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The aim of this study was to evaluate the effect of solidification cooling rates on the as-cast microstructural
morphologies of a Pb—1 wt%Sn alloy, and to correlate the resulting microstructure with the correspond-
ing electrochemical corrosion resistance in a 0.5 M H,SO4 solution at 25 °C. Cylindrical low-carbon steel
and insulating molds were employed permitting the two extremes of a significant range of solidification
cooling rates to be experimentally examined. Electrochemical impedance spectroscopy (EIS) diagrams,
potentiodynamic polarization curves and an equivalent circuit analysis were used to evaluate the elec-
trochemical corrosion response of Pb-1 wt%Sn alloy samples. It was found that lower cooling rates are
associated with coarse cellular arrays which result in better corrosion resistance than fine cells which
are related to high cooling rates. The experimental results have shown that that 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.
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1. Introduction

During the past 20 years, lead-acid batteries manufacturers have
focused on modifications of grid manufacturing processes and on
the chemical composition of the used alloys in order to decrease
battery grid weight as well as to reduce the production costs, and
to increase the battery life-time cycle and the corrosion resistance
[1-8].

Pb-Sn, Pb-Sb and Pb-Ca-Sn alloys are commonly used in the
production of positive and negative grids, connectors, posts and
straps components of both VRLA—valve-regulated lead acid and
SLI—starting, lighting and ignition batteries in the automotive
industry and telecommunication services [1-3]. These compo-
nents are generally produced by continuous processes such as
conventional continuous casting, continuous casting followed by
expansion, continuous casting followed by rolling, etc.[1,2]. Prenga-
man [1] reported that battery components manufactured with
Pb-Sb alloys corrode more rapidly than those produced with Pb-Sn
and Pb-Sn(Ca) alloys. He states that antimony, e.g. at SLI battery
positive grids, enhances electrolysis of water into hydrogen and
oxygen during charging, leading to water or electrolyte loss. On the
other hand, the use of Pb-Sn and Pb-Sn(Ca) alloys can be an effec-
tive way to minimize gassing, water and electrolytic solution losses.
Due to this, these alloys can be better alternatives for the production
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of Pb-acid battery grids with a view to achieve a maintenance-free
condition [1-13].

The selection of appropriate alloy compositions for battery grids
involves considerations of grid-production capability, economic
feasibility, and metallurgical and electrochemical properties of the
resulting alloys. The most effective method way to manufacture
highly resistant Pb alloys battery grids is to reduce all impurities
and alloying elements as much as possible, i.e., to keep the grid
composition as close as possible to pure lead. The effects of alloying
additions to Pb-based alloys have been studied for a wide range of
alloy compositions. Calcium additions in the range of 0.02-0.05 wt%
are usually made in order to improve the resulting mechanical prop-
erties. However, due to its segregation to the grain boundaries and
interdendritic regions it can considerably affect the corresponding
corrosion resistance in the pasting/curing process. The grid must
be corroded along this process to permit the paste to adhere to
the grid. The addition of Sn in the range between 0.3 and 1.5 wt%
is commonly used [2,10], despite its complex role on the kinet-
ics of formation, passivation and growth of PbO and PbO, layers
[14]. For Pb-Sn-Ca alloys the Sn content must be sufficient to react
with all the calcium in the alloy to produce Sn3Ca, a more sta-
ble strengthening precipitate instead of Pb3Ca. Lead-calcium alloy
grids have also been improved by the addition of silver in the range
of 0.02-0.05 wt%. These alloys have higher mechanical properties
and creep resistance and greater dimensional stability [1].

The cellular and dendritic spacings are important microstruc-
tural parameters affecting the microscopic segregation between
these morphologic ramifications and the mechanical properties.
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The resulting microstructure array spacing was also shown to
strongly influence the overall surface corrosion resistance of binary
alloys [14-18].

It is known that low growth rates during solidification and/or
low alloy solute content can favor the growth of regular cells. On
the other hand, dendritic microstructures are typical of alloys with
higher solute content and/or solidified under high growth rates.
Both the macro- and microstructural arrays affect the mechanical
properties and the corrosion resistance [16-18]. It was found that
the improvement on the corrosion resistance depends on the cool-
ing rate imposed during solidification which affects dendrite arm
size and solute redistribution, and on the electrochemical behav-
ior of solute and solvent [16-18]. In a recent experimental study
with Pb-Sb [19] alloys subjected to corrosion tests in a 0.5 M H,S04
solution, it was shown that coarse cellular samples were associated
with better electrochemical corrosion resistance than fine cellular
samples.

Rezaei and Damiri [7] have also stated that the control of solid-
ification variables has an important role on the electrochemical
behavior of lead-acid battery grid alloys. These authors reported
that lower cooling rates imposed during solidification of a lead-
antimony alloy casting provided antimony segregation to the
interior of the casting, while surface antimony concentration had
significantly decreased.

Considering the diversity of commercially battery-component
manufacturing processes, a homogeneous composition of the grid
or strap battery component can represent a great challenge when
three or more elements are added. The lead-acid battery manufac-
turers should alternatively consider the pre-programming of the
resulting microstructure of binary alloys by controlling solidifica-
tion variables as an important tool for the improvement of the
resulting mechanical properties and corrosion response. This study
correlates and corrosion behavior of an as-cast Pb—1 wt%Sn alloy in
a 0.5M H;,S04 solution at 25°C. The effect of very different cool-
ing rates, typical of casting processes which use metallic molds and
insulating molds, on the morphology and scale of the microstruc-
tural pattern was examined.

2. Experimental procedure

Experiments were carried out with a Pb-1wt%Sn alloy which
was prepared by using 99.89 and 99.99 wt% pure Pb and Sn, respec-
tively. The main impurities were Fe (0.10%), Si (0.07%), Cu (0.02%),
besides other minor elements with concentration less than 50 ppm.

A low-carbon steel (SAE 1020) mold with an internal diame-
ter of 50 mm, height 50 mm and a 3 mm wall thickness was used.
Initially, the Pb-1%Sn alloy was melted in an electric resistance-
type furnace until the molten Pb-Sn alloy reached a temperature of
+340°C (of about 10% above the liquidus temperature). It was then
stirred, degassed and poured into the casting chamber (low-carbon
steel mold). Two experiments were carried out for different mold
conditions before pouring: (i) mold surface polished and kept at
the room temperature (+25°C) and (ii) mold surface completely
covered with an insulating alumina layer (of about 1 mm thick)
to minimize heat losses and with the mold pre-heated at 200°C
(£5°C). The former condition has permitted higher cooling rates to
be attained during solidification (in a range from 8 to 12Ks~!) and
the latter condition has induced lower cooling rates (from 0.5 to
1Ks~1). Temperatures were monitored via type ] thermocouples.

As-cast specimens were sectioned from the center of the ingot,
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 cm3of 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) [19,20].

In order to evaluate the electrochemical corrosion behavior of
the Pb-1%Sn alloy samples, electrochemical corrosion tests were
performed in a 1cm? 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 sam-
ples to reach a steady-state condition. The tests were carried out
with the samples immersed in a stagnant and naturally aerated
500cm? of a 0.5M H,S0,4 solution at 25°C under a pH of about
0.88, used to simulate the battery electrolytic fluid. A potentio-
stat (EG & G Princeton Applied Research, model 273A) coupled to
a frequency analyzer system (Solartron model 1250), a glass cor-
rosion 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, peak-to-peak (AC
signal), with 5 points per decade and the frequency range was set
from 100 mHz to 100 kHz at open circuit. 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
performed by stepping the potential at a scan rate of 0.2mVs~!
from —0.800mV (SCE) to +2800mV (SCE), i.e.: —1.24V to +2.36V
vs. MSE. Using an automatic data acquisition system, the poten-
tiodynamic polarization curves were plotted and both corrosion
rate and potential were estimated by Tafel plots using both anodic
and cathodic branches at a scan rate of 0.2mVs~! from —250mV
(SCE) to +250mV (SCE). This mentioned potentiodynamic range
corresponds to —1200mV and —700 mV vs. Hg/Hg,S04 electrode
(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 electrolyte, 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 of these experimental EIS results, an appropriate model
(zView version 2.1b) for equivalent circuit quantification was used.

3. Results and discussion

3.1. Resulting as-cast structures

Fig. 1 shows the resultant multidirectional casting macrostruc-
tures (randomly oriented grains). It can be seen that the growth
of both fine and coarse equiaxed grains have prevailed along the
entire casting. The average grain sizes of fine and coarse equiaxed
Pb-1%Sn alloy castings are 2mm and 7 mm, respectively. These
average grain sizes are associated to cooling rates from 8 to 12 Ks~!
(mold with a polished inner surface) and from 0.5 to 1Ks~! (mold
surface covered by an alumina layer), respectively.

Typical microstructures observed along the cross sections of
the Pb-1wt%Sn alloy castings are shown in Fig. 2. The as-cast
microstructure consists of a completely cellular array, constituted
by a Pb-rich matrix (a-phase: solid solution of Sn in Pb) with a
eutectic mixture in the intercellular regions. The cellular spacing
for regions solidified under low cooling rates was about 180 um
(£15 pm) with the Pb-rich cellular matrix represented by dark
regions with the eutectic mixture being represented by light
regions. On the other hand, under higher cooling rates during solid-
ification the resulting cellular spacing was 30 wm (£2.5), i.e., about
six times smaller than that of the coarse cells. The coarse and
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Fig. 1. Typical multidirectional casting macrostructures of Pb—1 wt%Sn alloy with: (a) fine and (b) coarse equiaxed grains obtained solidified under cooling rates from 8 to
12Ks~! (mold with a polished inner surface) and from 0.5 to 1 Ks~' (mold surface covered by an alumina layer), respectively.

fine cellular structures had as consequence an experimental aver-
age number of cells per surface area of about 45 cellsmm~2 and
1680 cells mm~2, respectively.

3.2. Electrochemical behavior measurements and equivalent
circuit analysis

Although accelerated corrosion testing has been widely used
since the early 1900s [21], for some particular situations, excessive
aggressiveness of the test solution could mask the real materi-
als performance [21-24]. A number of researchers [16-34] have
employed electrochemical impedance spectroscopy techniques to
study the corrosion phenomenon. It was reported that these tech-
niques involve some difficulties, one of which is that the equivalent
circuit model can be designed in more than one way, so that
the impedance spectrum is difficult to be analyzed [25]. In the
present investigation, both a polarization method and a qualita-
tive electrochemical technique were chosen to provide a consistent

and useful way to investigate the tendency of the corrosion resis-
tance.

Fig. 3 depicts the Bode and Bode-phase diagrams representing
the modulus of impedance and phase angle as a function of fre-
quency. The Bode-phase results indicate that two time constants
can be associated to the kinetics of corrosion of coarse and fine cel-
lular arrays of the Pb-1%Sn alloy. At a frequency range from 103
to 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 of
about 0.1 and 50 Hz, the second time constant appears and can be
correlated to the reaction with the Pb-rich matrix.

At a frequency of 0.1Hz, the coarse and fine cellular arrays
have presented moduli of impedance of about 3k2cm~2 and
1.5k2 cm~2, respectively. Considering the Bode-phase diagrams,
maximum phase angles (6,5, ) of about 66° in a frequency of 19 Hz
and 56° in 38 Hz are observed for coarse and fine cellular spacings,
respectively. These experimental impedance parameters give clear

Fine Cellular Morphology
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Fig. 2. Typical cellular morphologies along the cross sections of the Pb-1 wt%Sn alloy castings: (a and c) obtained with cooling rate from 0.5 to 1 Ks~*; cell spacing A. = 180 pm

(£15 wm) and (b and d) from 8 to 12Ks™'; A =30 pwm (2.5 pm).
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Fig. 3. (a) Experimental EIS diagrams (Bode and Bode-phase); (b) experimental
and simulated Nyquist results for coarse and fine cellular morphologies of the
Pb-1wt%Sn alloy in a 0.5 M H;,SO;4 solution at room temperature.

indication that the coarse cellular array of the Pb—1%Sn alloy can be
related to better electrochemical behavior when compared to the
results which correspond to the fine cellular array.

An equivalent circuit analysis has also been conducted, which
is similar to those developed in previous articles [25-34]. The pro-
posed equivalent circuit used to fit the experimental data is shown
in Fig. 4. The impedance parameters obtained by the ZView® soft-
ware, are shown in Table 1. The fitting quality was evaluated by
chi-squared ( x2) values of about 20 x 10~4 [19,20,26-34], as shown
in Table 1.

In the equivalent circuit, R, denotes the electrolyte resistance
which in Bode plot is expressed in a high frequency limit (F> 1 kHz),
R; is the charge transfer resistance, and R, (F<0.1 Hz) stands for a
polarization resistance due to the participation of adsorbed inter-
mediates. Zcpg(1) and Zcpg(z) denote the double layer capacitance
and the capacitance associated with the polarization resistance R;.
The parameters nq and n, are correlated with the phase angle, vary-

Fig. 4. Proposed equivalent circuit used to obtain impedance parameters.

Table 1

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

Parameters Coarse cellular morphology Fine cellular morphology
Rer (2cm=2) 7.32 6.84

Zeper) (WFem=2) 120 (+£12) 302 (£21)

Zepga) (WFem~2) 39.20 (+0.5) 33.62 (£2.5)

ny 0.65 0.58

n 0.93 0.91

Ri (Qcm™2) 16.5 12.5

R (2cm—2) 3019 1405

X2 23x 104 20x 104

ing between —1 and 1. A constant-phase element representing a
shift from an ideal capacitor was used instead of the capacitance
itself, for simplicity. The impedance of a phase element is defined
as Zepg =[Cliw)"]~1 [19,20,26-34], where C is the capacitance; j is
the electric current; w is the frequency and —1 <n < 1. The value of
n seems to be also associated with the non-uniform distribution of
current as a result of surface roughness and defects [19,20,26-34].

Simulated and experimental results in Nyquist diagrams for the
coarse and fine cellular arrays of the Pb-1%Sn alloy in sulfuric acid
solution are shown in Fig. 3(b). Nyquist plots reveal that the diam-
eter of the capacitive arc for coarse cellular spacings is higher than
that for fine cellular spacings. These results point to a similar cor-
rosion tendency when compared to those analyzed in Bode and
Bode-phase plots, shown in Fig. 3(a).

In Table 1, it can be observed that Zcpg(q) and Zcpg(y) for fine cel-
lular spacings are higher than the corresponding values for coarse
spacings. These capacitances are also associated with lowest resis-
tances Ry and R,, which indicate that the coarse cellular array has
better electrochemical corrosion resistance than the fine cellular
structure.

Fig. 5(a) shows partial potentiodynamic polarization curves
(from —0.75V to —0.30V vs. SCE) for coarse and fine cellular
Pb-1%Sn alloy samples. The corrosion current density (icorr) Was
obtained from Tafel plots using both the cathodic and anodic
branches of the polarization curves. Such results reinforce the pre-
vious corrosion resistance tendency observed with the results of
EIS and impedance parameters (equivalent circuit).

In the sweep ranges, shown in Fig. 5(a) and (b), various processes
take place and different electrode systems are formed. As a result,
different types of EIS equivalent circuits are required, and changes
in the component values are necessary. On the other hand, con-
sidering the qualitative analysis which was developed using the
Bode, Bode-phase and Nyquist diagrams, the selected equivalent
circuit (Fig. 4) has been proposed. The constant times, the fitting
quality (chi-squared values) and the wide application of this equiv-
alent circuit were also reasons to select this circuit. Considering
a same equivalent circuit is possible to compare the effect of dif-
ferent metallographic structures on the resulting general corrosion
responses.

Although the fine cellular array has a corrosion potential slightly
displaced toward the less noble-side (of about 20mV vs. SCE)
when compared to that of the coarse morphology, its correspon-
dent corrosion current density (£37 wAcm—2) is of about six (6)
times higher than that corresponding to the coarse cellular array
(+£6 wAcm~2). The present experimental results have shown that
coarser cells tend to improve the corrosion resistance. Grain and
cellular boundaries are regions with higher level of energy due to
distortions and deformation caused by growth during solidification
being more susceptible to the corrosion action. Coarser cells exhibit
fewer boundaries providing a better galvanic protection when com-
pared to a fine cellular array, which will be subjected to a more
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Fig. 5. (a) Experimental potentiodynamic polarization curves exhibiting current
densities and corrosion potentials for coarse and fine cellular morphologies and
(b) experimental anodic potentiodynamic polarization curves: Pb-1wt%Sn alloy
samples in a 0.5 M H,SO4 solution at 25°C.

extensive corrosion action. In this context it can be said that cor-
rosion in dilute Pb-Sn alloys is similar to that observed in pure
metals with equiaxed grains [12,13,16,17]. It is also important to
remark that owing to segregation during the cellular growth, the
intercellular regions at the cells boundaries will have the highest
tin content (one of the phases of the eutectic mixture). By analyzing
a galvanic series table [35], it can be seen that tin (Sn) has a poten-
tial between —0.30V and —0.33V (vs. SCE) and lead (Pb) of about
—0.19V to —0.25V (vs. SCE), which indicates that Sn is less noble
than Pb.

Fig. 5(b) shows the experimental anodic potentiodynamic
polarization curves for both coarse and fine cellular Pb-1%Sn
alloy samples in a 0.5M H,SO4 solution at room temperature.
A partial stabilization on current density is observed at about
3x10~4Acm~2 at a potential of —0.44V (vs. SCE) or —0.81V (vs.
MSE) for both potentials of coarse and fine Pb-1%Sn alloy samples,
which indicates precipitation and dissolution mechanism of PbSO4
particles. It is important to remark that the solubility of PbSO4 in
0.5M H;S0y4 is relatively high and only small amounts of PbSO4
crystals will be formed and reduced (dissolution-precipitation
mechanism). According to Pavlov et al. [36-38], it is suggested that
the open circuit potential of Pb-1%Sn alloys is something lower
than pure lead (—0.95V vs. MSE or —0.58V vs. SCE) due to the
accelerated self-discharge related to lower hydrogen overvoltage
on the Sn electrode. At potentials above —0.95V (MSE) which cor-

respond to a range of about —580 mV to —540 mV vs. SCE in Fig. 5(b),
anodic oxidation of Pb takes place and Pb (II) ions are formed. Some
PbSO4 crystals are formed on the electrode surface which, after
long enough polarization will form a semi-permeable membrane
which, on turn, will passivate the electrode surface. A PbSO4, mem-
brane layer will be formed on the electrode surface (passivation)
but not any PbO particle since a high and strong passivation for this
formation is demanded [13,36-38].

At a potential of about —0.45V (vs. SCE) corresponding to —0.8 V
(vs. MSE) the anodic oxidation of Pb to Pb (II) ions begins. Associated
with this potential, fine and coarse cellular arrays exhibit current
densities of about 7 x 10~% and 9 x 10~ A cm~2, respectively. How-
ever, it is known that the rate of anodic oxidation of Pb to Pb (II)
ions at potentials about —0.8 V (vs. MSE) or —0.45V (vs. SCE) 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.

Stabilization in the current density for the fine (8 x 10-> Acm~2)
and the coarse (10~% Acm~2) cellular spacings at a same potential
of about —0.45V (vs. MSE) or —0.08V (vs. SCE) can be observed
in Fig. 5(b), which correspond to PbO formation. In this potential
range, selected PbZ* will be formed or reduced along with some
hydrogen and/or oxygen evolution. At a potential of about +0.22V
(vs. SCE) or —0.15V (vs. MSE), slight breakdown of potential for
both fine and coarse cellular morphologies are observed. Above
+1.28V (vs. SCE) or +0.95V (vs. MSE) associated with current den-
sities of 1.0 x 10~% and 1.3 x 10~ Acm2, for the fine and coarse
cellular arrays, respectively, PbO, is formed. These processes are
systematically detailed by Pavlov et al. [36-38].

As aforementioned, the reactions concerning to sulfate precip-
itation and dissolution, and PbO and PbO, formations, occurred
firstly for the fine cellular morphology which is also an indication
that this morphology is more susceptible to corrosion action than
coarse ones.

The present experimental results have shown that the control
of as-cast cellular microstructures, by manipulating solidification
processing variables can be used as an alternative way to produce
as-cast components of lead-acid batteries with higher corrosion
resistance. In this context, a high cooling rate casting process will
induce a deleterious effect on the general electrochemical corro-
sion response for dilute Pb-Sn alloys (cellular microstructure) when
considering conventional manufacturing of lead-acid battery com-
ponents.

4. Conclusion

The experimental EIS diagrams, impedance parameters, anodic
potentiodynamic polarization curves and the fitted equivalent cir-
cuit parameters have shown that coarse cellular structures tend to
yield higher corrosion resistance than fine cellular morphologies for
an as-cast Pb-1%Sn alloy. Such trend is associated with the reduc-
tion of cellular boundaries of coarse cellular arrays when compared
with finer cells, since the boundary has proved to be more suscep-
tible to the corrosion action. These results indicate that the control
of as-cast cellular microstructures, by manipulating solidification
processing variables permitting the control of cooling rate, can be
used as an alternative way to produce as-cast components of Pb—Sn
dilute alloys for battery components with improved corrosion resis-
tance.
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