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Abstract 

When lead-acid batteries are used at high temperatures, corrosion is sometimes observed in negative components made of lead-antimony 
alloys. This corrosion seems to be caused by the antimony contained in lead alloys. We examined the effects of temperature, the concentration 
of sulfuric acid, and the configuration of test specimens on negative electrode corrosion. We also explored the mechanism by which negative 
component corrosion occurs when using lead-antimony alloys. Specimens in the electrolyte were not corroded at all, but portions just above 
electrolyte level and inside tiny spaces were corroded. The reason for this corrosion seems to be as follows. Corroded areas are covered with 
an electrolyte film that has a high resistance, so they cannot be polarized to the full cathodic protection potential. However, as lead-antimony 
alloys have a dendritic microstructure, with metallic antimony dispersed throughout the lead phase, local cell reactions between Sb and Pb 
occur in corroding areas, resulting in the evolution of hydrogen gas and the formation of lead sulfate. 
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1. Introduction 

There has been a great deal of research on the corrosion of 
positive electrodes in lead-acid batteries [ l-31, but the com- 
mon perception is that negative electrodes would not corrode 
because such electrodes involve a reduction reaction. There 
are reports showing that negative electrodes corrode under 
special circumstances, but there are as yet few instances of 
such research [ 4,5]. 

* Corresponding author. 

This paper reports on the results of our investigation con- 
cerning the effects of various factors on the corrosion of 
negative electrodes in flooded lead-acid batteries, and the 
corrosion mechanism. 

2. Experimental 

2.1. Effects of various factors on the corrosion of negative 
electrodes 

Table 1 shows the purposes and the methods of the tests. 
Using the negative electrode as the test electrode and the 

Table 1 
Description of tests. Electrode alloys: A = Pb-4ISb; B = P&O. l%Ca; C = pure Pb 

Purpose Electrode alloy Electrolyte Remarks 

1 Effects of test electrode alloy test electrode: A, B 
counter electrode: C 

2 Effects of counter electrode alloy test electrode: B 
counter electrode: A, C 

3 Effects of electrolyte temperature test electrode: A 
counter electrode: C 

4 Effects of electrolyte concentration test electrode: A 
counter electrode: C 

5 Effects of gas atmosphere test electrode: A 
counter electrode: C 

9O”C, s.g. = 1.40 

9O”C, s.g. = 1.40 

25,50,75,9O”C 
s.g. = 1.40 
90°C 
s.g. = 1.05, 1, 10, 1.20, 1.30, 1.40 
9O”C, s.g. = 1.40 bubbled H2 and 0, gas around test electrode; 

used H-type cells 
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positive electrode as the counter electrode, we supplied a 
constant current and, after the test, checked the extent of 
corrosion that had occurred on the test electrode (that is, the 
extent to which the electrode thickness had decreased). In all 
tests we set the current density to 30 mA cm-* in that part of 
the electrode that was submerged in the electrolyte. 

Fig. 1 shows the cell used for tests 14. The submerged 
portions of the test electrodes were wound in microfiber glass 
mat. This was done to maintain a constant electrolyte level 
around the test electrodes because corrosion occurs on those 
exposed parts of the electrodes that are slightly above the 
electrolyte level. In the fifth test we put the test electrode and 
counter electrode in an H-type cell (Fig. 2) to isolate them 
from one another and supplied a current while bubbling H, 
or 0, around the test electrode. The gas-flow rate was set at 
50 ml mini. 

2.2. Esfects of electrode configuration 

While negative electrode corrosion occurs on an elec- 
trode’s exposed portion, it is possible that, depending on the 
electrode configuration, it also occurs on the submerged por- 
tion, so we studied the effects caused within tiny spaces. The 
test electrode alloy was in all cases Pb-4% Sb, and the counter 
electrode was pure Pb. 

We varied the sizes of the spaces from 0.05 to 5.0 mm in 
electrodes with shallow spaces (type A) and in electrodes 
with tunnel-like spaces that pass all the way through the 
material (type B); see Fig. 3. We supplied a current to the 
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Fig. I Schematic diagram of the experimental cell 
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Fig. 2. Schematic diagram of the H-type cell. 
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Fig. 3. Locations and dimensions of spaces within the test electrodes. 
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Fig. 4. Schematic diagram of the experimental cell used for measuring the 
electrode potential. 

negative electrodes, which were submerged in electrolyte, 
and checked the post-test state of corrosion. 

2.3. Potential of corroded portions 

Fig. 4 shows the cell for measuring the potential within 
corroded portions. 

A Pb/PbS04 electrode (in s.g. = 1.28 sulfuric acid gel) 
with a tip about 1 mm in diameter was used as the reference 
electrode. Electrical potential distribution was measured ver- 
tically by bringing the reference electrode’s tip in contact 
with the submerged and exposed portions of the test 
electrodes. 

3. Results and discussion 

3.1. Effects of test electrode and counter electrode alloy 

Fig. 5 shows cross-sectional photographs of test electrodes 
after testing. When testing the Pb-4%Sb alloy test electrode 
and the pure Pb counter electrode we found corrosion on the 
test electrode. On the other hand, with the PM. l%Ca alloy 
test electrode and the pure Pb counter electrode, no corrosion 
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Gorrosion layer 
- 

Fig. 5. Cross-sectional appearance of test electrodes after corrosion test. 

was discerned, but corrosion occurred when using the Pb 
4%Sb alloy for the counter electrode. This suggested that Sb 
is involved in negative electrode corrosion. It seems the rea- 
son for corrosion occurring when Pb-Sb alloys are used in 
the counter electrode is that Sb dissolving out of the counter 
electrode is electrodeposited on the negative electrodes. 

3.2. Eflects of electrolyte temperature 

We examined the cross sections of test electrodes after 
supplying a constant current for 10 days, and measured the 
extent to which corrosion had reduced the thickness of the 
parent material (corrosion depth). Fig. 6 shows the relation 
between test temperature and corrosion depth. There was very 
little corrosion at temperatures below about 50°C but when 
the temperature rose above 6O”C, corrosion proceeded 
rapidly. 

3.3. Effects of electrolyte concentration 

Fig. 7 shows the relation between electrolyte specific grav- 
ity and corrosion depth. As specific gravity increased, cor- 
rosion depth increased. 
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Fig. 6. Relationship between temperature and depth of corrosion 
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Fig. 7. Relationship between specific gravity and depth of corrosion 

3.4. Effects of atmospheric gas 

We measured corrosion depth on the test electrode after 
supplying constant current for 10 days in an atmosphere of 
either H2 or Oz. We discerned no difference in corrosiondepth 
for, with either gas, the depth was about 0.48 mm. This 
suggested that the gas itself is not involved in corrosion, but 
that instead it indirectly results in corrosion by exposing the 
test material. 

3.5. Effects of electrode configuration 

Fig. 8 shows photographs of electrode cross sections taken 
after corrosion testing, and Table 2 shows the test results. 
Corrosion occurred in all the samples with shallow spaces, 
and in the samples with tunnel-like spaces of under 0.2 mm. 
This is an indication of how easily gas can accumulate inside 
the spaces. If gas accumulates inside spaces, then submerged 
portions exposed to the gas will corrode in the same way as 
portions exposed above the electrolyte level. Corrosion is 
therefore perhaps caused by the same mechanism. Because 
the gas accumulating in the spaces is likely to be H,, this 
would corroborate the observation in Section 3.4 that the 
composition of the gas is not involved in the corrosion. 
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Observed area 

Configuration Type A (shallow space) Type B (tunnel-like space) 

space (mm) 

Fig. 8. Cross-sectional appearance of test electrodes containing spaces after corrosion test 

Table 2 
Effects of spaces on the corrosion of negative electrodes 

Spaces (mm) 

0.05 0.1 0.2 0.5 1 .o 2.0 5.0 

Type A 0 0 0 0 0 0 0 
(shallow space) 
Type B 0 0 0 x x x x 
(tunnel-like space) 

0 = corroded; X = not corroded. 

Elsctrode:Pb-4XSb 
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Potential/V vs..Pb/PbS04 

Fig. 9. Potential distribution on the negative electrode. 0 = current of 10 
mA cm-‘; 0 = zero current. 

3.6. Potential of corrodedportions 

Fig. 9 shows the results of potential distribution measure- 
ments. Both submerged and exposed places have the same 
potential in the absence of an electrical current, i.e. the open- 
circuit potential of the Pb-4%Sb alloy. 

When a current was supplied, the surface of the submerged 
portion polarized until reaching the hydrogen-evolving 
potential. As the reference electrode was moved upward from 
the electrolyte level, the potential gradually approached the 

open-circuit potential of the Pb-4%Sb alloy. The potential of 
the area where corrosion occurred was near to the Pb/PbSO, 
equilibrium potential. We assume that variation in potential 
occurs above the electrolyte level because of the ZR drop in 
the thin layer of electrolyte on the electrode’s surface. 

Similar electrical potential measurements of portions 
exposed above electrolyte level have been made by Pavlov 
et al., for Pb-Sn alloy plates through which a current had 
been supplied to the negative side [5], and by Wagner, for 
negative copper plates in lead-acid batteries [ 61. 

As in our tests, these researchers reported that the IR drop 
in the thin layer of electrolyte on exposed portions brought 
about a gradual positive shift in potential as location pro- 
ceeded upward from the electrolyte level. 

4. Negative electrode corrosion mechanism 

4.1. Corrosion mechanism 

It is known that negative electrode corrosion in valve- 
regulated lead-acid batteries is caused by oxygen reduction 
[ 51, as shown in the following equation. In the experiments 
described here we therefore proceeded initially under the 
assumption that oxygen reduction is responsible for corrosion 
of Pb-Sb alloys. 

Pb+ 1/20,+2H+ +SO,‘- -+PbSO,+H,O 

But, as our test results showed no difference in the extent 
of corrosion whether the atmosphere was oxygen or hydro- 
gen, this implied that corrosion in Pb-Sb alloys caused by 
oxygen reduction is very slow. We therefore conceived the 
mechanism shown in Fig. 10. The structure of Pb-Sb alloys 
is such that the Pb phase ( (Y phase) and Sb phase (fl phase) 
are mixed, and even when Sb is electrodeposited over a Pb- 
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Fig. 10 Mechanism of corrosion of Pb-Sb alloys at negative electrodes 
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Fig. 11. Schematic diagram of experimental cell used toexplore thecorrosion 
mechanism. 

Ca alloy the Sb is dispersed over the alloy’s surface. The 
places where corrosion occurs are only slightly wet with a 
thin layer of electrolyte, and it would seem that this thin layer 
is responsible for the high resistance. When submerged elec- 
trode areas polarize to the point where hydrogen evolves, the 
corroding parts approach the Pb/PbS04 equilibrium poten- 
tial. At this potential, hydrogen evolves on Sb, and Pb is not 
sufficiently polarized to the cathodic protection potential, so 
the electrons supplied on account of the hydrogen evolution 
on Sb are supplied by Pb, which changes to PbS04. 

On Sb: 2H+ +2e+2H, 

On Pb: Pb + SO,‘- + PbSO, + 2e 

The causes of corrosion are therefore the hydrogen evo- 
lution reaction that occurs on Sb and the dissolution of Pb. 
The reason that corrosion is accelerated under high temper- 
atures and high sulfuric acid concentrations seems to be that 

the hydrogen overpotential on Sb declines, which leads to 
increased hydrogen evolution. 

4.2. An experiment to demonstrate the corrosion 
mechanism 

We performed the following experiment to demonstrate 
the mechanism described in Section 4.1, using the test cell 
shown in Fig. 11. Electrodes A, B and C all used a PM%Sb 
alloy. Electrode A is connected as in ordinary testing. Elec- 
trode B is electrically connected to electrode A, but as there 
are connections through tubules, to the left and right adjacent 
cells, electrode B’s potential should differ from that of elec- 
trode A owing to electrolyte resistance. Electrode B simulated 
that portion of electrode A that is exposed above the electro- 
lyte level, that is, the portion on which corrosion occurs. 
Electrode C is just immersed in the electrolyte, and not con- 
nected electrically. Test conditions were as follows: temper- 
ature: 90°C; electrolyte specific gravity: 1.28; current density: 
30 mA cm-* (in relation to the immersed portion of sample 
A); duration of test: 10 days. 

Table 3 shows the electrode potentials during the test and 
the state of the electrodes after the test. During the test, the 
submerged part of electrode A polarized until it attained the 
hydrogen evolution potential. The submerged part of elec- 
trode B had almost the same potential as the exposed portion 
of electrode A, which approached the Pb/PbS04 equilibrium 
potential. Because electrode C carried no current, it had the 
open circuit potential of the Pb-4%Sb alloy. 

Post-test observations of the samples revealed, for sample 
A, no corrosion on its submerged portion, while corrosion 
occurred as before on the portion exposed above the electro- 
lyte level. Sample B corroded on its submerged portion, and 
the corrosion was similar to that usually observed on exposed 
electrode portions. Sample B’s exposed portion suffered little 
corrosion. Sample C was hardly corroded at all. 

This test showed that if Pb-Sb alloys are maintained near 
the Pb/PbS04 equilibrium potential, it is possible to repro- 
duce negative electrode corrosion. This suggests it was cor- 
rect to assume a corrosion mechanism whose causes are the 
local cell reactions which are the hydrogen evolution on Sb 
and the dissolution of lead. 

5. Conclusions 

Tests on the corrosion of negative electrodes made of lead 
alloys showed the following. 

Table 3 
Electrode potentials during test and electrode appearances after test 

Potential of submerged portions during test 
(V vs. Pb/PbSO,) 

Appearance of the electrode after test 

Electrode A 
Electrode B 
Electrode C 

-0.58 
- 0.01 
+ 0.33 

exposed portion corroded 
submerged portion corroded 
hardly any corrosion 
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(i) Corrosion occurs when test electrodes or counter elec- 
trodes contain Sb. 

(ii) Corrosion occurs on those portions of electrodes 
exposed above electrolyte level, inside tiny spaces, and other 
such locations. 

(iii) The higher the electrolyte temperature and the higher 
its concentration, the faster corrosion proceeds. 

(iv) The electrical potential of corroded areas is near the 
Pb/PbSO, equilibrium potential. 

We can therefore conclude that negative electrode corro- 
sion consists of local cell reactions which are the hydrogen 
evolution reaction on Sb and the dissolution of lead. These 

occur in areas which have a large electrolyte resistance and 
which are not sufficiently polarized, such as in thin layers of 
electrolyte and inside tiny spaces. 
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