabulated values for 95% confidence
limits, » = degrees of freedom (n — 1), n = total

number of observations in a sample of grids, s2 = esti-
mate of the variance of the data

i— Y2,

and y = observed values for corrosion depth.

The number of observations, n, was increased until
the 95% confidence level precision of the estimate of
the mean value of corrosion depth approached 0.001
cm, comparing with the precision of the micrometer
(0.0005 cm). To do this, up to 30 individual residual
thickness measurements were made per grid.

B. Estimation of Power of t in Corrosion Depth Function

It was observed that the estimated mean grid corro-
sion depth obeyed a time and temperature-dependent
function of the form

C = corrosion depth (cm) = kt* [A-2]
where k = a temperature-dependent constant, t =
time (days), and x = a constant, with no apparent
temperature dependence.

Taking logarithms
logC =1logk + xlogt

" In a least squares analysis of the data (7), x is given
y

1
ZlogtlogC — — (Zlogt) (£log C)
e " - [A-3]
Z(logt)2 — — (Zlogt)2
n

where n = the number of t data points.
The best fitting value of x was taken as the average
x over all three temperatures employed in the test

Xsgo.9°c = 0.694

Xr02:c = 0.635
Xeo0c = 0.693
X =067

For purposes of precision analysis, this value, ap-
proximately 2/3, was considered to be a temperature-
independent, constant exponent not affecting precision.
A similar assumption is commonly employed in many
curves which are arbitrarily fitted to strictly linear or
quadratic models.

C. Estimation of k" in Corrosion Depth Function

The constant k was then specified for each tempera-
ture by solving

logk =log C — 0.671logt

The results yielded three corrosion functions

[A-4]

82.2°C: C = corrosion depth (cm) = 0.00103 ¢°67
70.2°C: C = corrosion depth (cm) = 0.000883 t0-67
60.0°C: C = corrosion depth (cm) = 0.000767 ¢0-67

The adequacy of the model to represent the data is
demonstrated by Fig. 6.
D. Determination of Precision of the Log-Linear Extrapolation of “k"

The decrease of k with respect to temperature con-
formed to an expression of the type
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b
k = A exp (—) [A-5]
T
where T = absolute temperature (°K) and A, b =
constants.

The best fitting value of b was expressed as an ac-
tivation energy, E cal/mol, by multiplying by the gas
constant, R = 1.9872 cal °’K—1 mole—1.

Taking logarithms

ES

Rlnk:RlnA—|—E( T) [A-6]

Least squares analysis leads to the following expres-
sion .

Rlnk 1 1
(25 )- (2 5)(Zrme)
T n T
E—= [A-T]
(7)) -2(3%)
T n T
where n — 3 for this case involving three tempera-
tures. In A is obtained by straightforward substitution

of average experimental data points, ("), in [A-6]

InA = [A-8]

permitting subsequent estimation of k at room tem-
perature from [A-5].

The precision of the derived value of E is: 95% con-
fidence level precision =

A
Z(y — y)?

[2(3) -2(3%)] 5

[A-9]

= ty,0.025
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where y = experimental value of R In k, ;; = least

A
squares predicted value of R In k, 2(y — y)2 = esti-
mate of variance, and

2 1\2 I 2 1\2
— oy — = corrected sum of squares.

T n B

The maximum and minimum E values yield corre-
sponding maximum and minimum predicted room tem-
perature k values, from [A-5] and [A-8], in this case
at a 95% confidence level.

E. Determination of the Precision of Room Temperature
Lifetime Prediction

Maximum and minimum k values at room tempera-
ture are employed in [A-2], assuming 0.035 cm depth
of corrosion, corresponding to field service and bench
failure; solving for t. These room temperature, cycle
lifetimes, therefore, represent the span of predicted
values generated by 95% confidence level data.
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The Existence of Multiple Steady States
during Differential Aeration Corrosion
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ABSTRACT

A method of calculation has been developed for predicting the multiple
steady-state current distributions which may exist along a metal surface
undergoing localized attack by differential aeration corrosion. The calcula-
tional method is capable of finding all such multiple steady-state solutions.
A compilation of those regions of parameter space within which highly
localized attack is likely has been carried out for the model system.

Owing to differential aeration the local rate of cor-
rosion along a metal surface may be highly nonuni-
form, especially if the metal exhibits passivity. The
problem of determining the location and the local rate
of corrosion attack corresponds to elucidating the de-
tails of the current flow between the anodic and cath-
odic regions which occur simultaneously on the metal
surface. That is, one needs to know the current dis-
tribution. Whereas electrochemical current distribu-
tion problems originated in attempts to predict the
over-all current-voltage behavior of electrolysis cells,
such studies have also been conducted on corrosion-
like configurations of fixed anode/cathode geometry

* Electrochemical Society Active Member.

** Electrochemical Society Student Member.

Key words: corrosion, differential aeration, current distribution,
mathematical model, bipolar electrode.

as briefly reviewed in Ref. (1). More recently, current
distribution calculations have been conducted on cor-
roding systems wherein multiple electrochemical re-
actions occur on localized net anodic and cathodic
areas, which coexist on adjacent regions of a single
conductive surface. For simple configurations, such
“bipolar” current density distributions may be com-
puted once the system parameters have been specified
(i.e., properties such as electrolyte conductivity, oxy-
gen availability, electrode reaction kinetics, system
geometry, etc.). Corrosion of rotating disks (2,3)
has been shown to occur with nonuniform rates
wherein one portion of the disk is passive while an-
other portion corrodes actively. The study of aeration
corrosion under barrier films of variable thickness
(1, 4,5) has shown that more than one steady-state
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current distribution may be expected to exist for a
single set of system parameters; some of these multi-
ple steady-state corrosion distributions suggest the
possibility of highly localized corrosion. However,
the numerical methods employed in the foregoing
studies were not well suited for determining how
many such multiple solutions exist. Therefore the
following investigation has been conducted with two
goals in mind. First, a different computation method
has been employed which is capable, for a given set
of system parameters, of finding all possible steady-
state current distributions. Second, a compilation has
been carried out of all regions of parameter space
within which highly localized corrosion may be antici-
pated for the model system under study. The results
therefore contribute toward design of corrosion sys-
tems so as to avoid altogether those potentially
hazardous situations where localized attack is likely.

Derivation of Model

The corrosion system to be investigated, shown in
Fig. 1, is identical to that studied by other methods in
Ref. (1). Readers may examine that reference for
more extensive introductory remarks than are pro-
vided here. The metal is covered by an electrolyte-
moistened barrier of locally variable thickness. Oxy-
gen diffuses through the barrier layer to the metal sur-
face, which corrodes. Both oxidation and reduction
reactions occur everywhere along the corroding sur-
face. In many cases, however, the local oxidation rate
may exceed the local reduction rate, thus creating
a local net anodic region. Similarly, local net cathodic
regions may also arise. Electrical current flows in the
barrier laye