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Abstract

Bismuth exerts a dual influence on the corrosion of lead beneath the PbSO, film that
is formed on the metal at applied potentials in sulphuric acid solution. First, by altering
the morphology of the PbS0O, crystals, bismuth (either alloyed with the metal, or dissolved
in the acid) causes the development of a more porous film that promotes an increased
attack of the underlying substrate. Second, bismuth modifies the grain structure of lead
and this, in turn, determines the extent of corrosion under the PbSO, film.

Introduction

There has been considerable debate over whether bismuth exerts a
beneficial or a deleterious effect on the performance of lead/acid batteries.
Resolution of this problem is important to both metal suppliers and battery
manufacturers alike — bismuth is a naturally occurring minor element in a
number of lead ores and its removal is both irksome and costly. There is,
therefore, strong commercial pressure to establish a maximum tolerable level
for bismuth in the raw lead materials employed in battery production.

Bismuth can enter a lead/acid battery either via the leady oxide used
in the preparation of the plate active-material [1], or via the grid alloy. Very
little information has been published concerning the possible influence of
leady-oxide-based bismuth on the ease-of-processing and quality of the oxide
itself, the resulting paste characteristics, or the eventual performance of the
battery. There are undocumented claims within the industry that the presence
of bismuth causes ‘stickiness’ of the oxide and thus impairs handleability.
Nevertheless, Agruss et al. [2] found that the capacity, deep-cycle endurance
and shelf-life of batteries were all unaffected by bismuth concentrations of
up to 0.25 wt.% in the starting oxide.
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Greater attention has been directed towards the behaviour of bismuth
when contained in the grid alloy. Devitt and Myers [3] showed that batteries
using grids with bismuth contents in the range 0.0007 to 0.042 wt.% exhibited
no ill effects under the SAE J537 overcharge life test, a schedule that is
designed to cause battery failure by grid corrosion. By contrast, cycle life
tended to increase with increasing bismuth content when hatteries were
subjected to the SAE J240 test, a procedure that aims to simulate duty in
an automobile, Hoehne [4, 5] found that the presence of bismuth (0.006 to
0.2 wt.%) both encouraged the shedding of positive-plate material and
promoted the growth of grids. The progressive changes in the extent of
these phenomena were not, however, linear with increasing bismuth content.
For example, grid growth was virtually the same at 0.008 and 0.075 wt.%
Bi, but doubled at 0.2 wt.% Bi. Similar results were obtained by other workers
(6] for a series of alloys containing up to 0.55 wt.% Bi. In addition, pitting
corrasion occurred in some grids with 0.1 wt.% Bi.

The inconsistent behaviour of lead—bismuth grids has prompted a number
of corrosion studies using a variety of electrochemical techniques [7—-17].
From measurements of the weight loss of lead—bismuth anodes in 1 M H,80,
[10], it was reported that while the alloys were more susceptible to corrosion
than lead itself, the stability rapidly decreased from pure lead to a minimum
value at 3.5 wt.% Bi. Confirmation that the extent of the anodic attack is
not a linear function of the bismuth content was later obtained [13, 14]
from cyclic voltarametric and potential-step investigations of the formation/
discharge of PbO; on lead—bismuth alloys in § M H,S0,. In that work, alloys
with bismuth contents in the range 0.063 to 0.267 wt.% Bi were examined
and it appeared that maximum stability was reached between 0.1 and 0.2
wt.% Bi. A further study [17] on a wider series of lead—bismuth alloys
concluded that although small additions of bismuth may exert a protective
effect on lead, the corrosion rate increases thereafter.

The grain structure of the alloy changes markedly with increasing additions
of bismuth [18], and it has been shown [16] that there is an inverse relationship
between grain size and corrosion rate. Thus, the diversities in corrosion
behaviour reported by various workers may reflect differences in the physical
structure of the alloys under investigation. Nevertheless, the mechanism by
which bismuth accelerates grid corrosion has yet to be resolved.

In the work reported here, the technique of cyclic voltammetry has been
used to compare the corrosion behaviour of both pure lead and a series of
lead—bismuth alloys in 5 M HsS80,. In order to obtain readily measurable
effects, this initial exploration of the phenomenon has been conducted on
alloys containing significantly higher amounts of bismuth than those normally
encountered in battery grids. The alloys have been subjected to grain refinement
(through either bismuth addition or thermal treatment) in order to determine
the extent to which grain boundaries contribute to the corrosion characteristics
of the lead. The corresponding influence of bismuth when present in the
electrolyte has also been examined.
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Experimental

Alloy composition

A series of lead--bismuth alloys was obtained by casting 99.899 wt.%
lead, alloyed with a given amount of bismuth, in split graphite moulds. The
alloys contained 0.71, 1.42, 2.87 and 5.65 wt.% Bi, respectively.

Electrode preparation

To prepare working electrodes, the alloy specimens were pressed, either
at room temperature or at — 185 °C, to a thickness of 1 mm and then cut
into 5x 20 mm coupons. One coupon containing 5.65 wt.% Bi was annealed
at 160 °C for 24 h and then quenched in water. The coupons were soldered
to threaded brass mounts, encased in epoxy resin, and machined to expose
a surface (area 0.1 cm®) at a 45° angle in order to prevent entrapment of
gas bubbles. The electrode assembly was screwed on to a stainless-steel rod
that was sheathed in a glass tube. The latter was sealed at each end with
Teflon stoppers.

The specimens were polished initially with 1200 grade silicon carbide
paper. Scanning electron micrographs of these specimens, following cyclic
voltammetric experiments (see below), revealed that imbedded polishing
media caused discontinuities in the PbSO, film. These surfaces, as well as
those of specimens polished with 2 pum magnesia, 1 pm diamond paste or
tissue paper, possessed many surface irregularities due to the abrasive action
of the polishing media. Chemical etching is an alternative procedure for
surface preparation. Unfortunately, however, brief etching (5 s) of polished
specimens in 10 wt.% nitric acid resulted in the formation of dark surface
films. It was concluded, therefore, that pretreatment of surfaces by either
mechanical polishing or chemical etching was inappropriate and would give
rise to uncertainty in both the reproducibility and the nature of the surface
films formed during subsequent experimentation. Consequently, the technique
of electropolishing (after some mechanical polishing with 1200 grade silicon
carbide paper) was adopted. Using a solution consisting of 90 g sodium
acetate, 470 ml glacial acetic acid and 110 ml double-distilled water,
electropolishing a current density of 1 A cm™2 (applied in pulses of 10 to
15 s) yielded a smooth surface with the grain boundaries clearly visible.
Furthermore, the process removed any polishing particles that may have
become imbedded in the specimens during the preliminary mechanical treat-
ment. Prior to placement in the test cell, the electrodes were rinsed with
double-distilled water and then dried successively with ethanol, acetone and
air.

Experiments were performed in a glass cell consisting of working and
counter electrode compartments separated by a glass frit, and a third
compartment that housed the reference electrode. The counter electrode was
a platinized-platinum foil electrode with an area of 1.3 ¢m2 A Hg/Hg,S0,/
5 M H,S0, electrode was used as the reference electrode. All potentials are
reported with respect to this electrode. The electrolyte was 5 M H,80,
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prepared from AR select reagent and double-distilled water. Investigations
examining the effect of bismuth in solution on lead corrosion were performed
in 5 M H,S80, inte which laboratory-grade bismuth sulphate had been dissolved.

The assembled cell was immersed in a water bath that was maintained
at a temperature of 25 °C. At the conclusion of each experiment, the specimen
was withdrawn and the surface area exposed to the electrelyte was measured
with vernier calipers.

Cyclic voltammetry

Cyclic voltammetric studies were performed using a PAR model 273
potentiostat/galvanostat that was interfaced with an IBM personal computer
equipped with PAR model 270 electrochemical software. A typical series of
experiments for each specimen began with a 2 min cathodic treatment at
— 1.8 V to reduce any surface films. This was followed immediately by 10
‘pre-conditioning’ cycles over the range — 1.8 to 1.7 V to form a repreducible
surface. Finally, 5 cycles were applied between —1.8 and 1.256 V with a
vertex delay of 180 s at 1.25 V. This delay and potential were required to
give an anodic peak on the negative sweep at 1.1 V; the peak was not
observed unless the previous negative scan had been taken into the region
where PhSO, is reduced to lead. The formation of PhO,; was restricted by
limiting the potential of the positive-going scan to 1.25 V; otherwise, the
cathodie current associated with the reduction of Pb0O, would partially, or
totally, obscure the anodic peak at 1.1 V [19] For experiments using 99.999%
Pb specimens in solutions of bismuth sulphate in 5 M H,S0O,, the pre-
conditioning cycles were followed by 20 cycles in the potential range — 1.8
to 1.25 V with a vertex delay of 180 s at 1.25 V. All cycles were performed
at a scan rate of 10 mV s~. During each experiment, high-purity nitrogen
was bubbled slowly over the electrode in order to remove dissolved oxygen
in the electrolyte and to displace small bubbles of hydrogen that tended to
adhere to the electrode surface. The charges associated with the individual
features of the cyclic voltammograms were calculated from the areas under
expanded plots of the features. The areas were measured with a digital
planimeter.

Grain boundary measurements

The lead and lead-bismuth alloy specimens were electropolished until
the grain boundaries became visible, and then etched in a solution of two
parts acetic acid, two parts nitric acid and five parts double-distilled water.
The specimens were photographed under a Reichert optical microscope at
a magnification of X42. A grid of eight parallel lines, spaced 1 ¢m apart,
was placed upon each photograph. The method of lineal analysis [20] was
used to obtain the number of intersections of the grain boundaries in the
specimen with the grid lines. This number is directly proporticnal to grain
size. Two photographs, taken at different locations, were analyzed for each
specimen. The mean number of grain boundaries was determined and used
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to describe the physical state of the surface of the lead or lead—bismuth
alloy.

Electron microscopy

A Jeol JSM 840A scanning electron microscope was used to examine
and photograph the surfaces of the lead and the lead—bismuth alloy specimens.
The latter were removed from the cell at 0.8 V, or during the positive and
negative scans of cyclic voltammograms over the potential range —1.8 to
1.25 V. Specimens were gold coated using a Dynavac SC-150 sputter coater.
Micrographs were obtained at magnifications between X 1500 and x7000.

Results

Cyclic voltammetry

Cyclic voltammograms obtained in the potential range — 1.8 to 1.25 V,
with the potential held at 1.25 V for 180 s, exhibit five features that were
used as a basis for comparing the behaviour of the lead and the lead—bismuth
alloy specimens. Figure 1(a) presents these features for a lead specimen.
Feature A (—890 mV, positive sweep) is due to the oxidation of lead to
PbSO,. Feature B (between —200 and 1250 mV, positive sweep, Fig. 1{b))
results from the oxidation of lead below the PbSO, layer to give a range of
lead oxides and basic lead sulphates [21]). Feature C (1100 mV, negative
sweep, Fig. 1(b)) is an anodic peak that arises from the corrosion of lead
exposed during the discharge of PbO, [19]. Feature D (between — 780 and
— 880 mV, negative sweep) is due to the reduction of lead oxides and basic
lead sulphates to lead. Feature E (— 1000 mV, negative sweep) is associated
with the reduction of PbS0, to lead [22]. The latter feature also exhibits a
second peak, or shoulder, that is independent of stirring and becomes less
prominent when lead is alloyed with bismuth. This sub-feature has been
observed by other workers [23].

The charge densities of features A and E for lead and different lead—bismuth
alloys subjected to the same thermal treatment show (Table 1) that bismuth
has little effect on the quantity of PbS0, that is formed. A similar result
was obtained for lead cycled in 5 M H;S0, solutions containing dissolved
bismuth at a concentration above 0.535x10"* M (Table 2). (note, a larger
number of cycles was applied in the latter experiments and this probably
accounts for the slightly different charge densities observed with the lead
specimens (cf. values in Tables 1 and 2.))

The features of the cyclic voltammograms that appeared to be influenced
most by bismuth were B, C and D. The charge densities of features B and
D for lead and the various alloys pressed at 25 °C, as well as those for a
specimen of lead pressed at —195 °C and a Pb—5.65wt.%Bi alloy annealed
at 160 °C for 24 h, are given in Table 1. For alloys pressed at 26 °C, these
charge densities appear to increase with increasing bismuth content. Low-
temperature pressing of lead also yields an increase in charge density, but
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Fig. 1. (a} Typical cyclic voltammogram for 99.999% Pb cycled between — 1.8 and 1.25 V
at 10 mV s™%; (b) expanded view of features B and C.

annealing of lead--bismuth alloy produces the reverse effect. The data presented
in Fig. 2 show that the charge densities for features B and D exhibit an
approximately linear dependence upon the number of grain boundaries. This
suggests that the increase in charge results from bismuth causing grain
refinement of the lead. The observed (Table 1) direct dependence of the
number of grain boundaries on the charge density for differently treated lead
and Pb-5.65wt.%Bi alloy specimens (see Fig. 3 for the effect of annealing
on grain size) reinforces the conclusion that the physical structure of the
alloy exerts an influence on features B and D.

In order to determine whether bismuth in solution also effects features
B and D, a lead specimen was cycled in 5 M H,SO, doped with Bi®** jons
in a range of concentrations from O to 4.5x 10~ M. It was found that the
charge density of features B and D increases with increasing Bi** concentration
up to 2X10~* M (Table 2). Taken with the findings reported above, it can
be concluded that both grain-size modification and bismuth ions in solution
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TABLE 2
Influence of dissolved bismuth on cyclic voltammetric features of pure lead pressed at 25 °C

Charge density Bi** (x107* M)

0 0.5635 1.07 2.14 4.28
Feature A (C cm™) 0.0159 0.0100 0.0092 0.0091 0.0780
Feature B (C cm™?) 0.0054 0.0090 0.0126 0.0137 0.0133
Feature D (C cm™%) 0.0046 0.0098 0.0097 0.0121 0.0123
Feature E (C cm™®) 0.0312 0.0251 0.0242 0.0259 0.0253
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Fig. 2. Charge density vs. number of grain boundaries for features B and D from lead—bismuth
alloys.

Fig. 3. Optical micrographs of an electropolished and etched Pb-5.65wt.%Bi alloy: (&) pressed
at room temperature; (b) pressed at room temperature and annealed at 180 °C for 24 h.

influence the corrosion of lead under the PbSQO, layer (feature B), as well
as the reduction of the subsequent products to lead (feature D).

‘When bismuth is present in either the alloy or the electrolyte, feature
D may not consist of a single peak (Figs. 4 and 5). In addition, feature D
is shifted to potentials more negative than the single peak observed at — 840
mV with a 99.999 wt.% Pb specimen. The fine structure of feature D is
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Fig. 4. Influence on feature D of alloy composition for scans between —1.8 and 1.25 V;
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Fig. 5. Influence on feature D of Bi** concentration in the electrolyte for scans between — 1.8
and 1.25 V. Bi** concentration: (-- .- - JOM: (——-) 1.07x107¢ M; (—) 4.28x107" M.

extremely difficult to reproduce and depends markedly upen the electrode
pretreatment and charge/discharge history.

The dependence of the charge density for feature C on bismuth content
is given in Table 1. It can be seen that feature C decreases with increasing
bismuth concentration. This could arise either from a real decrease in anodic
current (i.e., from reduced corrosion of the substrate), or from a real increase
in the overlapping cathodic current due to Pb0O; discharge causing an apparent
decrease in anodic current. Measurements of the current density at 1.7 V
on positive scans over the potential range —1.8 to 1.7 V show (Table 1)
that PbQ, formation is inhibited by the presence of bismuth. Consequently,
the observed behaviour of feature C cannot be due to an increase in overlapping
cathodic current and must, therefore, arise from a decrease in the corrosion
of lead below the discharging PbQ,.
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Discussion

Cyclic voltammetry

Discussion is limited to features B, C and D of the cyclic voltammograms
as the above investigations show that these are particularly sensitive to the
presence of bismuth.

Feature C

Sharpe [19] has claimed that feature C results from corrosion of the
substrate residing below the layer of discharging PbO;. Other workers argue
[24] that stresses, induced by differences in the molar volumes of PbO, and
PbSO,, cause cracks to form in the surface layers and that these, in turn,
expose the underlying lead to further corrosion. Indeed, stress cracking of
the corrosion layer surrounding battery grids is extremely common [25].
The observed decrease in anodic current for feature C with increasing bismuth
content, in both alloys and doped electrolytes, indicates that the corrosion
product formed on lead during the positive sweep in the presence of bismuth
is more resistant to the internal stresses imposed by molar volume changes.
Hence, fewer cracks are formed. This observation may provide the basis for
an explanation of the observed [4, 5] influence of bismuth on the growth
of battery grids.

Features B and D

Extensive investigations [21, 26, 27] of the corrosion products on lead
in the potential region of feature B have shown that, between —300 and
900 mV, the following compounds form below the PbSO, layer (which
develops up to —300 mV): PbO, 5Pb0-2H,0, PbO-PbSO, and
3Pb0O-PbS0O,-H,0. These compounds are only stable in an alkaline envi-
ronment. A mechanism for the development of such an environment has
been proposed [27—29]. In this, it is assumed that PbSO, crystals hinder
the diffusion of SO,%~ ions towards the lead surface. This, in turn, allows
lead to corrode via dissociation of H,0Q, diffusion of H* and OH™ ions, and
precipitation of basic sulphates. The pH below the PbSO, film will, therefore,
depend on the porosity of the film. The observed increase in the charge
density for feature B (and, consequently, for feature D) with increasing
bismuth content suggests that bismuth modifies the nature of the PbSO,
layer and, thereby, the pH of the solution in the region below.

Effect of PbSO, morphology
Scanning electron microscopy confirmed that bismuth, either as an alloy

or dissolved in the acid, affects the morphology of the PbSO, layer (Fig.
6). Pure lead shows a flat surface of finely grained (0.5 um) PbSO,. The
grain size is similar when bismuth is present but the crystals appear to form
aggregates that give rise to a surface of greater roughness and, therefore,
greater porosity. These findings are in agreement with other published work



Fig. 6. Electron microgr:aphs of (a) 99.999% Pb and (b) Pb—5.66wt.%Bl specimens at 300
mV on a positive sweep. Magnification bar=1 pm.

[30] that found the PbS0O, film on a Pb—0.57wt.%Bi alloy to contain a greater
range of crystal sizes than the film formed on pure lead.

As with pure lead, the consumption of sulphate, together with the inherent
property of PbSQ, in restrieting acid diffusion, favours an increase in pH
in the region below and, hence, facilitates the formation of lead oxides and
basic lead sulphates. Furthermore, since the PhS0O, layer is more porous in
the presence of bismuth, there is enhanced attack of the substrate and greater
amounts of ‘corrosion products are formed, as witnessed by the increase in
the charge densities associated with features B and D (Table 1). It is possible
that the thicker corrosion layer formed on lead-bismuth alloys provides
added protection to the substrate during reduction of Pb(; to PbS0O, and
may, therefore, contribute in part to the observed decrease in feature C.

Effect of grain boundaries

Figure 2 shows that there is a direct correlation between the incidence
of grain boundaries and the amount of lead oxides and basic lead sulphates
formed under the PbSQ, film. This suggests that the compounds are produced
preferentially along the grain boundaries. The grain size can be influenced
by the addition of bismuth as an alloying agent or by thermal freatment of
the specimen (Table 1).

Conclusions

The above studies show that alloys containing > 0.7 wt.% Bi influence
the corrosion of lead in 5 M H,SC,, both through modification of the physical
structure of the alloy itself and through changes in the morphology and
quantity of the corrosion product. While the adverse effects of increasing
bismuth content on grain size can be moderated through heat treatment of
the alloy, the overall corrosive attack beneath the PbSO, layer is still greater
than that experienced by pure lead.
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