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The aim of this study was to evaluate the effects of the microstructural morphologies of a Pb-6.6 wt%Sb
alloy on the resulting corrosion resistance in a 0.5M H;SO4 solution at different temperatures: envi-
ronment temperature, 50 °C and 70 °C. A water-cooled unidirectional solidification system was employed
permitting a wide range of microstructures to be analyzed. Electrochemical impedance spectroscopy (EIS)
diagrams, potentiodynamic polarization curves and an equivalent circuit analysis were used to evaluate
the corrosion behavior of the Pb-Sb alloy samples. It was found that with increasing temperatures the
general corrosion resistance of Pb-Sb dendritic alloys decreases, and that independently of the working
temperature finer dendritic spacings exhibit better corrosion resistance than coarser ones.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that the solution characteristics, such as pH and
temperature may affect the corrosion mechanism and the corrosion
behavior of metallic alloys [1-3]. Lead acid batteries manufactur-
ers have introduced modifications in the grid project in order to
permit both the battery grid weight and the production costs to
be reduced, as well as to increase the battery life-time cycle and
the corrosion resistance [4-6]. The performance of lead acid bat-
teries in automotive applications can also be significantly affected
by temperature variations.

The improvement on the corrosion resistance of as-cast metallic
alloys is strongly dependent on the microstructural arrangement,
which in turn depends on the cooling rate imposed during solidi-
fication, which affects both the scale of the cellular and dendritic
patterns and the solute redistribution, and on the electrochemical
behavior of solute and solvent [7-16]. Recent studies have shown
that as-cast Pb-Sb alloys with finer dendritic microstructures tend
to yield higher corrosion resistances at room temperature than
coarser dendritic arrangements. In contrast, when such alloys
have a cellular microstructure an opposite behavior occurs with
higher corrosion resistances being connected with coarser cellular
microstructures [11,12].

Generally, the growth of regular cells is favored by low growth
rates during solidification and/or low solute content. On the other
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hand, dendritic arm spacings are typical of alloys with higher solute
content and/or solidified under higher growth rates. A recent study
has characterized cellular and dendritic microstructural patterns
as a function of casting thermal parameters for Pb—Sb hypoeutectic
alloys [17].

The manufacturers have indicated a working temperature range
for batteries from about —10°C to 70 °C. Such high temperature can
be easily attained in severe automotive operation. In order to evalu-
ate and compare the corrosion resistance of dendritic morphologies
of a Pb-6.6 wt%Sb alloy as a function of temperature (environ-
ment temperature, 50°C and 70°C) corrosion tests were carried
out in a 0.5M H,SO4 solution. Techniques such as electrochem-
ical impedance spectroscopy (EIS), potentiodynamic polarization
curves and an equivalent circuit method were used to provide
results for the comparative analysis.

2. Experimental procedure

The Pb-6.6 wt%Sb alloys were prepared from commercially pure
metals: Pb (99.97 wt%) and Sb (99.86 wt%).

A water-cooled unidirectional solidification system was used
to provide a wide range of dendritic microstructures (from coarse
to fine). More details concerning this solidification set-up can be
obtained from previous articles [11,12,17]. The cylindrical ingot
was sectioned on a midplane, ground, polished and etched with
a solution to reveal the macrostructure. Transverse sections (per-
pendicular to the growth direction) along the ingot length were
polished and etched with a solution (37.5 cm? of glacial acetic acid
and 15cm3 of H,0,, at 25 °C) for microscopy examination. Image
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processing systems Neophot 32 (Carl Zeiss, Esslingen, Germany)
and Leica Quantimet 500 MC (Leica Imaging Systems Ltd., Cam-
bridge, England) were used to measure the dendritic spacing.

In order to evaluate the corrosion behavior of the Pb-Sb alloy
samples collected at different positions along the casting length,
corrosion tests were performed in a 1 cm? circular area of ground
(600 grit SiC finish) sample surfaces. A 0.5M H;SO4 solution at
25°C,50°Cand 70°C, a calomel electrode reference and a platinum
counter electrode were used to perform the corrosion tests. The
working temperatures of 50°C and 70°C were chosen in order to
evaluate the electrochemical behavior of the battery grid material
in more severe working temperature conditions.

EIS measurements began after an initial delay of 30 min for the
sample to reach a steady-state condition. A potentiostat coupled to
a frequency analyzer system, a glass corrosion cell kit with a plat-
inum counter electrode and a saturated calomel reference electrode
(SCE) were used. The working electrodes consisted of casting alloy
samples which were positioned at the glass corrosion cell kit, leav-
ing a circular 1 cm? metal surface in contact with the electrolyte.
The potential amplitude was set to 10mV in open-circuit poten-
tial and the frequency range was set from 100 mHz to 100 kHz. The
samples were further ground to a 600 grit SiC finish, followed by
distilled water washing and air drying before measurements.

Polarization tests were also carried out in a 500cm3 of sulfu-
ric acid solution (500 mol x m=3 or 0.5 M) at 25 °C using an EG & G
Princeton Applied Research, model 273A potentiostat at the same
positions where the afore-mentioned EIS tests were carried out.
A scan rate of 0.2mVs~! from —250mV (SCE) to +250mV (SCE)
related to open-circuit potential was used. This mentioned poten-
tiodynamic range is corresponding to —1200mV and —700 mV vs.
Hg/Hg,S04 electrode (MSE). The EIS experimental results were ana-
lyzed by equivalent circuits which were proposed by using the
ZView® software.

3. Results and discussion

The three positions along the casting length from where the
samples for corrosion tests were collected are shown in Fig. 1(a).
Secondary dendritic arm spacings (A,) are also shown in Fig. 1(a)
corresponding to each position from the casting/chill surface (from
the bottom to the casting top). The experimental cooling rate
dependences on secondary dendrite arm spacing are shown in
Fig. 1(b). It can be seen that the use of a water-cooled mold imposes
higher cooling rates close to the casting bottom and a decreasing
profile along the casting length due to the increase of the ther-
mal resistance of the solidified shell with distance from the cooled
surface.

The typical microstructures observed along the cross sections of
the Pb-6.6 wt%Sb alloy casting are shown in Fig. 2. The microstruc-
ture immediately after solidification consists of a completely
dendritic array, constituted by a Pb-rich matrix (a-phase: solid
solution of Sb in Pb) with a eutectic mixture in the interdendritic
regions formed by a, and a Sb-rich (3-phase (solid solution of Pb in
Sb).

The experimental EIS diagrams at25°C,50°Cand 70°Cina 0.5 M
H, S04 solution are shown in Fig. 3. In previous articles [7-16,18,19],
it has been shown that both the modulus of impedance (Z) and the
phase angle (0) decrease with increasing distance from the cast-
ing bottom for dendritic alloys (casting/chill interface). As a direct
consequence, both impedance and phase values decrease with
increasing secondary dendrite arm spacings (A,). It is well known
that higher impedance and phase angle are conducive to a nobler
electrochemical behavior. Thus, a finer dendritic microstructure
provides better corrosion resistance than a coarser one. This ten-
dency has also been verified for samples in a 0.5 M H,SO,4 solution
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Fig. 1. (a) Typical macrostructure of a Pb-6.6 wt%Sb alloy casting: P is the position
from the casting bottom where samples were collected for the corrosion tests and
X is the measured secondary dendrite arm spacing; (b) A, as a function of cooling
rate (the line represents an empirical fit to the experimental points).

at 50°C. On the other hand, both the Z and 0 decrease if compared
to the results of the test performed at 25 °C. The parameters Z and
0 for samples tested at 50 °C decreased of about three times and
20%, respectively, when compared to those of tests carried out at
25°C. At 70°C, Z and 0 decreased about 12 times and 70%, respec-
tively, if compared to the corresponding values which resulted from
tests at 25°C. However, the electrochemical behaviors were very
similar for the three samples experimentally examined and no cor-
relation with the dendritic pattern could be established. It is not
surprising that the corrosion resistance decreases at elevated tem-
peratures. As expected, the experimental results of EIS have shown
that both working temperatures, 50 °C and 70 °C, provoke a consid-
erable decrease on the corrosion resistance, when compared to the
values obtained for correspondent positions at 25 °C.

Fig. 4 shows the potentiodynamic polarization curves that have
confirmed the occurrence observed in the EIS diagrams. It seems
that the dendritic arrangement controls the corrosion evolution.
In this context, a finer dendritic microstructure can provide better
corrosion resistance than a coarser one. For the tests carried out at
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Fig. 2. (a) Typical optical microstructure of a Pb-6.6 wt%Sb alloy at transversal and longitudinal sections evidencing the dendritic pattern. Secondary dendrite arm spacing:

(a) A2 =08 pm (P=5mm); (b) A, =15 wm (P=20mm) and (c) A, =42 wm (P=50 mm).

50°Cand 70 °C, the three samples collected along the casting length
(P1, P2 and P3, as shown in Fig. 1(a)) have presented similar Ico Of
about 70 WA cm~2 and 90 WA cm2, respectively, as shown in Fig. 4.
At 25°C, Icorr has varied from 25 wA cm—2 to 35 wAcm—2, for fine
(bottom) and coarse (top) dendritic microstructures, respectively
[12].

Passive current densities (Ipp) have been observed for the three
samples collected along the castings for both tests carried out at
25°C and 50°C. It can be observed that Ipp increases with increas-
ing working temperatures. At both 25°C and 50°C, the Ipp for P1
indicates that a more defective anodic layer consisted by Pb and Sb
ions, PbSO4, oxygen and OH™ particles has grown at the surface. This
suggests that P1 with a finer dendrite arrangement has been less
corroded compared to the other two positions. At 25 °C, the Ipp for
P1 and the two other positions (P2 and P3) are of about 5.5 x 10>
and 2.75 x 107> Acm™2, respectively. At 50 °C, the Ipp for P1 and the
two other positions are of about 12 x 107> and 7 x 10> Acm 2.

At 70°C, above —450mV, only P2 and P3 tend to have anodic
layer formation. This is clear evidence that even at higher working
temperatures the dendritic pattern has a strong influence on the
corrosion behavior.

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 [20,21]. It is evident that higher temperatures can
significantly affect the charge/discharge mechanism of lead acid
batteries. However, the present work focuses on the role of the
dendritic array of Pb-Sb alloys battery grids on its electrochemical
behavior.

It is known that the open-circuit potential of a pure lead elec-
trode in 0.5M H,S0O4 solution is —950 mV vs. Hg/Hg,SO4 (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 (the fact that chloride may
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Fig. 3. Experimental EIS diagrams for the Pb-6.6 wt%Sb alloy as a function of secondary dendritic spacing (P1, P2, P3 as shown in Fig. 1(a)) for tests carried out at (a) 25°C;

(b)50°Cand (c) 70°C.

contaminate the electrolyte), and other is to convert from SCE to
MSE or other potential scales (ASTM G3). The open-circuit poten-
tial of Pb-Sb alloys is something lower than pure lead (—950 mV vs.
MSE) due to the accelerated self-discharge related to lower hydro-
gen over voltage on Sb [20-22].

Concerning the processes taking place on the working electrode
surface, it is important to remark that the solubility of PbSO4 in
0.5M H,S0y, is relatively high, and only small amounts of PbSO4
crystals will be formed and reduced (dissolution-precipitation
mechanism). At potentials above —950 mV (MSE) anodic oxidation
of Pb takes place and Pb(II) ions are formed. Some PbSO,4 crystals
are formed on the electrode surface which, after long enough polar-
ization will form a semi-permeable membrane which, on turn, will
passivate the electrode surface. Due to the low potential values nei-
ther PbO nor PbO, will be formed in the potential ranges selected
in this study. Indeed, both Sb(Ill) and Sb(V) ions will be also not
formed. PbO can be formed in the potential above —450 mV (MSE)
and PbO, above +950mV (MSE) [20-22]. In the potential range
selected Pb2* will be formed or reduced along with some hydrogen
evolution. A PbSO4 membrane layer will be formed on the electrode
surface (passivation) but not any PbO (stronger passivation), anti-
mony ions or mixed Pb-Sb oxides [20-22]. It is known that the rate
of anodic oxidation of Pb to Pb(II) ions at potentials about —0.8V
is not the process that determines the corrosion rate of lead in sul-
furic acid. In addition to the anodic oxidation of lead, at potentials
above —0.40V another anodic process begins in which Sb oxidation
to Sb(III) and Sb(V) is involved. These processes are systematically
detailed by Pavlov et al. [20-22].

In order to supply quantitative support for the discussions of
these experimental EIS results, an appropriate model (ZView®)

for equivalent circuit quantification has also been used. Mainly
the properties of the double layer will be revealed and will allow
drawing conclusions about the nature and rate of the oxidation
processes.

Fig. 5 depicts the proposed equivalent circuit and Fig. 6 shows
the experimental data and the examples of experimental and sim-
ulated agreement for positions P1 and P3, in Nyquist diagrams for
the three temperatures experimentally examined. The equivalent
circuit is similar to one proposed in the literature and used in pre-
vious studies [7-16,18,19,23-25]. The electronic equivalent circuit
consists of a capacitance component (Zcpg(1) in parallel to series
resistors, Ry and R, and another capacitance component (Zcpg(y))
in parallel to R;. In this model, R, corresponds to the resistance
of the electrolyte (0.5M H;SO4 solution) which in Bode diagram
is expressed in a high frequency limit (F>1Hz). R; and R, are
the resistances of the oxide layer [23-25] which are associated to
the charge transfer resistance through the vacancies of the porous
layer and the participation of adsorbed intermediates. Zcpg(1) cor-
responds to the capacitance of the porous layer and Zcpgy) to the
capacitance of the barrier layer which seems to correspond to the
double layer formation. A constant-phase element representing
a shift from an ideal capacitor was used instead of the capaci-
tance itself, for simplicity. The impedance of a phase element is
defined as Zcpg =[C(jw)"]~1, where C is the capacitance, w is the
frequency and —1 <n<1. The value of n seems to be associated
with the non-uniform distribution of current as a result of rough-
ness and surface defects [14-16,23-25]. The impedance parameters
are shown in Fig. 6 and Table 1. The fitting quality was evaluated
by chi-squared (x2) values, which were interpreted by the ZView®
software.
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Fig. 5. Proposed equivalent circuit by using the ZView® software.

Nyquist plots reveal that the diameters of the inductive arcs
at P1 are higher than those at P3 for all temperatures examined.
These results are similar to those analyzed in Bode and Bode-phase
diagrams and polarization curves.

A comparative analysis between the impedance parameters for
the tests carried out at 25°C, 50°C and 70°C is presented in Fig. 7.
It can be observed that the capacitances (Zcpg(1)) and the polar-
ization resistances (R;) decrease with distance from the casting
bottom (from P1 to P3). However, it can be seen that the capaci-

tances increase with increasing working temperatures. At 70 °C, Ry
is significantly higher due to the corrosion products formation in
this severe working temperature. This has been confirmed by the
polarization curves and by the experimental EIS diagrams shown
in Fig. 4.

Although the capacitances (Zcpg()) which are associated with
the barrier layer are similar at P1, P2 and P3 for any temperature
examined, these values also increase with increasing working tem-
peratures (as Zcpg(1)). Associated to this, the polarization resistances
(Ry) of the barrier layer decrease, which is an indication that the
corrosion resistance decreases with increasing temperature (Fig. 6).

Although there exist other impedance parameters, as shown
in Table 1, for samples at position P1 (at 25°C, 50°C and 70°C),
analyses of the capacitances and the resistances obtained by
the equivalent circuit technique, the EIS results and the poten-
tiodynamic polarization curves indicate that coarser dendritic
microstructures (at position P3) are more susceptible to the cor-
rosion action independently of the working temperature.

It is known that the dendritic microstructure of a Pb-Sb alloy is
mainly formed by a-phase (less noble) and by an interdendritic
region which has a lamellar eutectic morphology (mixture of «

Table 1

Impedance parameters for the Pb-6.6 wt%Sb alloy at position P1 in a 0.5 M H,SO4 solution

Parameters P1 (20°C) P1 (50°C) P1(70°C)

Re (2cm2) 4.83 3.71 3.54
Zepg(ry (RFem=2) 854.03 (+12.4) 896.01(+88.9) 1265 (+132)
Zcpg(2) (MFem—2) 5.89 (+0.4) 16.20 (£0.15) 79.32 (£74)
n 0.63 0.60 0.63

ny 0.85 0.30 0.37

Ry (2cm—2) 160 108 7 x 108

Ry (2cm2) 190 52 14

X2 20x 104 9.2 x10°3 2.0x 1073
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and {3 phases), as shown in Fig. 2. A more extensive distribution
of the Pb-rich dendritic matrix (less noble regions), which is asso-
ciated to smaller dendritic spacings, will have the eutectic mixture
which contains the nobler 3 (Sb-rich) phase “enveloping” the Pb-
rich regions and thus providing a better corrosion resistance. On the
other hand, a coarser dendritic structure will have the larger Pb-rich
regions more exposed and thus favoring the corrosion action.

It is important to remark that the high working tempera-
tures modify the kinetics of the corrosion products formation
(such as PbSO4) and considerably decrease the corrosion resistance
of the battery grids manufactured with dendritic Pb-Sb alloys.
The high working temperatures can also significantly affect the
charge/discharge mechanism of lead acid batteries, and conse-
quently decrease the battery life-time.

4. Conclusions

The present experimental investigation permits the following
conclusions to be drawn:

e The experimental EIS diagrams, potentiodynamic polarization
curves and fitted equivalent circuit parameters have shown that
finer dendritic arrays tend to yield higher corrosion resistances
than coarser dendritic structures for a hypoeutectic Pb-6.6 %wtSb
alloy. The dendritic array morphology has the antimony-rich
regions located in the lamellar eutectic mixture. The Sb-rich
lamellae will envelope the Pb-rich phase more efficiently for finer
dendritic spacings due to the more extensive distribution of the
eutectic mixture, and thus protecting the Pb-rich matrix.
Analyses of the experimental results provided by EIS tests and
potentiodynamic polarization curves in a 0.5 M H,SO4 solution at
25°C, 50°C and 70°C and the results furnished by the proposed
equivalent circuit permit to conclude that high working tem-
peratures modify significantly the electrochemical behavior of
a Pb-6.6 wt%Sb alloy casting. Despite the experimental evidence
of properties of the double layer and about the nature and rate
of the oxidation processes at the surface of the samples, it seems
that the dendritic arrangement controls the corrosion evolution.
However, high temperatures provide an accelerated corrosion
products formation decreasing the corrosion resistance.
¢ Independent of the working temperature, casting samples with
finer dendritic microstructures have better corrosion resistance
than coarser ones. It is known that a fine dendritic array is

provided by high cooling rates during solidification. Thus, a
high cooling rate casting process would be more appropriate for
the manufacturing of battery grids with Pb-Sb dendritic alloys
(>3 wt%Sb) due to the expected higher corrosion resistance.
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