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Abstract

Experimental results obtained from the study of 12V, 40 Ah, valve regulated lead/acid (VRLA) batteries indicated that reduction in
capacity during cycling can be attributed to changes in the positive electrode. Corrosion layer (CL) growth has been identified as a key factor
that can lead to a reduction in performance and eventual battery failure. In this paper, a selection of results concerned with the positive grid CL
are presented. These can be used to suggest ways of improving the present positive electrode design and also to outline some of the different
types of defect that form during operation. In addition, reduction in oxygen concentration through the thickness of the layer towards the grid
surface was detected indicating an increase in resistivity and thus internal resistance of the cell.
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1. Introduction

Valve regulated lead/acid (VRLA) batteries have been on
the market for several decades [1]. Recent advances in
technology and environmental issues have resulted in an
increasing demand for VRLA batteries in a range of appli-
cations, including Uninterruptible Power Supplies (UPS),
Motive Power [2,3] and Starting, Lighting and Ignition (SLI)
[4]. Batteries utilised in any of the above applications have a
finite life due to deterioration of the various components of
the battery during its operation.

Depending on the application and operational environ-
ment, battery failure can be a consequence of a range of
processes involving the electrodes, electrolyte or ancillary
components [5]. The most common cause of battery failure
is reported to be premature capacity loss [6], which
describes a reduction in performance ultimately resulting
in the battery’s failure. In these instances it is extremely
difficult to identify the principal cause of failure. This paper
describes the results obtained from the examination of
cycled VRLA batteries. Details of the methods used to
determine the extent of capacity loss in each individual
battery cell and the contributions to this capacity loss from
positive and negative electrodes are given. Results from a
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detailed analysis of various features of the positive electrode
including current density distribution and corrosion layer
(CL) growth and structure are described.

2. Experimental methods
2.1. Production of test batteries

The batteries examined in this study were all 40 Ah, 12 V
monobloc units of the same design and constructed using
identical materials. Positive electrodes were produced using
standard grey oxide positive paste. The negative paste mix
was also manufactured from grey oxide. Positive and nega-
tive grids were produced from a proprietary lead alloy. Glass
microfibre separators were used, consisting of 70% coarse
and 30% fine fibres. Assembled batteries were filled with
electrolyte of specific gravity 1.290 at 15.5 °C prior to
formation.

2.2. Cycling of test batteries

Cycling was carried out automatically using Digatron
charging units. Each cycle consisted of a constant current
discharge at 7.05 A to 10.2 V followed by a constant voltage
recharge at 14.7 V for 16 h. This was repeated until the
capacity, after charging, was less than 80% of the starting
capacity.
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2.3. Specimen polishing

Several polishing stages were used to prepare samples.
Initially specimens were flattened using 300-1200 grit size
silicon carbide paper with a platen speed of 150 rpm. Water
was used as a lubricant and only light pressure was applied to
the sample. Texmet polishing cloth loaded with 5 and then
0.3 um alumina suspension was used for the second stage.
Finally, atexmetcloth with masterpolish wasused ona Buehler
Vibromet vibratory polisher, for approximately 30 min [7].

2.4. Microscopy

The polished cross-sections of corrosion layers from each
battery type were examined and photographed using a Zeiss
ICM405 optical microscope. CL thickness measurements
were determined using Optimas image analysis software [8].

2.5. Electron probe microanalysis

A Jeol JXA-8600 superprobe was used to determine the
composition of the CL. Readings were taken in a line across
the CL thickness at 1 um intervals. An initial qualitative
analysis indicated that the CL consisted of lead, oxygen and
sulphur. To prevent charging effects, the samples were
coated with a thin layer of carbon, using an Edwards sputter
coating unit. All samples and standards were coated simul-
taneously to reduce errors caused by adsorption of X-rays by
the layer [9].

3. Results and discussion

3.1. Electrical examination of battery

A series of studies on VRLA batteries were conducted
in order to identify possible causes of failure. Following
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Fig. 1. Cell voltage vs. time for discharge/charge cycle after the battery
had reached 80% of the starting capacity.

failure, the state of the electrodes was determined by mon-
itoring the voltage of each cell during a discharge/charge
cycle [10]. During discharge, a reduction in the voltage of
each cell was observed. For a number of batteries tested, all
cells followed a very similar trend, however, in some
instances a cell with greatly reduced capacity was clearly
identifiable. An example is given in Fig. 1. Cell 6 shows the
smallest reduction in voltage and is therefore defined as the
good cell. Cell 5 shows the greatest voltage reduction and is
defined as the bad cell. In order to determine if the failure
was due to an individual electrode, the potentials of electro-
des in the good and bad cells were measured relative to a
mercury sulphate reference electrode during a discharge/
charge cycle. Plots of voltage versus time are shown in Fig. 2.
Results indicate that failure is due to the positive as opposed
to negative electrode.

3.2. Positive electrode grid surface current density
distribution

Results suggest that failure of these experimental batteries
was primarily caused by degradation of the positive elec-
trode. In order to investigate the cause of failure further, a
closer examination of the positive electrode was carried out.
The positive electrode consists of a current collecting grid,
which also acts as a support for the porous lead dioxide
positive active material (PAM). A CL is formed during
battery operation between the grid and PAM. Since all
current must flow through this layer, it has significant
influence on battery operation. The total current is related
to the total mass of PAM within the electrode and the grid
surface area. Pavlov has proposed the ratio of these two
parameters as a useful coefficient that can be used to
compare various designs of battery electrode [11]. The
variation in current density over the surface of the grid is
also of importance. It is a function of the geometry of both
grid and PAM. A typical example of a grid bar cross-section,
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Fig. 2. Individual positive electrode, negative electrode and cell voltages
during a discharge/charge cycle relative to a mercury sulphate reference
electrode.



230 R.J. Ball, R. Stevens/Journal of Power Sources 113 (2003) 228-232

Fig. 3. Polished cross-section of grid bar showing positive active material
and corrosion layer.

prepared from the positive electrode from the bad cell, of a
battery cycled approximately 90 times, is shown in Fig. 3.
The grid bar is visible in the centre of the picture surrounded
by the CL and PAM. A variation in CL thickness around the
section is observed with the thickest sections of corrosion
visible on the sides of the grid bar. Due to the uneven
distribution of PAM around the circumference of the grid
bar, a variation in current density is expected. This has been
modelled analytically using Ansys finite element software
[12]. Fig. 4 shows a contour plot illustrating the variation in
current density on the surface of the grid, the darker shades
of grey represent higher current densities.

A comparison of Figs. 3 and 4 suggest that CL thickness is
correlated with current density. This result suggests that grid
design can be improved by changing the geometry of the
PAM and grid bar in order to obtain a more uniform current
density distribution on the grid surface.

3.3. Corrosion layer growth during cycling

CL thickness measurements taken from a batch of iden-
tical batteries cycled to failure, which failed after varying
numbers of cycles is shown in Fig. 5. Lines of best fit for the
data indicate that the increase in thickness follows an
exponential relationship. The increase in thickness on the
bad cells is significantly larger than that for the good cells.
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Fig. 4. Finite element model of current density distribution on surface of
grid bar (darker shades of grey represent higher current densities).

CL growth on the positive grid occurs primarily during
overcharging. A reduction in capacity of a cell results in
the cell reaching a fully charged state sooner compared to
the remaining cells. As the cycling regime consisted of a
constant voltage recharge for a fixed length of time, this
effectively increases the overcharging time and therefore CL
growth.

3.4. Defects observed with the positive grid corrosion layer

CL thickening has a number of deleterious effects on the
cell performance. These include increasing the resistance
of the cell, through the decreased cross-sectional area of the
grid bar and increased resistance of the CL. In addition to
the disadvantages of the increased resistance of lead oxide
compared to lead, for a current collector the CL is much
more prone to the formation of defects within its structure
such as cracks which can increase resistance further.
Fig. 6(a) and (b) show a number of defects that form within
the CL.

Fig. 6(a) shows the top left hand corner of a sectioned grid
bar. The most noticeable feature is the large crack penetrat-
ing into the corner at approximately 45°. PAM in the form of
a thin layer covers the internal surfaces of the crack. In
addition, lower down the picture, a number of thin fissure
cracks are visible. These may have been the result of
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Fig. 5. Corrosion layer thickness vs. number of cycles ((<>) good cells, (@) bad cells).
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Fig. 6. Defects observed in the corrosion layer of a cycled battery. (a) The top left-hand corner of a sectioned grid bar. (b) A section of CL on the edge of the

grid bar.
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Fig. 7. Variation in oxygen concentration across the positive grid corrosion layer.

pressure acting from the evolution of gas during battery
operation. A large crack is also visible in the CL on the top of
the grid. This is positioned at the internal boundary of the CL
where the dark and light areas of the CL meet.

Fig. 6(b) shows a section of CL on the edge of the grid bar.
An internal boundary is visible in both micrographs separ-
ating a light region adjacent to the grid bar and dark region
adjacent to the PAM. Reaction of the polishing media with
the grid bar is responsible for the darker region at the grid/
CL interface. The CL is seen to penetrate the grid in two
positions: 1 and 2. Position 1 is in the form of an oxide finger
growing into the grid bar. There is no feature at the CL/PAM
interface to indicate the presence of the oxide finger. In
comparison, a similar area where the CL is growing into the
grid bar is shown at position 2. However, in this instance, a
crack is visible from the CL/PAM interface to the tip of the
corrosion within the grid bar. This suggests that the mechan-
ism of growth for these two defect types is different. A close
examination of defect type 2 shows the presence of some
PAM within the crack. During battery cycling, the volume
change associated with sulphate formation within the crack

could produce a tensile opening force at the crack tip thus
increasing growth. The presence of a similar mechanism in
the case of defect type 2 would not be possible. An explana-
tion could be based on the growth of oxide along a grain
boundary where an increased concentration of precipitated
impurities could result in a higher galvanic potential and
thus enhanced corrosion. The growth of CL defects such as
cracks provide pathways along which oxygen gas can
diffuse. Resulting increases in oxygen concentration at
the grid surface can accelerate corrosion rates above their
normal levels.

3.5. Variation of oxygen concentration

The oxygen concentration within the CL and at the CL/
grid interface can influence the stoichiometry and thus
conductivity of the CL. A plot of oxygen/lead ratio versus
distance across a CL is shown in Fig. 7. A reduction in
oxygen concentration within the CL occurs with decreasing
distance from the grid. This is a direct result of a reduction
in the amount of oxygen able to diffuse to these areas.
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