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The aim of this study was to compare the electrochemical corrosion behavior of as-cast Pb-1wt% Sn
and Pb-2.5wt% Sn alloy samples in a 0.5 M H,SO4 solution at 25 °C. A water-cooled unidirectional solid-
ification system was used to obtain the as-cast samples. Electrochemical impedance spectroscopy (EIS)
diagrams, potentiodynamic polarization curves and an equivalent circuit analysis were used to evaluate
the electrochemical corrosion response. It was found that a coarse cellular array has a better electro-
chemical corrosion resistance than fine cells. The pre-programming of microstructure cell size of Pb-Sn
alloys can be used as an alternative way to produce as-cast components of lead-acid batteries with higher
corrosion resistance associated with environmental and economical aspects.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

A variety of grid manufacturing processes [1-3] have been used
by many battery manufacturers to decrease battery grid weight as
well as to reduce the production costs, and to increase the bat-
tery life-time cycle and the corrosion resistance [3,4]. A battery
grid must be dimensionally stable and have mechanical properties
which canresist the stresses of the charge/discharge reactions with-
out bending, stretching or warping. Pb-Sn, Pb-Sb and Pb-Ca-Sn
alloys are commonly used in the production of positive and nega-
tive grids, connectors, posts and straps components of both VRLA
- valve-regulated lead acid and SLI - starting, lighting and ignition
which are widely applied in automotive and telecommunication
services [1-3]. It is known that antimony enhances electrolysis of
water into hydrogen and oxygen during charging, leading to water
or electrolyte loss [4-7]. Pb—Sn and Pb-Sn(Ca) alloys can be better
alternatives for the production of Pb-acid battery grids with a view
to achieve a maintenance-free condition [4-11].

It is well known that the properties of battery grids are highly
dependent on alloying content. In this context, the effects of
alloying additions have been studied for a wide range of alloy com-
positions. Calcium additions of about 0.03 wt% are made in order to
improve the resulting mechanical properties. However, due to its
segregation to grain boundaries and interdendritic regions it can
considerably affect the corresponding corrosion resistance in the
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paste adhesion and curing. Tin addition is in a range between 0.3
and 1.5 wt% [4,5,10] and it has a complex role on the kinetics of for-
mation, passivation and growth rates of PbO and PbO, layers, as
reported by Rocca and Steinmetz [12].

It is well known that the resulting cellular or dendritic
microstructure array spacing has a strong influence on the over-
all surface corrosion resistance of binary alloys [13-18]. It is known
that low growth rates during solidification and/or low alloy solute
content can favor the growth of regular cell morphologies [15-18].
It was found that the improvement on the corrosion resistance
depends on the cooling rate imposed during solidification which
affects microstructural morphology and solute redistribution, and
on the electrochemical behavior of solute and solvent [13-18].

Razaei and Damiri [7] reported that the control of solidification
variables has an important role on the electrochemical behavior
of lead-acid battery grid alloys. It was verified that lower cooling
rates imposed during solidification of a Pb-Sb alloy casting pro-
vided antimony segregation to the interior of the casting, while
surface antimony concentrations had significantly decreased.

Peixoto et al.[18] and Osério et al. [ 15] reported that coarse cellu-
lar samples were associated with better electrochemical corrosion
resistance than fine cellular samples when considering experimen-
tal studies with Pb-Sn and Pb-Sb alloys subjected to corrosion tests
in a 0.5 M H,S04 solution.

The control of solidification variables with a view to pre-
programming the resulting microstructure of as-cast components
of binary lead alloys should be considered as an important alterna-
tive tool for the improvement of the resulting mechanical properties
and electrochemical corrosion response. The present study aims to
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Fig. 1. Typical directionally solidified macrostructure of (a) Pb-1wt% Sn and (b)
Pb-2.5 wt% Sn alloys castings.

contribute to the development of correlations between microstruc-
ture and properties, by assessing the influence of the resulting
microstructural morphology of as-cast Pb—1 wt% Sn and Pb-2.5 wt%
Sn alloys on the general electrochemical corrosion behavior in a
0.5M H,S04 solution at 25°C.

2. Experimental procedure
2.1. Specimens preparation

Pb-1wt% Sn and Pb-2.5 wt% Sn alloys were prepared by using
commercially pure metals: Pb (99.89 wt%) and Sn (99.99 wt%). The
mean impurities were Fe (0.12%), Si (0.05%), Cu (0.015%), besides
other elements with concentration less than 50 ppm.

A water-cooled unidirectional solidification system was used in
the experiments. The solidification set-up was designed in such
way that the heat was extracted only through the water-cooled
bottom, promoting vertical upward directional solidification. From
the water-cooled bottom to the top of the unidirectionally solidi-
fied casting a wide range of cooling rates were obtained since the
efficiency of heat extraction decreases with the distance from the
bottom of the casting. Such thermal behavior affects cells spacing
along the casting length. Temperatures were monitored via type ]
thermocouples (made from 0.2 mm wire and sheathed in 1.6 mm
diameter stainless steel tubes). More details concerning this solid-
ification set-up can be obtained in previous articles [13,15,16].

As-cast specimens were sectioned from the center of the cast-
ing, ground, polished and etched to reveal the macrostructure (the
etchant was a mixture of aqueous solutions: 3:1 - in volume - HNO3
solution and 6:1 - in volume — ammonium molybdate). The sam-
ples were polished and etched by using a 37 cm? glacial acetic acid
and 15 cm? of hydrogen peroxide solution at room temperature for
microscopy examination. The microstructural characterization was
carried out by using an optical microscope associated with an image
processing system Neophot 32 (Carl Zeiss, Esslingen, Germany) and
Leica Quantimet 500 MC (Leica Imaging Systems Ltd., Cambridge,
England) [15-18].

Distances

(a)

63 mm (£2)

35 mm (£2)

08 mm (£2)

Fig. 2. Schematic representations of (a) positions along the casting from where the
samples for corrosion tests were collected and (b) personal computer and software to
data measurements (1), frequency analyzer (2), potentiostat (3), reference electrode
(4), glass cell kit (5), platinum counter-electrode (6), 0.5 M H,SO4 electrolyte solution
(7), and Pb-Sn alloy work-electrode (8).

2.2. Electrochemical corrosion tests

In order to evaluate and compare the electrochemical corrosion
behavior of the Pb-1 wt% Sn and Pb-2.5 wt% Sn alloy samples, elec-
trochemical corrosion tests were performed ina 1 cm? circular area
of ground (600 grit SiC finish) sample surfaces. Electrochemical
impedance spectroscopy (EIS) measurements began after an initial
delay of 30 min for the samples to reach a steady-state condition.
The tests were carried out with the samples immersed in a stagnant
and naturally aerated 500 cm3 of a 0.5 M H,S0, solution at 25°C
(pH=0.884+0.05), used to simulate the battery electrolytic fluid.
A potentiostat (EG & G Princeton Applied Research, model 273A)
coupled to a frequency analyzer system (Solartron model 1250),
a glass corrosion cell kit with a platinum counter-electrode and a
saturated calomel reference electrode (SCE) were used to perform
the EIS tests. The potential amplitude was set to 10 mV at open-
circuit, peak-to-peak (AC signal), with 5 points per decade and the
frequency range was set from 100 mHz to 100 kHz. The samples
were further ground to a 1200 grit SiC finish, followed by distilled
water washing and air drying before measurements.

Potentiodynamic measurements were also carried out in the
aforementioned solution at 25 °C using a potentiostat at the same
positions where the EIS tests were carried out. These tests were con-
ducted by stepping the potential at a scan rate of 0.2mVs~! from
—0.800 mV (SCE) to +2800 mV (SCE) at open-circuit. Using an auto-
matic data acquisition system, the potentiodynamic polarization
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Fig. 3. Typical cellular morphologies along the casting length at positions P1 (8 mm), P2 (35mm) and P3 (63 mm) from the bottom of the casting and its corresponding
average cellular spacings and cooling rate for (a) Pb-1 wt% Sn and (b) Pb-2.5 wt% Sn alloy castings (optical magnification: 125x).

curves were plotted and both corrosion rate and potential were esti-
mated by Tafel plots by using both anodic and cathodic branches at
a scan rate of 0.2 mVs~! from —250/+250 mV (SCE) at open-circuit
(corresponding to —1200 and —700 mV vs. MSE). Although the SCE
electrode is not commonly used in lead-acid system studies, a SCE
electrode can also be used as a reference electrode since the one
inconvenient is the fact that chloride may contaminate the elec-
trolyte, and other is to convert from SCE to MSE or other potential
scales (ASTM G3).

Duplicate tests for EIS and potentiodynamic polarization curves
were carried out. In order to supply quantitative support for dis-
cussions on these experimental EIS results, an appropriate model
(ZView version 2.1b) for equivalent circuit quantification has also
been used.

It is important to remark that the corrosion behavior analysis of
the present work differs from studies of PbO/PbO, formation which
consider the corrosion of the lead electrode and proceed at much
higher potentials. The analysis also differs from studies of PbSO,4
membrane layer formed on the electrode surface which ina 0.5M
H,S04 solution presents high solubility, as detailed in the literature
[19-21].

3. Results and discussion
3.1. Resulting as-cast microstructures

Fig. 1(a) shows the resultant directionally solidified casting
macrostructures for both Pb-1 wt% Sn and Pb-2.5 wt% Sn alloys. It
can be seen that the growth of columnar grains prevailed along the
entire casting length due to the water-cooled unidirectional system,
as similarly reported in other previous studies [15-17].

The positions along the casting from where the samples for cor-
rosion tests were collected are shown by a schematic representation

inFig.2(a). The potentiostat coupled to a frequency analyzer system,
personal computer and corrosion cell kit are depicted in Fig. 2(b).

Typical microstructures observed along the cross-sections of
both the Pb-1 wt% Sn and Pb-2.5 wt% Sn alloy castings are shown
in Fig. 3(a) and (b), respectively. The as-cast microstructure con-
sists of a completely cellular array, constituted by a Pb-rich matrix
a-phase: solid solution of Sn in Pb with a eutectic mixture for-
mation in the intercellular regions. The Pb-rich cellular matrix is
depicted by dark regions with the intercellular eutectic mixture
being represented by light regions.

A water-cooled mold imposes higher values of cooling rates near
the casting/chill surface (bottom) and a decreasing profile along
the casting length (top) due to the increase of the thermal resis-
tance of the solidified shell with distance from the cooled surface,
as reported in previous articles [15-17]. This influence translates
to the observed experimental cellular spacing, with fine spacings
close to the casting cooled surface (position P1) and coarser ones
far from it (position P3). Average cooling rates (dT/dt) for positions
P1, P2 and P3 are also shown in Fig. 3. Considering six (06) samples
of Pb-1wt% Sn and Pb-2.5wt% Sn alloys, an experimental repre-
sentation of cooling rate as a function of the cellular spacing can be
made, as shown in Fig. 4. The line represents an empirical power
law which fits the experimental points and average values of cel-
lular spacing along with the standard variation are also presented.
Similar cooling rates for both Pb—1 wt% Sn and Pb-2.5 wt% Sn alloy
samples are clearly observed. Both alloys can be considered as
dilute Pb-Sn alloys which can be contributed to this similar thermal
behavior.

3.2. Electrochemical parameters

In the present investigation, both a potentiodynamic polariza-
tion method and a qualitative electrochemical technique were used
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Fig. 4. Average cellular spacing as a function of cooling rate for both the Pb-1 wt%
Sn and Pb-2.5 wt% Sn alloys castings.

to provide a consistent and useful way to investigate the tendency
of the corrosion resistance.

Fig. 5 depicts the Bode and Bode-phase diagrams represent-
ing the modulus of impedance and phase angle as a function of
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Fig. 5. Experimental EIS diagrams (Bode and Bode-phase) of (a) Pb-1 wt% Sn alloy
and (b) Pb-2.5 wt% Sn alloy at positions P1, P2 and P3 in a 0.5M H,S04 solution at
25°C.
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Fig. 6. Equivalent circuit used to obtain impedance parameters with the ZView®
software.

frequency. The Bode-phase results indicate that two time con-
stants can be associated with the corrosion kinetics of cellular array
and intercellular region of Pb-Sn alloys. At a frequency range of
10%-10° Hz, the first time constant which can be related with the
reaction between the electrolyte and the tin-rich phase in the inter-
cellular region is clearly observed. At low frequencies, in a range
from 0.1 to 10Hz, the second time constant appears and can be
correlated with the reaction with the Pb-rich matrix.

It is known that at low frequency, Bode plot provides the max-
imum modulus of impedance (/Z/). In this context, at a frequency
of 0.1 Hz, the cellular arrays of the Pb—1 wt% Sn alloy at positions
P1, P2 and P3 have /Z/ values of about 60, 180 and 210 2 cm?,
respectively. The cellular arrays of the Pb-2.5wt% Sn alloy at the
same positions (P1 to P3) have /Z/ values of about 110, 100 and
225 Qcm?, respectively. Considering the Bode-phase diagrams,
maximum phase angles (fmax. ) of about 55° in a frequency of 40 Hz
and 50° in 60 Hz are observed for positions P3 of the Pb-1 wt% Sn
and Pb-2.5wt% Sn alloy samples, respectively. These experimen-
tal impedance parameters provide clear indications that the coarse
cellular arrays of both the Pb-1wt% Sn and Pb-2.5wt% Sn alloys
can be related to better electrochemical behavior when compared
to the results which correspond to the fine cellular array. At fre-
quencies between 10 and 103 Hz, interpretation of the nature and
double electronic formation can be made [22].

An equivalent circuit analysis has also been conducted, which is
similar to those developed in some previous articles [22-31]. Fig. 6
shows the proposed equivalent circuit used to fit the experimental
data. The impedance parameters obtained by the ZView® software,
are shown in Tables 1 and 2. The fitting quality was evaluated by
chi-squared ( x2) values of about 12 x 10~3 to 80 x 10~3 [26-31] for
both Pb-1wt% Sn and Pb-2.5wt% Sn alloy samples, as shown in
Tables 1 and 2.

The interpretation of the physical elements of the proposed
equivalent circuit is similar to those reported in previous stud-
ies [13-18]. Thus, R is the electrolyte resistance, R; is the charge
transfer resistance and R, stands for a polarization resistance due
to the participation of adsorbed intermediates. Zcpg(1y and Zcpg(z)
denote the double layer capacitance and the capacitance associ-
ated with the polarization resistance R,. The parameters n; and
n, are correlated with the phase angle, varying between —1 and 1.

Table 1
Impedance parameters obtained by the ZView® software fitting experimental and
simulated results for Pb-1 wt% Sn alloy samples in a 0.5M H,SO4 solution at 25°C.

Parameters P1 P2 P3

Re (2cm?) 4.1 5.2 54

Zepg(1) (WFem=2) 303(+30) 316(+31) 360(+36)
Zepr(2) (MFem—2) 14(+£1) 11 (1) 12(£1)

n 0.73 0.77 0.81

ny 0.28 0.81 0.52

R (2 cm?) 33 119 170

Ry (2 cm?) 100 160 1500

X2 77 x 1073 12x 103 32x103
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Table 2
Impedance parameters obtained by the ZView® software fitting experimental and
simulated results for Pb-2.5 wt%Sn alloy samples in a 0.5 M H;SO4 solution at 25 °C.

Parameters P1 P2 P3

Rer (2cm?) 4.9 43 5.8

Zepg(1) (WFem=2) 155 (£15) 200 (+20) 350 (£35)
Zcpg(2) (MFem=2) 14 (1) 18 (£1) 12 (£1)
n 0.85 0.80 0.77

ny 0.38 0.43 0.60

R; (R2cm?) 30 49 160

R, (R2cm?) 1386 1400 1439

ba 15%x 1073 11 x 103 80 x 103

The impedance of a constant phase element is defined as Zcpg =[C
(jw)']~! [26-31], where C is the capacitance; j is the current; w is
the frequency and —1 <n < 1. The value of n seems to be also asso-
ciated with the non-uniform distribution of current as a result of
roughness and surface defects [15-18,26-31].

Simulated and experimental results in Nyquist plots of the
Pb-1wt% Sn and Pb-2.5 wt¥% Sn alloy samples in sulfuric acid solu-
tion are shown in Fig. 7(a) and (b), respectively. All complex plane
plots (Nyquist diagrams) are characterized by a capacitive arc at
high frequencies (between 10° and 1Hz) followed by a slope of
about 45° at frequencies lower than 1Hz [32,33], as also observed
by Li et al. [34]. These Nyquist plots reveal that the diameters of
the capacitive arcs for the coarse cellular region (position P3) are
higher than those for fine cellular regions (positions P2 and P1).
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Fig. 7. Experimental and simulated Nyquist results for (a) Pb-1wt% Sn and (b)
Pb-2.5wt% Sn alloys in a 0.5 M H,S04 solution at 25°C.
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Fig. 8. Potentiodynamic polarization curves exhibiting current densities and corro-
sion potentials for (a) Pb-1wt% Sn and (b) Pb-2.5 wt% Sn alloys samples in a 0.5 M
H,S0, solution at 25°C.

These results show a similar tendency when compared to those
analyzed in Bode and Bode-phase plots, shown in Fig. 3(a).

In Tables 1 and 2, it can be observed that R, is higher than Ry,
which is an indication that R, has an important role on the electro-
chemical corrosion resistance of dilute as-cast Pb-Sn alloys. Assis et
al. [27] observed similar trend in a study of Ti-Al alloys. These elec-
trochemical impedance parameters also indicate that the coarse
cellular array has better electrochemical corrosion resistance than
the fine cellular structure.

The impedance parameters Zcpg(») and R; closely correspond to
that of adsorbed intermediates (e.g. PbSO4, PbOH, etc.). As Zcpg(o) is
similar for each position and each Pb-Sn alloy, the parameters R,
and R, evidence that coarser cellular arrays have higher corrosion
resistance than finer ones. Ry corresponds to the polarization resis-
tance and high values indicate better corrosion resistance. On the
other hand, Zcpg(1) corresponds to the capacitance of double elec-
tronic formation at the surface of the Pb-Sn alloys samples and high
values also indicate better electrochemical corrosion response.

Fig. 8(a) and (b) shows potentiodynamic polarization curves
(from —0.7 to —0.4V vs. SCE) for the Pb-1%Sn and Pb-2.5% Sn alloy
samples at three different positions (P1, P2 and P3) corresponding
to tests carried out in a 0.5M H,SO4 solution at 25°C. The cor-
rosion current density (icorr) Was obtained from Tafel plots using
both the cathodic and anodic branches of the polarization curves.
These results reinforce the corrosion resistance tendency observed
previously with the results of EIS and impedance parameters
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Fig. 9. (a) Typical SEM micrograph of a Pb-2.5 wt% Sn alloy sample after corrosion
test (polarization).

(equivalent circuit), i.e., better electrochemical corrosion resistance
being associated with coarser (position P3) Pb-Sn alloys cellular
microstructures.

Considering the Pb-1wt% Sn alloy, a current density of about
46 (+5)pAcm—2 associated with a corrosion potential of about
—538 mV (SCE) is observed for position P1 (08 mm; A. =15 pum). At
positions P2 (35 mm; A¢=50 pum) and P3 (63 mm; A. =80 wm), cur-
rent densities and corrosion potentials of about 24 (£5) WA cm2;
—535mV (SCE) and 8.5 (+5) WA cm~—2; —528 mV (SCE) are attained.
On the other hand, the Pb-2.5wt% Sn alloy has similar corrosion
potential at the three positions examined along the casting length
(of about —540mV, SCE) and current densities decreasing with
increasing positions from P1 to P3 which are 58 (+6), 38 (+4) and
19 (£2) wAcm~2, respectively. Fig. 9 evidences that the corrosion
action is stronger at the cell boundaries, and as a result finer cell
regions will be subjected to more generalized corrosion due to the
more extensive boundaries distribution, which are typical of these
refined regions.

During non-equilibrium solidification, the a-phase (Pb-rich)
will have an increasingly Sn content from the cell center towards
the cell boundaries, i.e., the intercellular regions, up to the eutec-
tic composition, as shown in Fig. 10. The eutectic mixture (point
#2) will be formed by alternated Pb-rich and Sn-rich phases giv-
ing rise to galvanic cell formation. Coarser cells tend to improve the
corrosion resistance of dilute Pb-Sn alloys mainly due to the reduc-
tion of cellular boundaries which are regions of higher energy. It
is well known that low solute content is one of the main factors
favoring the formation of a cellular structure during solidification
[35]. Generally, in a conventional casting or in a continuous casting
of Pb alloys grids, refined cellular structures are produced [3-8].
The present experimental results have indeed shown that coarser
cells tend to improve the corrosion resistance of Pb-1 wt% Sn and
Pb-2.5 wt% Sn alloys mainly due to the reduction of cellular bound-
aries. This condition provides a better galvanic protection when
compared to a fine microstructure cellular array. Fine cells will
induce a more extensive corrosion action, being more susceptible
to galvanic degradation. A similar tendency was also reported by
Rosa et al. [16] and Osério et al. [15,17] in studies of corrosion resis-
tance of Pb-Sb alloys in a 0.5M H,S0, solution. Peixoto et al. [18]
have also reported higher electrochemical corrosion resistance for
coarse equiaxed cells (A¢ =200 wm) compared to fine equiaxed cells
(Ac =25 pum) for Pb-1 wt% Sn alloy samples tested in a 0.5M H,S0,4
solution. Similar tendency of corrosion resistance was also observed
for pure metals with fine and large equiaxed grains [15-18,36].

Comparison of electrochemical corrosion resistances of
Pb-1 wt% Sn and Pb-2.5 wt% Sn alloys permits to assess the role of

(a)
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Fig. 10. (a) Typical SEM micrograph of a Pb-2.5 wt% Sn alloy evidencing the Pb-rich
phase (point #1); (b) the eutectic mixture (point #2), and (c) the EDAX results with
average chemical compositions for points #1 and #2.

tin content on the electrochemical behavior of Pb-Sn alloys. Simon
et al. [37] reported that a Pb-1wt% Sn alloy has better corrosion
resistance than a Pb-2.5 wt% Sn alloy. The experimental impedance
parameters, current density and corrosion potential obtained in
the present study are in agreement with such conclusion reported
by Simon et al. [37]. Fig. 11 shows a comparison of experimental
current density as a function of cellular spacing for the Pb-1 wt%
Sn and Pb-2.5wt% Sn alloys giving indications of higher corrosion
resistance for the latter alloy. Average current density with the
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Fig. 11. Experimental current density as a function of cellular spacing for Pb-1 wt%
Sn and Pb-2.5 wt% Sn alloys samples in a 0.5M H,SO4 solution at 25 °C.
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Fig. 12. Experimental anodic potentiodynamic polarization curves for three
Pb-1 wt% Sn alloy samples in a 0.5 M H;SOy4 solution at 25°C.

standard variation is presented. The line represents an empirical
power law which fits the experimental points.

Fig. 12 shows the experimental anodic potentiodynamic polar-
ization curves for three different samples of the Pb-1 wt% Sn alloy
in a 0.5M H,S04 solution at 25°C.

Pavlov et al. [19-21] suggested that the open-circuit potential
of the Pb-1wt% Sn alloys is something lower than that of pure
lead (—0.58V, SCE) due to the accelerated self-discharge related
to lower hydrogen overvoltage on the Sn electrode. At potentials
above —0.95V (Hg/Hg,SO,4 or vs. MSE — Mercury-mercurous Sulphate
Electrode) which corresponds to range between —580 and —540 mV
(SCE), anodic oxidation of Pb takes place and Pb (II) ions are formed,
as can be observed in Fig. 12. However, it is known that the rate of
anodic oxidation of Pb to Pb (II) ions at this aforementioned range
of potentials is not the process that determines the corrosion rate
of lead in sulfuric acid. In addition to the anodic oxidation of lead,
at potentials above —0.45V (vs. MSE) or —0.08 V (vs. SCE) another
anodic process begins in which Sn oxidation to Sn (II) and Sn (IV)
can be involved.

A partial stabilization on current density is observed at about
103 Acm2 between potentials —0.42 and —0.32V (SCE) or +0.70
and —0.04V (MSE). This indicates precipitation and dissolution
mechanisms of PbSO4 particles, as also verified in a previous study
[18]. It is important to remark that the solubility of PbSO4 in 0.5 M
H,S0; is relatively high and only small amounts of PbSOy4 crystals
will be formed and reduced (dissolution-precipitation mecha-
nism). Some PbSO4 crystals are formed at the electrode surface
which, after long enough polarization will form a semi-permeable
membrane which, on turn, will passivate the electrode surface. A
PbSO4 membrane layer will be formed on the electrode surface
(passivation) but not any PbO particle because a high and strong
passivation for this formation is demanded [18-21].

Atapotential region between —0.70 and —0.40 V (SCE), as shown
in Fig. 8, the current depends on the spot the sample was taken from
(the Pvalue). However, at potentials above —0.20 V this dependence
practically disappears evidencing that the three studied Pb—Sn alloy
samples have similar Pb/PbO/PbSO,4 and Pb/PbO, electrode system
formation. It can be said that the cellular array is the determi-
nant factor influencing the corrosion action until the formation of
electrode systems PbO/PbSO,4 and PbO/PbO,. After this, the electro-
chemical behaviors of the different Pb-Sn samples experimentally
examined, are very similar and connected to the oxide layer growth.

At potentials between —0.2V and +0.4V (SCE) and between
+0.4V and +1.5V (SCE) of the Pb/PbO/PbSO4 and the Pb/PbO, elec-
trode systems, regions of stability are attained. Stabilizations in the

current densities (of about 1.3 x 1074 and 1.4 x 10~ A x cm~2) at a
potential of about —0.08 V (SCE) (—0.45 V, MSE) are observed, which
corresponds to PbO formation. In a range of current densities from
90 to 100 WA cm~2 associated with potentials between +1.06 and
+1.30V (SCE), reactions of PbO, formation can occur. Pavlov and its
collaborators have systematically detailed these reactions [19-21].

Considering a conventional manufacturing of lead-acid battery
components, the high cooling rates which are associated with the
casting process will induce a deleterious effect on the general
electrochemical corrosion response for dilute Pb-Sn alloys. In this
context, the control of as-cast cellular microstructures can be used
as an alternative way to produce as-cast components with reason-
able corrosion resistance.

It is well known that a number of grid manufacturing processes
[1-3] have been used in order to decrease battery grid weight as
well as to reduce the production costs for applications in automo-
tive and telecommunication fields as VRLA or SLI batteries [1-4].
As the electrochemical corrosion behavior of the Pb-1 wt% Sn and
Pb-2.5wt% Sn alloys are very similar when a same order of mag-
nitude of the cellular array is considered, the production of battery
components using Pb-2.5 wt% Sn alloy can considerably decrease
the final battery weight. The production costs for 1 ton of each dilute
Pb-Sn alloys are similar. However, a flat grid of Pb-2.5 wt% Sn alloy
in an automotive battery has of about 2-3 g lower than a grid man-
ufactured with a Pb-1wt% Sn alloy. Considering that a pole of an
automotive battery has of about 16 flat plates (positive and nega-
tive plate packs), a battery manufactured with a Pb-2.5 wt% Sn alloy
may have 96 plates. This means that the pole will be from 200 to
300¢ lighter than a similar one manufactured with a Pb-1 wt% Sn
alloy. It is expected a volume of automotive batteries (battery size
up to 60 Ah) in the European market in 2009 of about 60 million
units [38]. The world’s production of automotive lead-acid batter-
ies will be from 5 to 10 times higher than that of Europe. These
figures are strong indications that the use of a Pb-2.5 wt% Sn alloys
for the manufacture of battery grids instead of a Pb-1 wt% Sn alloy
can generate significant environmental and economical impacts.

4. Conclusions

Based on the present experimental electrochemical impedance
parameters (EIS tests, anodic potentiodynamic polarization curves
and equivalent circuit analysis) it can be said that coarse cellular
structures tend to yield higher corrosion resistance than fine cel-
lular morphologies for both as-cast Pb-1wt% Sn and Pb-2.5 wt%
Sn alloys. Such considerations are associated with the reduction of
cellular boundaries of coarse cellular arrays when compared with
finer cells, since the boundary has proved to be more susceptible
to the corrosion action. In this context, the manufacturers of as-
cast components of dilute Pb-Sn alloys can control the resulting
microstructure cell size, as an alternative way to produce lead-acid
battery components of higher corrosion resistance, by manipulat-
ing solidification processing variables. The use of a Pb-2.5wt% Sn
alloy for manufacturing battery grids may induce a single battery
unit to be from 200 to 300 g lighter than a similar one manufactured
with a Pb-1 wt% Sn alloy. If the annual world’s production of auto-
motive lead-acid batteries is considered the total saving in weight
can have significant environmental and economical impacts.
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