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SOLID OXIDE TECHNOLOGY VENTURE

Report 85-9V11-SPONE-R1

PROGRAM TO ANALYZE THE FAILURE MODE OF
LEAD-ACID BATTERIES

by

D. Zuckerbrod

Abstract

The electrical characteristics of large lead-acid cells from nuclear
power plants were studied. The overall goal was to develop non-destructive tests
to predict cell failure using this easily obtained information. Cell capacitance,
internal resistance, reaction resistance for hydrogen evolution and cell capacity
were measured on a lead-calcium cell in good condition. A high float voltage and
low internal resistance were found to correlate with good cell capacity in cells

selected from a set of six lead-antimony cells in poor cordition.
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STUDY BACKGROUND

Lloyd L. Bonzon
Sandia National Laboratories

sandia National Laboratories is currently under contract to the
United States Nuclear Regulatory Commission to study the
degradation and failure modes of Class 1lE, safety-related,
equipment used in nuclear power stations. One aspect of the
effort is the interest in the significance of aging and the
subsequent survivability of stationary emergency power batteries
when exposed to a simulated seismic event.

The list of "Related Publications in This Series” is indicative of
the overall program goals:

- To determine seismic failure modes and thresholds, primarily
using naturally-aged cells.

- To select the dominant aging mechanism(s) through this testing
experience, other test experience, and expert evaluations.

- To compare the response of naturally-aged cells to the
response of new cells aged by the accelerated methods
described in IEEE Std. 535-1979 and compare dominant failure
modes in both cases.

- To determine appropriate accelerated aging methodologies for
the dominant failure mode(s).

- To demonstrate those accelerated aging methodologies through a
specific demonstration test program.

- To make final recommendations for appropriate
accelerated-aging methodology(ies) for nuclear station
batteries.

- To develop in situ testing methods that can predict the
remaining age and seismic "tolerance" of batteries.

The study documented in this report is aimed at the last goal, and
represents an initial attempt to assess battery cell "condition"
through a correlation (and model) of cell output with its
electrical characteristics. A result may be a nondestructive
test(s) that could predict cell susceptibility to seismic-induced
accelerations.

It is important to realize that this study was limited in scope to
simply investigate the potential for such correlation. The
available samples and the economic realities preclude a more
thorough study and definitive conclusions at this time. However,
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it is also important that the work done to date be reported so
that it receive peer dissemination and be available to serve as a
bases for other similar efforts, independent of how they are

pursued in the future or by whom.
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1. SUMMARY

While the failure modes of lead-acid cells are extensively described in
the literature, failure under actual use conditions is difficult to predict by
mathematical modeling alone due to the complexity of their individual histories.
The ultimate goal of this program was to identify, validate and integrate various
nondestructive testing techniques into a simpie go/no-go test for determining
when lead-acid cells should or must be replaced in nuclear power plants before

~ failure occurs.

A total of seven specimens were examined; one lead-calcium cell,
approximately 12 years old and in substantially good condition, and six lead-
antimony cells, about 12 years old and .severely decayed in performance. The
lead-calcium cell was examined in detail. Cell capacitance, internal resistance,
polarization profile and 8 and 3 hr. rate capacity were measured. Three plate
tests were run on representative plates as well. The data obtained provided

baseline information on a cell in substantially good condition.

The six lead-antimony cells had been damaged by chronic
overcharging due to an error in their maintenance specification. Their internal
resistance, float voltage, and reaction resistance for gassing were measured.
Capacitance measurement were elusive due to the extreme degradation of the
cells. Predictions of cell capacity on the basis of float voliage and internal
resistance correlated qualitatively with the cells’ actual 8 hr. capacity, the *good®
cell having a 42% of nameplate capacity and the *bad® cells having a 10 and
7% capacity. On this Basis, it is felt that the first phase of this program has been
successful in identifying easily measured parameters which are indicative of cell

condition (capacity).



2. RECOMMENDATIONS

Obtain several new, used and failed lead calcium cells and examine their

electrical properties to verify and extend the performance model.

Specify and perform a simple on-site battery analysis on a bank of

installed cells and correlate with deep discharge test records.

Compile the above information and recommend a non-destructive go/no

go test for large lead acid cells.

The data and information gathered in this initial phase of the work
should be expanded to investigate a broader sample base for analysis. At
this point there is a reasonably high probability that a predictive model
for these cells in this mission can be established and defined in detail.



3. INTRODUCTION

Lead-acid batteries fail, in general, from one of three main causes (in
order of their frequency):

1. Expansion of the positive grid,

2. Loss of active material from the positive plate (other than that due to

positive grid expansion), and

3. Loss of capacity due to changes in the morphology of the active
material of the positive plate.

The first failure mode, expansion of the positive plate, is the most
prominent mode of failure of a lead-acid battery on the nearly constant float duty
of an emergency power source. The first studies published on this system were
done by Willihnganz! and Cannone and coworkers? in the late 1960’s. This work
concluded that the rates of conversion of the positive grids to lead oxide and the
concomitant expansion of the plates for lead, lead-antimony, and lead-calcium
grids are exponential with temperature. This exponential relationship arises
because the rate of the corrosion is activation-energy controlled and the corrosion

rate therefore follows an Arrhenius-type relationship,3

L, =1 exp(E/RT) ~ (1)

corr

where E_, the activation energy for corrosion, is approximately 10.5 kcal/mole for

lead-calcium grids.

The expansion of the positive grid causes the loss of active material
due to loss of electrical contact between the grid and the active material and

therefore a loss in capacity. The conversion of the grid to the oxide also manifests



itself as an increase in plate resistance or impedance, and strain on the battery
case due to the volume increase of the positive plate. The combination of these
effects will contribute in varying degrees to the eventual failure of the cell. Work
at Westinghouse by Maskalick? in the early 1970's showed that the rate of failures
as defined by a loss of capacity and the corrosion of the positive plate also
increases with the number of discharge cycles and the depth of discharge as well

as with temperature.

The second mode of failure of the lead-acid battery is due to shedding,
the loss of electronic contact between the active material and the positive grid.
Excessive gassing, frequency of cycling, and expansion of the positive plate all
contribute to shedding. However, this failure mode is not solely due to positive
grid corrosion, and therefore tests based only on positive plate corrosion could
incorrectly predict too long a lifetime for a cell which fails due to shedding.

The third type of failure is due to morphological changes in the active
material of the positive plate arising from discharging the battery while utilizing a
pulse waveform rather than being in a DC mode. (As an example, power
conditioning equipment may require that the battery be discharged in pulses
rather than continuously). A study by MERADCOM? compared the effect of
continuous discharge on a plate with the effect of pulsed (3 millisecond)} discharge.
They found significant coarsening of the active material of the positive plate in
the pulse-discharged batteries as compared to that of the constantly discharged
cells. Again, the time-temperature relation for prediction of cell life would not be
applicable to this failure mode as the mechanism of failure is not following the

rate-temperature relationship described by Equation 1.

The interactions of the various use components in the emergency

power system,

e the float voltage,
e the power output,
e whether ripple is imposed on the cells,

e the frequency of discharge, and



e the depth of discharge

all affect the life of the battery in more complex ways than the positive grid
expansion tests allow for or are capable of identifying using the present
procedures. Therefore, new, nondestructive procedures must be ileveloped to
predict what aging processes are occurring and how they will affect the

performance and lifetime of the cell with time.

The overall goal of the program, as we view it at Westinghouse, is to
develop and validate a less costly, less intrusive, and more dependable procedure
for checking the condition of large lead-acid cells. The work centered around the
correlation of cell condition (Amp-hour capacity and V-I performance) with the
cell's electrical characteristics (capacitance, electronic resistance, and reaction
resistance for gas evolution, and float voltage).

The batteries of interest tend to have an enormous electrical
capacitance (not to be confused with amp-hour capacity). For the large cells in
this study, it tends to be in the range of 1000 farads. The cell’s capacitance is
proportional to the real surface area of the interface between the active materials
on the plate and the electrolyte. This capacitance is measured by applying a
charge current step of about 1 amp to a fully charged cell while recording the
cell’s voltage response to this perturbation as a function of time. A lower than
expected capacitance will probably be indicative of a failure mode involving
shedding, plugging of pores due to morphological changes, or exfoliation from the
current collector grid.

The electronic resistance of the cell is interpreted as a measure of the
condition of the current collector grids, the integrity of the busses and the
attachment of the active material to the grid. A high electronic resistance, as
measured by a current interruption technique, would indicate failure by the above
modes rather than by those which would be indicated by a low measured

capacitance.

The reaction resistance for gas evolution is an independent measure of
the extent of "poisoning® of the cell with deposits of low overvoltage impurities

on the plates. Excessive gassing hastens cell failure by dislodging active material



from the plates, resulting in a low amp-hour capacity. It also increases make-up
water and float current requirements. The reaction resistance is obtained from
the change in steady-state voltage resulting from a step change in float current.
This, along with long term records of float current and voltage should give a
better picture of the cell's condition on float charge. The goal of this phase of the
program was to identify and quantify how these parameters can be used to
monitor the aging of the cell in a nondestructive manner. The overall goal for the
program is the development of a simple go/no-go test for use in determining when
the lead-acid cells should be replaced in the nuclear plant before failure occurs

while still maintaining the ability to perform the mission.



4. EXPERIMENTAL RESULTS

The first cell, designated as cell #8, from Ontario Hydro, arrived at
the R&D Center on October 24, 1984. It was a Gould lead-calcium cell, type
NCX-2250. It was immediately noted that the packing materials were wet with
acid, indicating a possible leak due to transportation. The cell was uncrated the
next day and it was ascertained that the cell was leaking slowly through the
bottom face. The skid was twisted off-square indicating that some impact had
occurred. The leak was slow enough that the electrolyte never dropped below the
tops of the plates. A repair was attempted as follows. A LuciteT™™ tray was built.
The cell bottom was neutralized with sodium bicarbonate, then 3% ammonia-
water and finally it was washed with delonized water and dried. The Lucite ™
tray was covered with 5 minute Epoxy-PatchTM and the cell was slid into it.
Finally the tray was filled with a 24-hour epoxy type potting material and was
left to cure over the weekend. Unfortunately the leaking acid prevented the
proper curing of the epoxy and the cell has continued to leak. For safety, the cell

was placed in a larger tray, which can be emptied periodically.

The electrical current requirements for cell charging and discharging
was provided by two 500A, 10V regulated power supplies, wired in parallel. A
resistive load bank was used to sink the cell energy during discharge with the
power supplies providing the current regulation. Cell voltage was measured at
the terminals with a 3 1/2 digit voltmeter, cell current was measured by a 10004,
50mV meter shunt and a 4 1/2 digit voltmeter. A permanent record of cell

current and voltage was provided by a two-pen chart recorder.

Due to the leak in the cell, additions of electrolyte were made as
needed. The make-up electrolyte was always adjusted to the specific gravity of
the cell at the time of addition. This may still lead to ambiguities over the
absolute meaning of specific gravity measurements as the cell is no longer a closed
system with respect to SO4'2. However, addition of electrolyte was the only

practical method of cell maintenance short of replacing the cell case.
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The specific gravity of the electrolyte in the cell as received was 1.135.
The cell was then given the specified *equalizing charge® to 2.45V. The specific
gravity increased to 1.225. Float current at 2.32V was ~0.5A. After 6 days on
float the cell was discharged at 700A. The capacity to 1.75V was 1458 Ah which
is 92% of the manufacturer’s specification of 1590 Ah for this rate. The
electrolyte temperature increased from 25°C to 30°C during the course of this
high current discharge. The discharge was continued further to 1.50V and this
yielded an additional 374 Ah to give a total capacity of 1832 Ah. The cell was
then recharged and floated for 7 days. The specific gravity of the electrolyte
reached 1.210. A second discharge at 280A (8 hr. rate) gave 2287 Ah or 102% of
the rated capacity of the cell.

The internal resistance of cell #8 was measured by a current
interruption technique at currents up to 50A. This consisted of interrupting the
cell discharge current using a fast (1 u sec) electronic switch and observing the
instantaneous rise in voltage using a oscilloscope triggered by the switch. The cell
contained 1.225 Sp. Gr. electrolyte, was fully charged, and had been floated at
2.30V. The internal resistance was .28-.31 m, measured repeatedly at various
currents. A polarization profile was recorded from 138A to 600A and back again.
(Figure 4-1). The dwell time at each point was 1 minute. The almost linear
shape of the curve suggested that the cell voltage was under resistance control in
this current range. This would be expected for a fully charged cell in good

condition.

The specific gravity of the electrolyte was then adjusted to 1.235, the
actual plant operating condition. The three-hour capacity (585A to 1.75V) was
1835 Ah or 106% of the rated capacity. A mercury/mercurous sulfate reference
electrode was used to measure separate electrode potentials. It was thereby
ascertained that the cell capacity was limited, as expected, by the positive

electrodes.

AC and transient techniques can yield the diagnostic information on
large cells without the need for lengthy, life-shortening deep discharges. The goal
is to establish a simple, practical test to determine electronic resistance, double
layer capacitance, and reaction resistance for local action under float conditions.
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The fully charged state has been chosen for study as any other condition would
require the rapid modulation or interruption of large currents with difficulties
related to the inductance of the circuit. As a first attempt, the equivalent circuit

has been designated as:

i

VWA

=)
¢

where Rl represents the electronic resistance of the cell, R, the reaction
resistance, and C, the cell capacitance. The time constant of the cell, r was
determined to be 45 sec by imposing a current step and recording the initial slope

of the voltage response with time.

1 1 (dV (2
= aviar Je=o - ’

The reaction resistance was determined to be 41 m by dividing the change in the
steady-state voltage due to the current step by the magnitude of the step.

R =f_‘.{ (3)

2 At

where AV is the change in steady-state voltage in response to a current step Ai.
The electronic resistance had been previously determined to be 0.3 m2. From

this, the cell capacitance (C) can be calculated to be approximately 1100 Farads.
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= -I—_:)— where R2>> R1 (4)
A .

From this value, and the rule of thumb that aqueous double layer capacitance is
on the order of 40 pF/ch, it can be inferred that the electrochemical surface area

of the cell is approximately 750 times the geometric area of the plates.

The next portion of the work dealt with the study of the condition of
individual plates. The top of the cell was removed to expose the busses and tops
of the plates. It was decided that more meaningful capacity measurements would
be made if the cell geometry was not disturbed by disassembly and re-assembly
into individual 3-plate cells. So the current busses were cut to yield four 3-plate
cells, two positive limited (1 positive plate, 2 negative plates) and two negative
limited (the reverse). One of each was outboard of the cell posts and one each
was between the posts. The capacities were measured at the presumed 3-hour
rate with each cell charged and discharged individually, while the rest of the cell
was fully charged and on open circuit. While this data may not be exactly
comparable to the discharge data for the whole cell, i.e., the specific gravity of the
bulk electrolyte remains high, it is felt that the capacity data is still valid and can
give an accurate comparison of the capacities of individual plates in the cell.
Single plate capacities for this 31-plate cell are nominally the total capacity
divided by 15, or at the three hour rate, 1755/15 or 117 Ah. The capacities
measured were as follows:

Position Polarity Capacity (Ah)
center pos. 181
outboard pos. 155
center neg. 187
outboard neg. 152

The capacities showed considerable difference between plates at the center and
plates toward the outside of the cell. This may be due to differences in acid

concentration arising from geometric effects on electrolyte convection.

The next group of cells were obtained from the Duquesne Light Beaver

-11-



Valley Plant on January 8, 1985. They consisted of 6 Gould NAX-1800 lead-
antimony cells, which were about 12 years old. They had been chronically
overcharged due to an error in their maintenance specification. They were wired
in series and placed on float charge. All cell cases arrived intact with no acid
leakage.

The string was given "equalizing® charge at 2.24V per cell for three

days preceeding the measurements below.

The electronic resistance of the cells, reaction resistance for hydrogen

evolution and float voltage are tabulated below. The reaction resistance was

calculated as Rr = (Bg Amps ~ Eys Amps)/41(2.8 Amps)’
Electronic Reaction Float
Resistance Resistance Voltage
Cell mo mo (2.2A)
14 44 10.71 2.156
15 .30 11.07 2.158
23 38 11.43 2.161
25 .30 9.64 2.161
28 48 10.36 2.157
50 .46 3.96 2.178

An initial attempt to measure cell capacitance was unsuccessful as the
voltage response to a current step did not follow a logarithmic curve as predicted

from the previous model.

A second attempt was made to measure the capacitance of several of
the NAX-1800 cells obtained from the Duquesne Light Beaver Valley Plant. In
each case, the voltage response from a step change in charging current did not fit
the previous model proposed for the lead-calcium cells. This can be attributed to
non-uniformity of resistance and/or capacitance across the plate. This gives rise
to a variety of time constants not previously seen in the lead-calcium cell, which
was in substantially good condition. These varying time constants are seen

electrically as an average which cannot easily be interpreted.

Another reason for the non-ideal electrical behavior of these cells, as

-12-



compafed to the lead-calcium cells, would be that the excessive gassing of these
cells disturbs the electrical *double layer® at the surface of the plates, preventing
interpretation of the V vs. time curve. This excessive gassing is indicated by a
float current of 1.48A for 2.17 volts per cell as opposed to .45A for 2.30 volts on
the lead calcium cell.

The cells which were to be checked for capacity were selected on the
basis of their float voltage and internal ohmic resistance, i.e., high float voltage
and low internal resistance indicated a good cell. At the 3 hour rate (468 amps),
cell voltage immediately fell below the 1.75 volt cut-off. The cells were therefore
discharged at the 8 hour rate {225 amps) to a 1.75 volt cut-off. The results are
shown below.

Cell Float Voltage R_, .. Rooact Capacity
(V) at 1.48A m0 m0 Ah %%
14 2.150 44 10.7 187 10.4
25 2.162 .30 9.6 764 42.4
30 2.150 .46 3.9 125 7.0

The resultant capacity measurements (Ah) indicate that high ohmic
resistance and low float voltage correlate with poor discharge capacity as
originally expected in the selection process, while reaction resistance, essentially
the slope of the polarization (I vs. E) curve for gas evolution, does not reliably
predict cell condition for these particular cells. This 1s not a generalized
conclusion but should be extended to determine the validity of the assumptions as

they relate to capacity and ability to perform the power plant mission.
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5. CONCLUSIONS

Float voltage and internal resistance appear to predict cell capacity, at
least in a relative sense. Low float voltage and high internal resistance correlate
with poor capacity. Measurement of float voltage is essentially a non-invasive
procedure, having no effect on the cells. Internal resistance can be measured by
interrupting a modest (50 amp) current. This procedure is far less energy
intensive and less damaging to the cells than the present deep cycling procedure
for determination of actual cell capacity. While, due to the limited number of
tests performed, it is difficult to draw a firm conclusion as to specific values for
pass or fail criteria, the evidence points to the value of these simple tests in the

prediction of cell failure.

The reaction resistance for gas evolution did not correlate with cell
capacity. This may be due to the ponlinearity of the V-1 curve in the gas
evolution region. A more detailed analysis of this curve would be required to

AV

establish this parameter rather than a simple calculation of an arbitrary 537 value.

Cell capacitance was difficult to measure in the lead-antimony cells.
This may be due to their very poor condition giving rise to non-uniformities not
accounted for by a simple equivalent circuit model. The inherently low
overvoltage for hydrogen evolution for lead-antimony cells may have contributed
to this behavior. The capacitance of the lead-calcium cell was in the range
expected for this type of device. No specimen was available for comparison;
however, thus no conclusion can be reached regarding its correlation with cell

capacity.

Thus, with the correlation of two-cell electrical parameters, float
voltage and internal resistance, with cell capacity, it is felt that the goals of this
phase of the project have been met. Additional work will be necessary to develop

a statistical basis for the correlation. Examination of more specimens will be

-14-



necessary to determine if cell capacitance also would be a useful parameter in the
development of a simple, rapid, benign qualification test for large lead-acid cells
used in nucléar power plants.
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