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A comparative experimental study of the electrochemical features of as-cast Pb-1 wt.% Sn and Pb-1 wt.%
Sb alloys is carried out with a view to applications in the manufacture of lead-acid battery components.
The as-cast samples are obtained using a water-cooled unidirectional solidification system. Pb-Sn and
Pb-Sb alloy samples having similar coarse cell arrays are subjected to corrosion tests in order to assess the
effect of Sn or Sb segregation in the cell boundary on the electrochemical performance. Electrochemical
impedance spectroscopy (EIS) diagrams, potentiodynamic polarization curves and an equivalent circuit
analysis are used to evaluate the electrochemical parameters in a 0.5 M H,SO4 solution at 25 °C. Both the
experimental and simulated EIS parameters evidence different kinetics of corrosion. The Pb-1wt.% Sn
alloy is found to have a current density which is of about three times lower than that of the Pb-1 wt.%
Sb alloy which indicates that dilute Pb-Sn alloys have higher potential for application as positive grid

material in maintenance-free Pb-acid batteries.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Due to the rapid development on lead-acid battery compo-
nents for automotive applications in the past few decades, Pb-Sn,
Pb-Sb, Pb-Ca-Sn and Pb-Ca-Sn-Sb alloys have been applied in
the production of positive and negative grids, connectors, post
and strap components of both VRLA and SLI batteries [1-4]. A
battery grid must be dimensionally stable and have mechanical
properties which can resist the stresses of the charge/discharge
reactions without bending, stretching or warping. It is known that
new additives have been sought for introduction in the grid alloy
composition in order to improve its performance. In this context,
rare earth elements, Ag, Te are added with the purpose of enhancing
the alloy corrosion resistance, and to increase its creep resistance,
thereby improving battery durability at high temperatures [4-16].

It is well known that the as-cast microstructure strongly influ-
ences the overall surface corrosion resistance of binary alloys
[17-22]. It was found that the improvement on the corrosion resis-
tance depends on the cooling rate imposed during solidification
which affects the morphology and the scale of the microstructure
and the solute redistribution (depending also on the electrochem-
ical behavior of solute and solvent) [17-22].

The selection of appropriate levels of elements for the battery
grids involves considerations of grid-production capability, eco-
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nomic feasibility, and metallurgical and electrochemical properties
of the resulting alloys. Although different studies in the literature
canbe found [4-16] which focused on alloys of three or four alloying
elements in the search for improvements in the grid performance,
the present study aims to analyze the effect of combined metallur-
gical features of as-cast dilute Pb-Sn and Pb-Sb alloys. The effects
of segregation of Sb or Sn to the cell boundaries in the resulting
electrochemical corrosion behavior of as-cast Pb-1wt.% Sn and
Pb-1 wt.% Sb alloy samples in a 0.5M H,SO,4 solution at 25°C was
analyzed by parameterizing the scale of the cellular microstructure.

2. Experimental procedure

Pb-1wt.% Sn and Pb-1 wt.% Sb alloys were prepared using com-
mercially pure metals: Pb (99.89 wt.%), Sn (99.99wt.%) and Sb
(99.33 wt.%). The mean impurities were: Fe (0.12%), Si (0.05%), Cu
(0.015%) and Fe (0.053%), Na (0.298%), Si (0.017%), Pb (0.247%), for
Pb-Sn and Pb-Sb alloys, respectively, besides other elements with
concentration less than 50 ppm.

A water-cooled unidirectional solidification designed in such
way that the heat was extracted only through the water-cooled
bottom, promoting vertical upward directional solidification was
used in the experiments. More details concerning this solidifica-
tion set-up and macrostructural/microstructural characterization
can be obtained in previous articles [19,20]. As-cast Pb-Sn and
Pb-Sb alloy samples were sectioned from the center of the ingot,
ground, polished and etched to reveal the macrostructure, as shown
in Fig. 1(a) and (b), respectively.


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wislei@fem.unicamp.br
dx.doi.org/10.1016/j.jpowsour.2009.09.054

W.R. Osério et al. / Journal of Power Sources 195 (2010) 1726-1730

Pb- lwt% Sn

S C 1l R
: boudary

(a)

1727

“he = 65 (£10) pm

dT/dt = 0.9 (£0.2)°C/s

(b)

Cell

boundary

Pb
matrix

| R S

Ac =60 (£8) um
dT/dt = 0.9 (+0.2)°Cls
(d)

Fig. 1. ((a) and (c)) Typical directionally solidified macrostructure, and (b) and (d) typical cellular morphologies along the longitudinal sections at position 60 (+5 mm) from
the bottom of the casting and its corresponding average cellular spacings and cooling rates for Pb—1 wt.% Sn and Pb-1 wt.% Sb alloys castings.

The electrochemical impedance spectroscopy (EIS) tests were
carried out in a 0.5M H,SO4 solution at 25°C, using a similar
procedure described in previous articles [19-22]. 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
100kHz in open circuit. The corrosion rate and corrosion poten-
tial were estimated by Tafel plots using both anodic and cathodic
branches at a scan rate of 0.2mVs~! from —250/+250mV (SCE).
An appropriate model (ZView® version 2.1b) for equivalent circuit
quantification has also been used.

3. Results and discussion
3.1. Macro- and microstructures

Fig. 1(a) and (c) depicts the resultant directionally solidified
casting macrostructure for the Pb-1 wt.% Sn and Pb-1 wt.% Sb alloys
castings, respectively. Due to the water-cooled unidirectional sys-
tem, the growth of columnar grains has prevailed along the entire
casting length, as also previously observed [19-21].

The samples for corrosion tests were collected at a midway
position along the casting length as shown in a schematic represen-
tation in Fig. 1. Typical microstructures observed along longitudinal

sections of both the Pb-1wt.% Sn and Pb-1wt.% Sb alloy cast-
ings are shown in Fig. 1(b) and (d). The as-cast microstructure of
both alloys consists of complete cellular arrays, constituted by:
(i) a Pb-rich matrix (a-phase: solid solution of tin in lead) with
a eutectic mixture formation in the intercellular regions; and (ii)
a Pb-rich matrix (a-phase: solid solution of antimony in lead)
with a eutectic mixture formation in the intercellular regions. For
the Pb-Sn alloy, the Pb-rich cellular matrix is depicted by dark
regions with the intercellular eutectic mixture being represented
by light regions, as shown in Fig. 1(b). For the Pb-Sb alloy, the
Pb-rich matrix is represented by white regions with the inter-
cellular region depicted by dark regions. In order to compare the
resulting electrochemical corrosion behavior of these alloys sam-
ples with similar cell spacing were selected along the castings
length in order to parameterize the scale of the cellular array.
These samples had cell spacings of about 60-70 wm correspond-
ing to distances from the casting cooled surface between 60 and
70 mm. As reported in previous articles [19-21], a water-cooled
mold imposes higher values of cooling rates near the casting/chill
surface (bottom) and a decreasing profile along the casting length
(toward the top of the casting) due to the increase in the ther-
mal resistance of the solidified shell with distance from the cooled
surface.
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Fig. 2. (a) Experimental Bode and Bode-phase diagrams and (b) Nyquist plots
(experimental and simulated: ZView®) for the Pb-1 wt.% Sn and Pb-1 wt.% Sb alloys
ina 0.5M H,S0, solution at 25°C.

3.2. Electrochemical corrosion behavior

Fig. 2 shows 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 with the corrosion kinetics of the cellular array
and the intercellular regions for both Pb-Sn and Pb-Sb alloys. For
the Pb-Sb alloy, at a frequency range from 10* to 10° Hz, the first
time constant, which can be related with the reaction between
the electrolyte and the Sb-rich phase in the intercellular region,
is clearly observed. At low frequencies, of about 27 Hz, the sec-
ond time constant appears and can be correlated to the reaction
between the electrolyte and the Pb-rich matrix. For the Pb-Sn alloy,
aclear time constant is displayed at about 40 Hz and other time con-
stant occurs at a frequency between 10% and 10° Hz. The maximum
moduli of impedance (/Z/) of Pb-1 wt.% Sn and Pb-1 wt.% Sb alloys
are similar (212 and 220 2 cm?) at 0.1 Hz. At frequencies between
10 and 103 Hz, different slopes of /Z/ vs. F for the Pb-Sn and Pb-Sb
alloys can be observed, which indicates that both the nature and

Zcpe(l)

Zepe(2)

R,

R,

Fig. 3. Equivalent circuit used to obtain impedance parameters with the ZView®
software.

Table 1

Impedance parameters obtained by the ZView® software fitting experimental and
simulated results for Pb-1 wt.% Sn and Pb-1 wt.% Sb alloy samples in a 0.5 M H,SO04
solution at 25°C.

Parameters Pb-1wt.% Sn Pb-1wt.% Sb
Re (2cm?) 5.4 43

Zepg) (WFem=2) 360 (+£36) 120 (+£20)
Zcpg(2) (MFem—2) 12 (£1) 1.8 (£1.3)

ny 0.81 0.93

ny 0.52 0.54

R (2cm?) 170 30

R, (2 cm?) 1500 300

Ve 32x103 25x 1073

formation/evolution of the double layer are considerably different.
Fig. 2(b) depicts the experimental

and simulated (ZView®) Nyquist plots of Pb-Sn and Pb-Sb alloy
samples. Nyquist diagrams reveal capacitive arcs at high frequen-
cies (between 10° and 1Hz) followed by a slope of about 45° at
frequencies lower than 1Hz [23-25]. These Nyquist plots reveal
that the diameters of the capacitive arcs for the Pb-Sn alloy are
higher than those for the Pb-1wt.% Sb alloy. These results show
a similar tendency when compared to those analyzed in Bode and
Bode-phase plots, shown in Fig. 2(a). These results indicate that the
Pb-1 wt.% Sn alloy will be less corroded than the Pb—1 wt.% Sb alloy
in a 0.5M H,S0,4 solution. At frequencies between 10° and 104 Hz,
corresponding to 4.5-6 Qcm?2 (Z,., ), different reactions between
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Fig. 4. (a) Experimental potentiodynamic polarization curves for Pb-1 wt.% Sb and
Pb-1wt.% Sn alloys in a 0.5M H,SO4 solution at 25°C and (b) Binary images rep-
resenting typical intercellular area percentage of Pb-1 wt.% Sb (white regions) and
Pb-1wt.% Sn (black regions) alloys.
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Fig. 5. Typical SEM images of a Pb-Sn alloy sample: (a) and (b) resulting corrosion product layer on a Pb-Sn alloy sample after EIS and potentiodynamic polarization tests
ina 0.5M H,SO04 solution at 25°C, (c) and (d) after corrosion tests without corrosion product (removed with a 5% NaOH solution: immersion for 5 s) evidencing more severe

corrosion action in the boundaries.

the electrolyte and the surface of the Pb-Sn and Pb-Sb alloy sam-
ples are expected to occur. These impedance parameters provide
clear indication that the Pb-1 wt.% Sn alloy has an improved elec-
trochemical behavior when compared with the Pb-1 wt.% Sb alloy.

An equivalent circuit analysis has also been conducted in order
to obtain some impedance parameters [19-32]. The proposed
equivalent circuit is shown in Fig. 3. The impedance parameters
obtained by the ZView® software, are shown in Table 1. The fitting
quality was evaluated by chi-squared ( x2) values of 32 x 103 and
25 x 10~3 [28-32] for the Pb-1 wt.% Sn and Pb-1 wt.% Sb alloy sam-
ples, respectively. The interpretation of the physical elements of the
proposed equivalent circuit is similar to those reported in previous
studies [26-32]. It is observed that R, for both Pb-Sn and Pb-Sb
alloys is about 10 times higher than Ry, which indicates that R, has
an important role on the electrochemical corrosion resistance, as
shown in Table 1. The impedance parameters, Zcpg(2) and R; closely
correspond to those of adsorbed intermediates (e.g. PbSO4, PbOH
and other). Z¢pg(1) corresponds to the double layer capacitance and
Rq corresponds to the polarization resistance at the surface of Pb
alloys and high values also indicate lesser corrosion action.

Fig. 4(a) shows potentiodynamic polarization curves (from —0.7
to —0.3V vs. SCE) for the Pb-1wt.% Sn and Pb-1wt.% Sb alloy
samples in a 0.5M H,S04 solution at 25 °C. The corrosion current
density (icorr) Was obtained from Tafel plots using both the cathodic
and anodic branches of the polarization curves [17-22].

The experimental corrosion potentials which resulted from cor-
rosion tests carried out in open circuit in a 0.5M H;SO4 solution
after achieving a steady-state condition were: —650 (SCE), —550
(SCE) and —350mV (SCE) for commercially pure samples of tin
(Sn), lead (Pb), and antimony (Sb), respectively [19,20]. A nobler
potential is evidenced by pure Sb samples when compared to Sn
samples which can be associated with the observed displacement of
about 30 mV (SCE) in the corrosion potential of the Pb-Sb alloys, as

shown in Fig. 4. However, it seems that an improvement of galvanic
protection is provided by the eutectic mixture of the Pb-Sn alloy
(variation of potential: 100 mV, SCE) when compared to the Pb-Sb
alloy (variation of potential: £200 mV, SCE) alloy. These consider-
ations are reinforced when current density results are considered.
A current density of about 10 (+2.5) WA x cm~2 associated with a
corrosion potential of about —529 mV (SCE) was observed for the
Pb-Sn alloy sample. Although the Pb-1wt.% Sb alloy sample has
a corrosion potential displaced (of about 30 mV vs. SCE) toward
the more positive potential, its corresponding current density is
about three times higher (of about 30 (+£5) WA x cm—2) than that of
the Pb-Sn alloy. It is important to remark that both the Pb-Sn and
Pb-Sb alloy samples were selected at positions along the casting
length corresponding to cell spacing between 60 and 70 pwm.

At potentials between —520 and —490 mV (SCE), anodic oxida-
tion of Pb can take place and the prediction of corrosion kinetics
by the formation of Pb/PbO/PbSO4 and Pb/PbO, electrode systems
can be made. Description and discussion of such phenomena have
been previously reported in the literature [21,22,33-35].

It is known that during solidification of Pb-Sn and Pb-Sb
alloys, tin and antimony are segregated, respectively, toward the
grain boundaries [19-22]. For cellular structures, galvanic cells are
formed in the eutectic mixture at the cell boundaries. Previous
studies [19-22] reported that the cell boundaries are regions of
higher energy which is a result of distortions at the limits between
adjacent cells during growth along the solidification process. Con-
sidering the intercellular area percentage (IAP) which represent the
regions more electrochemically active of both the Pb-Sn and Pb-Sb
alloy samples, it can be seen that the Pb-Sb alloy has an IAP of about
three times higher (38%: white region) than the Pb-Sn alloy (12%:
black region), as shown in Fig. 4(b). These IAP averages have been
determined using the Image]® software analyzing binary images
[36]. It can also be seen that, despite the similar cellular spacings
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considered for Pb-Sb and Pb-Sn alloy samples, their corresponding
intercellular average widths were 24 and 8 wm, respectively.

The present experimental observations permit to conclude that
the resulting microstructural morphology has an important role on
the electrochemical behavior of the dilute Pb-Sn and Pb-Sb alloys
examined. Thus, independently of the electrochemical characteris-
tic of the solute segregated in the cell boundaries, the cell spacing
associated with the intercellular boundaries (active regions) will
determine the corrosion susceptibility of dilute Pb alloys.

It is important to remark that the alloy solute content can
considerably modify the electrochemical behavior of these alloys.
In particular for Pb-Sb alloys in the range of compositions nor-
mally used in the manufacture of battery components, it was
shown that cellular microstructures prevail for concentrations less
than 3wt.% Sb, and dendritic arrangements are associated with
alloy concentrations which are higher than 3 wt.% Sb. Furthermore,
coarse cellular structures have proved to be more corrosion resis-
tant than fine cellular arrays. The opposite has been observed for
dendritic microstructures with finer structural arrangements pro-
viding higher corrosion resistance [19]. It has been suggested that
casting processes associated with low cooling rates would be more
appropriate for the manufacture of low Sb alloys grids (due to the
resulting coarse cell morphology) while Pb-Sb battery components
having compositions which are higher than 3 wt.% Sb should be cast
under conditions of high cooling rates (due to the resulting finer
dendritic spacings) [19].

After EIS and potentiodynamic polarization tests in a 0.5M
H,S04 solution at 25 °C, some selected samples of Pb-Sn and Pb-Sb
alloys were carefully washed in distilled water, air dried, and sub-
sequently subjected to SEM analyses. Fig. 5(a) and (b) shows typical
SEM images of a Pb-Sn alloy sample depicting particles of the cor-
rosion product. These particles seem to be consisted by two levels
of particle sizes: (i) between 0.2 and 1 wm and (ii) between 1 and
2 pm. It seems that these particles are directly associated with the
measured Zcpg(1) and Zcpg(y) parameters corresponding to porous
and barrier layers, respectively [27-33]. Fig. 5(b) depicts some
selected particles (arrows) having sizes from 1 to 2 wm. Fig. 5(c)
and (d) shows SEM images after EIS and potentiodynamic tests
in a 0.5M H,S0,4 solution without corrosion product layer which
was removed by a 5% NaOH solution at room temperature. It can
be observed a more severe corrosion action in the boundaries,
although some corroded areas can also be seen at the Pb-rich phase
(Pb cell matrix).

Lead-acid battery manufacturers are constantly engaged in the
search of improvements in production features with a view to
decrease battery grid weight as well as to reduce the production
costs [1-4]. Considering a conventional manufacture of lead-acid
battery components, the use of either a Pb-1wt.% Sb alloy or a
Pb-1wt.% Sn alloys will result in a similar final battery weight,
metallurgical aspects and production costs. However, dilute Pb-Sn
alloys will be less corroded when compared with the Pb-Sb alloy.
This indicates that the control of solidification processing variables
(e.g. cooling rate) of this alloy can be used as an alternative way
to produce as-cast lead-acid battery components having higher
corrosion resistance.

4. Conclusions

The present experimental electrochemical parameters indicate
that a dilute Pb-1wt.% Sn alloy tends to yield higher corrosion
resistance than a dilute Pb-1wt.% Sb alloy when similar cellular
arrays are considered. It was found that better galvanic protec-
tion is provided by the eutectic mixture of the Pb-Sn alloy when
compared to the Pb-Sb alloy. A current density of about three
times higher (30+5 wA x cm~2) was attained by the Pb-Sb alloy
when compared to that of the Pb-Sn alloy (104 2.5 wA x cm~2),

The EIS experimental parameters obtained using the ZView® soft-
ware have also supported this conclusion. It can be said that
independently of the electrochemical characteristic of the solute
segregated in the cell boundaries, the cell spacing associated with
the intercellular boundaries (active regions) will determine the
corrosion susceptibility of the dilute Pb alloy. In this context, the
manufacturers of as-cast components should consider the control
of solidification processing variables (e.g. cooling rate) of dilute
Pb-Sn alloys as an alternative way to produce lead-acid battery
components with better electrochemical behavior. Obviously, a
number of other Pb alloy systems can be considered for the pro-
duction of Pb-acid battery components by introducing a third or
fourth alloying element. However, these procedures can intro-
duce a higher level of difficulty for the simultaneous control of
the final chemical composition and the resulting microstructures
which have important roles on the final electrochemical corrosion
resistance.
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