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Summary

A.C. impedance measurements are demonstrated to be very effective in
assessing the quality of reserve activated battery cells during fabrication. The
mmpedance of four-cell bipolar batteries was measured over the frequency
range 0.1 - 20 kHz. A parallel RC circuit was determined to be a good model
for the unactivated cells. Capacitance is a sensitive measure of cell spacing
consistency. Unmiform and defect-free cells have a variation of 3% 1n
capacitance, and a sensitivity analysis of capacitance to cell spacing shows
that this 1s equivalent to a *1.5% variation in cell spacing. Bode plots
1dentify defective cells with high resistance shorts not detectable through
capacitance measurements.

Introduction

The development of high energy and high power batteries has received
a great deal of attention m the last few years, particularly with the emer-
gence of hithrum-based systems. One design for high power applications 1s a
bipolar reserve activated construction i which the basic umt contains a large
number of senes-connected cells. The final battery configuration may
contain as many as 1000 or more cells with individual cell thickness 1n the
submilhmeter range. With this number of closely spaced cells, there 1s a clear
need for a method of assuring cell quality both during and after fabrication
In order to meet both electrical performance and safety goals. The require-
ment for cell quahity assurance 1s not hmited to systems of this design for 1t
can be extended to other systems as well
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One measure of cell quality during fabrication is the d.c. resistance of
the dry cell. While this procedure will detect some defects, primarily mternal
shorts, 1t 1s not sensitive to other potential problems such as incorrect cell
spacing or Incorrect components. On the other hand, capacitance measure-
ments [1, 2] have been used successfully as a measure of cell quality. In
general, cell capacitance 1s sensitive to both low resistance internal shorts
and cell spacing, but is mnsensitive to intermediate-level shorts.

Given the comphmentary nature of the resistance and capacitance data,
1t was decided to explore the possibilities of using the more general a.c.
impedance methods where both can be determined simultaneously in order
to mmprove further the technmques of cell quality assessment. Should this
prove useful, a computer based data aqusition system would make cell
quality assessments reliable, rapid, and routine. This communication presents
the results of an 1mitial exploration.

Experimental

Test vehicle

Impedance measurements were made as a function of frequency on
four-cell bipolar stacks. The nickel bipolar plates were 0.114 m in diameter
and 5.1 X 1075 m thick. Porous cathodes were fabricated from Shawinigan
carbon black. In place of an active anode material stainless steel sheets were
used. These were cut to the same dimensions and were 7.6 X 10~° m thick.
In the results reported here two separator systems were examined. a single
layer of ceramic paper and a composite of three layers consisting of a layer
of fibrous hemp against the cathode, a layer of 2.5 X 10™* m unwoven glass
fiber paper, and a layer of microporous polypropylene. Only three of the
four cells n any one stack could be measured since one end of the stack had
a plastic plate used for visual observations in other experiments.

Instrumentation

An Hewlett-Packard 4276A LCZ analyzer was used for the measure-
ments. This instrument has a frequency range of 0.1 - 20 kHz Spring clip
probes were connected to small tabs spot welded onto the mmdividual bipolar
plates. The magnitudes of the impedance and phase angle were recorded at
13 frequencies between 0.1 and 20 kHz.

Results and discussion

Discussion of the experimental results will be in terms of the relation
between cell capacitance and cell umformity and the effect of cell defects on
the overall impedance characteristics. The determination of these depends on
the equivalent electrical circuit which, in turn, can be estimated from the
frequency dependent behavior of the cell.
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Equuvalent circuit

An unwetted cell would be expected to behave as a parallel RC com-
bination, since, In essence, 1t consists of two electronic conductors separated
by a dielectric. Data from defect free cells confirm this expectation. Figure 1
is a plot in the admittance plane of the data for three defect-free cells and
shows a linear correlation between the imaginary and real components with
the angle of the lines to the real axis slightly less than 90°. This 1s ;n accor-
dance with the frequency response of a parallel RC circumit. There 1s some
departure from 1deal RC behavior in the system. The admittance plots have
a slight curvature at low frequencies and the angle of the lines to the real axis
18 not exactly 90°. This non-1deal behavior can be attributed to frequency
dependent energy loss mechanisms in a real system which are not due solely
to d.c. resistivity [3 - 5].

All the cell data showed smmilar behavior and thus, initially, a simple
parallel RC network was taken as a reasonable basis for further analysis of
the data.
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Fig 1 Data for 3 identical cells plotted in the admittance plane The nearly vertical lines
indicate the cell can be modelled with a parallel RC circuit (Note scale change between
ordinate and abscissa ) O, Cell 25-1, A, cell 25-2, O, cell 25-3
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Capacitance and cell uniformity
Given the parallel RC network model, capacitance is directly calculated
from the impedance and phase angle as

C=smb/wZ (1)

where C 1s the capacitance in farads, § 1s the phase angle, w 1s the radial
frequency and Z 1s the magnmtude of the impedance mn ohms. The capaci-
tance for a set of defect-free cells of the same design 1s quite consistent at all
frequencies, with a standard deviation of about 3%. This 18 shown 1n Table 1
for data measured at 20 kHz. The excellent capacitance reproducibility for
1dentically constructed cells 1s encouraging as a measure of consistency. This
alone 1s important, but 1t 1s also important in establishing the sensitivity of
the method to anomalous cell spacings.

An estimate of the sensitivity of capacitance to total cell spacing 1s ob-
tained from the basic equation for capacitance and the cell data. Assuming
the dielectric constant of the separator and the cell area remain constant as
a function of cell thickness, the capacitance 1s given by the standard equa-
tion.

C = egeA/(t —m) (2)

where C 1s the capacitance in farads, €, 1s the permittivity of free space, € 1s
the msulator dielectric constant, ¢ 1s the total cell thickness, m 1s the thick-
ness of the electrodes, and the term (¢ — m) represents the dielectric thick-
ness. The sensitivity of capacitance to changes 1n total cell thickness 1s given
by eqn (3), which 1s derived from eqn (2) by taking the derivative of
capacitance with respect to total cell thickness, dividing by egqn (2) and re-
arranging

dC/C = [—t/(t —m)] dt/t (3)
The magnitude of the term —t/(t — m) establishes the sensitivity of capaci-
tance to cell thickness. The value of m was not experimentally measurable
In these cells but was determined, on the assumption that the electrodes are

mcompressible at the specified cell dimensions, by rearranging eqn (2) to
eqn. (4) and performing a linear regression analysis.

TABLE 1

Capacitance of unwetted cells with composite separator

Cell spacing Capacitance Standard deviation Number of cells
(m x 10%) (nF)

4170 0 641 0017 6

4 45 0717 0017 9

419 0 828 0019 6

394 0915 0020 7

368 102 0 039 5
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Fig 2 A plot of the capacitance—thickness data according to eqn (4) in the text for the
determination of m and €3€A The correlation coefficient of the linear fit 1s 0 986

Ct=mC + eyeA (4)

The values of m and eyeA were calculated from the 33 data points of capaci-
tance versus cell spacing summarized 1n Table 1. The result shows a good
correlation, as lustrated in Fig. 2, with the values of m and €y,eA of 1.98 X
107* m and 1.77 X 107 '3 farad-meter, respectively. These values are reason-
able for the system. Since the anode thickness was 7.6 X 1075 m, the cathode
thickness mn the compressed cell 1s the difference between this and m —
1.22 X 107* m. The dielectric constant of the compressed separator calcu-
lated from the value of €yeA 15 2.97, based on the electrode area of 6.7 X
1073m?and ¢, equal to 8.9 X 1072 farad/m.

Substitution of this value of m into eqn. (4) indicates that, for the
range of cell thicknesses In these experiments, the relative change in capaci-
tance 1s 1.7 - 2.2 times the relative change in cell thickness. Thus, capaci-
tance 1s a sensitive measure of cell spacing uniformity. For example, the
standard deviation of +3% observed in the experimental cells translates to
thickness deviations of about +1.5%. It is clear, then, that anomalies which
affect cell spacing, e g , the insertion of an extra component or the omission
of a component, are detectable.

This analysis assumes an nvariant dielectric constant for the separator,
since variations in the separator, e g , porosity and composition, also will
affect the measured cell capacitance. This implies that prior to cell fabrica-
tion the uniformity of the separators must be assured, which can easily be
done with a.c. measurements 1n a standard test fixture.
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Effect of cell defects

Determination of capacitance does not take full advantage of the infor-
mation available with the a.c. method. High resistance shorts do not neces-
sarilly affect the capacitance but do affect the overall iImpedance behavior of
the cell. This 1s 1llustrated in Fig. 3 where a Bode plot of the data from three
cells with the ceramic paper are presented. The capacitance of all three cells
was essentially 1dentical, the average was 0.971 with an average deviation of
1£0.020 nF. The Bode plots of the two defect-free cells have slopes of ap-
proximately —1 over the range of accessible frequencies, mndicating that the
impedance 1s dominated by the capacitive reactance down to at least 100 Hz.
With no detectable contribution from the d.c. resistance, 1t 1s only possible
to put a lower bound of approximately 3 M{2 on the actual cell resistance.
If the cell resistance was less than this, the low frequency data pomnts would
begin to dewviate from the linear relationship. This 1s ilustrated by the
behavior of the defective cell.
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Fig 3 Bode plot of the impedance data for 3 cells from battery #1 Celis 1 and 3 are
defect free, thus the plots are linear with a slope of —1 Cell 3 has a high resistance short
of 0 1 M£2 which dominates at the low frequencies O, Cell 1-1,0T, cell 1-3, 0, cell 1-2

The Bode plot of the defective cell has an 1itial slope of —1 at the high
frequencies, which 1s identical to the behavior of other cells. At lower fre-
quencles, however, the slope gradually changes to 0, indicating dominance
by the d.c. resistance of 100 k2. Post-test examination of the defective cell
revealed a small perforation 1n the separator allowing the formation of a
carbon track between the cathode and anode. This procedure identified all
cells which were defective due to an internal short.

Conclusions

This exploratory mvestigation has shown that a.c. 1mpedance tech-
niques are valuable tools for assessing the quality of dry cells. One of the
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advantages of the method 1s that 1t not only locates defective cells but also
helps 1dentify the nature of the problem. Moreover, it has been shown that
capacitance 1s a sensitive function of cell spacing. Over the frequency range
investigated, Bode plots of the data provide a good method of distinguishing
shorted from unshorted cells. Unshorted cells have a slope of —1; deviations
from this indicate a short in the cell which may not be indicated by the
capacitance. Only lower bounds could be determined for the resistance of
defect-free cells.
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