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The  aim  of  this  study  is to  evaluate  the effects  of segregation  and  of the  presence  of  tertiary  dendrite  arms
in  the  microstructural  arrangement  of  a Pb–Sb  alloy  on  its  resultant  corrosion  behavior.  In this  context,
a  water-cooled  unidirectional  solidification  system  was  used  to  obtain  alloy  samples  having  different
dendritic  patterns.  Electrochemical  impedance  spectroscopy  and  potentiodynamic  polarization  curves

◦

eywords:
b–Sb alloy
ertiary dendrite arm spacing
acrosegregation

were used  to  analyze  the corrosion  resistance  in  a 0.5  M H2SO4 solution  at 25 C.  Three  different  dendritic
arrays  were  investigated  as  a function  of the  cooling  rate  and  antimony  macrosegregation  profile.  It  was
found  that  the  tertiary  dendritic  arms  associated  with  the antimony  segregation  have  an  important  role
on the  resulting  corrosion  response.  It  is  shown  that  the  sample  with  a well  defined  tertiary  dendritic  array
provide a more  homogeneously  distributed  interdendritic  eutectic  mixture  exhibiting  better  corrosion
orrosion resistance protection.

. Introduction

It is well-known that Pb–Sb alloys are commonly used in
he production of positive and negative grids, connectors and
ther components of both VRLA-valve-regulated lead acid and
LI-starting, lighting and ignition batteries [1–3]. There exists a
umber of manufacturing process generally used to produce these
forementioned components which generates different resulting
icrostructures [1,2]. It is also known that the antimony con-

ent of a Pb–Sb electrode affects the mechanical properties, the
icrostructure, the electrochemical behavior of active materials

nd corrosion layers on the electrode [1–6].
The cellular and dendritic arm spacings are important

icrostructural parameters affecting the segregation and mechan-
cal properties. In particular the scale of cellular and secondary
endritic spacings was shown to strongly influence the overall sur-
ace corrosion resistance of binary lead-base alloys [7–15].

In a recent article, it was shown that coarser cellular structures
end to yield higher corrosion resistance than finer cellular struc-

ures for a dilute Pb–0.85 wt.% Sb alloy [7].  Such tendency was
ssociated with the reduction of cellular boundaries when com-
ared with finer cells, since the boundary has proved to be more
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susceptible to corrosion. It is known that antimony, which is segre-
gated toward the cell boundaries and interdendritic regions during
solidification of Pb–Sb alloys, has an important role on the corrosion
behavior [7,8]. It was  also concluded that finer dendritic arrays of
Pb–Sb alloys tend to yield higher corrosion resistances than coarser
dendritic structures [7].  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 effi-
ciently when the microstructure is characterized by finer dendritic
spacings, due to the more extensive distribution of the eutectic
mixture, and thus contributing to the protection of the Pb-rich
matrix against the corrosion action [7].  Previous studies [7–15] evi-
denced that coarse cellular samples were associated with better
corrosion resistance than fine cellular samples when considering
experimental studies with Pb-based alloys subjected to corrosion
tests in a sulfuric acid (H2SO4) solution. In another recent article
[13], it was found that the experimental current density increased
with the increase in both the Sb content and dendritic spacing,
when the dendritic morphological arrays of Pb–2.2 and 6.6 wt.%
Sb alloys were compared. It was  concluded that independently of
the micromorphological array, the Pb–2.2 wt.% Sb alloy sample has
better corrosion resistance than both Pb–1 and 6.6 wt.% Sb alloys
[13].

Mechanical strength and ductility are influenced by the dimen-

sions and continuity of the primary dendritic branches. Campbell
[16] stated that dendrite arm spacing (DAS) usually refers to the
spacing between the secondary arms of dendrites. However, if ter-
tiary arms were present at a smaller spacing, then it would refer

dx.doi.org/10.1016/j.jpowsour.2012.01.060
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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o this. The availability of studies on tertiary dendrite arms is very
estricted. As mentioned, in Pb–Sb components smaller DAS yield
igher corrosion resistance than coarser dendritic structures. In
his context, tertiary dendrite arms may  contribute with a more
omogeneous distribution of the anodic Pb-rich phase.

The aim of this study was to examine the effect of the presence
f tertiary dendrite arms on the microstructural arrangement of
b–Sb alloys on the resultant electrochemical corrosion behavior.
or this purpose, a Pb–3.5 wt.% Sb alloy and a water cooled uni-
irectional solidification system were used were used to provide
ifferent dendrite patterns. Corrosion tests were performed with
amples of different dendrite arm spacings in a 0.5 M H2SO4 solu-
ion at 25 ◦C, and the corrosion rate was correlated with both the
esulting microstructure and the Sb segregation profile along the
asting length.

. Experimental procedure

A Pb–3.5 wt.% Sb alloy was prepared from commercially pure
c.p.) metals: Pb (99.97 wt.%) and Sb (99.99 wt.%). The mean impu-
ities detected were: Fe (0.12 wt.%), Si (0.05 wt.%), Cu (0.015 wt.%),
esides other elements with concentration less than 50 ppm.

A water-cooled unidirectional solidification system was  used
n the experiments. The solidification set-up was designed in such

ay that heat was extracted only through the water-cooled bottom,
romoting vertical upward directional solidification, as shown in
ig. 1. The temperatures were monitored during solidification using

 bank of type J thermocouples accurately located along the cast-
ng length at six different positions with respect to the metal/mold
nterface: 4, 12, 22, 38, 54 and 68 mm,  at the center of the cast-
ng. The stainless steel mold had an internal diameter of 50 mm,  a
eight of 110 mm and a wall thickness of 3 mm.  The side walls were
overed with a layer of insulating alumina to minimize radial heat
osses. The bottom part of the mold was closed with a thin (3 mm
hick) stainless steel sheet, which physically separates the metal
rom the cooling fluid.

The cylindrical casting was sectioned on its midplane, ground,
olished and etched with a solution to reveal the macrostruc-
ure. Transverse sections (perpendicular to the growth direction)
xtracted from the directionally solidified casting at 6 different
ositions along its length were polished and etched with a solu-
ion (37.5 mL  of glacial acetic acid and 15 mL  of H2O2, at 25 ◦C)
or microscopy. Image processing systems Neophot 32 (Carl Zeiss,
sslingen, Germany) and Leica Quantimet 500 MC  (Leica Imaging
ystems Ltd, Cambridge, England) were used to measure the den-
rite spacings. The �3 values were measured on the transverse
ection by averaging the distance between adjacent side branches.
hese measurements, about 20 values for each selected position
rom the metal/mold interface, were confirmed by comparison with
alues measured on longitudinal sections. The macrosegregation
rofile was determined by a scanning electron microscope (SEM,

MS  T20 of Jeol Co., Japan) and an energy dispersive X-ray analyzer
EDAX, NORAN, System Six 1.5, USA).

In order to establish correlations between the corrosion resis-
ance and the microstructural pattern, electrochemical impedance
pectroscopy (EIS) and polarization tests were carried-out on sam-
les collected at different positions along the casting length. The
IS tests were carried-out in a 500 cm3 of sulfuric acid solution
0.5 mol  L−1) at 25 ◦C. Electrochemical corrosion tests were per-
ormed in a 1 cm2 circular area of ground (600 and 1200 grit
iC finish) alloy samples. Electrochemical impedance spectroscopy

EIS) measurements began after an initial delay of 15 min  for the
amples to reach a steady-state condition. These tests were car-
ied out in a stagnant and naturally aerated 500 cm3 of a 0.5 M
2SO4 solution at 25 ◦C under a pH of about 0.86 (±0.14), used
 Sources 207 (2012) 183– 190

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 ref-
erence 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. 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).

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
conducted by stepping the potential at a scan rate of 0.1667 mV  s−1

from −0.75 V (SCE) to −0.35 V (SCE) at open-circuit. Using an auto-
matic data acquisition system, the potentiodynamic polarization
curves were plotted and both corrosion rate and potential were
estimated by Tafel plots by using both anodic and cathodic branches
at a scan rate of 0.1667 mV  s−1 from −250 mV  (SCE) to +250 mV
(SCE) at open-circuit. This mentioned potentiodynamic range cor-
responds with −600 mV  to −150 mV  vs. MSE–Mercury/Mercurous
Sulfate Electrode or Hg/Hg2SO4 electrode [17]. Duplicate tests for
EIS and potentiodynamic polarization curves were carried out. In
order to supply quantitative support for discussions of these exper-
imental EIS results, an appropriate model (ZView version 2.1b) for
equivalent circuit quantification has also been used.

3. Results and discussion

3.1. Macrostructure, microstructure and cooling rate

The macrostructure of the resulting directionally solidified
Pb–3.5 wt.% Sb alloy casting is shown in Fig. 2(a). Columnar grains
prevailed along the entire casting length, as previously obtained in
other similar experiments using Pb-based alloys [7–15]. The posi-
tions in the casting from where the samples for microstructure
characterization and corrosion tests were extracted are also indi-
cated in Fig. 2(a). The following distances from the bottom of the
casting (casting surface) were examined: P1 (8 mm),  P2 (25 mm)
and P3 (50 mm).  Fig. 2(b) evidences the experimental results of the
tip cooling rate during solidification as a function of position (dis-
tance) from the cooled bottom of the casting. It can be seen that
the cooling rate is high for initial positions and that it decreases
with the increase in distance from the bottom of the casting. The
experimental Sb macrosegregation profile along the casting length
is shown in Fig. 2(c).

The experimental evolution of the dendrite arm spacings (both
primary, �1, and tertiary, �3) as a function of the resulting cool-
ing rate is shown in Fig. 3. Points are experimental results and the
line represents an empirical power function fit to the experimen-
tal points. Minimum and maximum measured dendrite spacings
for each position are expressed by the error bars. As expected, the
use of a water-cooled mould imposed higher values of tip cooling
rates near the casting/chill surface and a decreasing profile along
the casting length. This is correlated with the increase in the ther-
mal  resistance of the solidified shell with distance from the cooled
surface. As a result, the dendritic array is fine close to the casting
cooled surface and coarse far from it.

It is also interesting to observe in Fig. 3(a) that the experimen-

tal range of cooling rates varied from 6 to about 0.06 K s−1, but the
initial growth of tertiary dendrite arms was found to occur only for
cooling rates lower than 0.4 K s−1. It can be seen that the tertiary
dendrite spacing is about 3.7 times lower than the primary dendrite
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ig. 1. Schematic representation of the experimental solidification set-up: (1) comp
4)  mold; (5) thermocouples; (6) data logger; (7) heat-extracting bottom; (8) water

pacing for the range of cooling rates experimentally examined. A
1/�3 ratio of about 5 has been reported for Al–Cu alloys unidirec-
ionally solidified [18]. It has also been reported that the tertiary
rray has a growth character which is very similar to that of cells
nd primary dendrite arms [18]. The influence of typical solute nor-
al  macrosegregation on the tertiary spacings can be examined

y comparing the relative position of the average experimental
oints as a function of position along the casting length, as shown
n Fig. 2(c).
It seems that the Sb content associated with the local solidifica-

ion cooling rate affect the development of dendritic tertiary arms.
igher cooling rates associated with lower Sb content (lower than

ig. 2. (a) Macrostructure of a Pb–3.5 wt.% Sb alloy casting; P1, P2 and P3 are the posi
orrosion tests were extracted, (b) experimental cooling rate during solidification along t
nd data acquisition software; (2) insulating ceramic shielding; (3) electric heaters;
meter; (9) temperature controller; and (10) casting.

3.5 wt.% Sb) which are typical of initial positions in the casting (up to
25 mm from the bottom of the casting) provide a microstructural
dendritic array which is characterized by primary and secondary
dendrite arms. However, for positions where the Sb content is
close to or slightly higher than the nominal composition, the pres-
ence of tertiary dendritic arms can be detected. Similar normal
macrosegregation profiles have also been reported for both dilute
Pb–0.85 wt.% Sb and concentrated Pb–6.6 wt.% Sb alloys [7].
The typical microstructures observed on transverse sections of
the Pb–3.5 wt.% Sb alloy casting are also shown in Fig. 3. The as-
cast microstructure consists of a dendritic Pb-rich matrix (�-phase:
solid solution of Sb in Pb) with a lamellar eutectic mixture in the

tions in casting from where the samples for microstructure characterization and
he casting length, and (c) macrosegregation profile along the casting length.
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ig. 3. (a) Evolution of primary and tertiary dendritic arm spacings with the cooling

nterdendritic regions constituted of �, and a Sb-rich �-phase (solid
olution of Pb in Sb).

.2. EIS measurements and equivalent circuit

.2.1. Bode and Bode-phase diagrams
Fig. 4 depicts the Bode, Bode-phase and Nyquist plots repre-

enting the modulus of impedance and phase angle as a function of
requency and ZImaginary and ZReal, respectively.

It seems that two time constants are associated with the cor-
osion kinetics of the Pb–3.5 wt.% Sb alloy samples when the
ode-phase plots are considered. In a frequency range from 104 to
05 Hz, a first time constant can be related to the reaction between
he electrolyte and the Sb-rich phase in the interdendritic region,
hich is mainly observed for the sample corresponding to the
osition P3. This can be associated with the slightly higher Sb con-
ent, due to the segregation phenomenon, when compared with
he other positions examined along the casting length, as can be
bserved in Fig. 2(c). In Fig. 4(b), the double layer formation, for
requencies between 100 and 103 Hz, corresponding to the posi-

ion P3, is relatively different from those observed for the two  other
lloy samples, and could be also associated with the Sb segregation
rofile. In Bode-phase plots, for frequencies from 102 to 100 Hz,
he second time constant correlates with the Pb-rich matrix which
(b) Typical transverse microstructures along the Pb–3.5wt.% Sb alloy casting length.

is clearly evidenced for all the samples examined, as depicted in
Fig. 4(a).

Considering the Bode-phase plots, the experimental maximum
phase angles (�max.) are about 50, 60 and 47◦ for frequencies of
90, 50 and 15 Hz at positions P1, P2 and P3, respectively. On the
other hand, considering the Bode diagrams, the maximum mod-
ulus of impedance (/Z/) is attained at a low frequency. Thus, at a
frequency of 0.1 Hz, the dendritic arrays at positions P1, P2 and
P3 have experimental /Z/ values of about 300, 400 and 650 � cm2,
respectively. These experimental impedance parameters provide
indications that the sample corresponding to the position P3 seems
to be correlated with the best electrochemical behavior when com-
pared to the other samples examined. It seems that the tertiary
dendritic arm spacing (�3) has an important effect on the result-
ing corrosion resistance. At position P2 the tertiary arms initiate
their development from the secondary branches differently of posi-
tion P1 where the microstructure has no tertiary dendrite arms, as
shown in Fig. 3. Besides, it can also be observed a slightly higher
Sb content at P2 (Fig. 2) when compared with P1. When compar-
ing the resulting microstructural arrays of positions P3 and P2,
it can be seen that the sample of position P3 has tertiary spac-

ings (of about 50 �m)  which are coarser than those observed at P2
(�3 of about 25 �m)  but the continuity of the tertiary arms along
the interdendritic region permits the eutectic mixture to be more
homogeneously distributed. A schematic representation of primary
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ig. 4. Experimental data for the Pb 3.5 wt.% Sb alloy samples in a 0.5 M H2SO4 sol
nd  (d) the corresponding details for frequencies lower than 78 Hz.

�1) and tertiary (�3) arms in the microstructural dendritic arrays
t positions P1, P2 and P3 are shown in Fig. 5. It can be observed
hat both �1 and �3 increased with the increase in distance from
he bottom of the casting.

Fig. 4(c) and (d) shows simulated and experimental results in
yquist plots of all examined Pb–3.5 wt.% Sb alloy samples. All
yquist plots are characterized by a capacitive arc at high frequen-
ies (between 105 Hz and 2 Hz), as also previously observed for both
b–Sb and Pb–Sn as-cast alloys [7–15]. It can also be seen that the
yquist plot corresponding to the position P3 has a diameter of the
apacitive arc which is higher than those corresponding to the sam-
les of the two other positions examined (i.e. P2 and P1). It can also
e observed that the Nyquist plot for P3 is the only characterized
y a capacitive arc followed by a trend to a slope of about 45◦ from
.25 to 0.01 Hz, which can indicate that an oxide film has formed
nd is thus contributing to better electrochemical behavior.

Another interesting observation is related to the different shape
f the Nyquist plot for position P3 at higher frequencies (e.g.
50–3500 Hz). In this range of frequencies, reactions between the

ork electrode (sample-P3) and the electrolyte are evidenced in the
yquist plot. This indicates that the sample P3 has a different ini-

ial reaction with the sulfuric acid solution. It can be speculated that
his difference occurred due to the slightly higher Sb content (up
at 25 ◦C: (a) Bode-phase, (b) Bode, (c) experimental and simulated Nyquist results

to 4.5 wt.%) in this sample when compared with those of the other
two samples, as shown in Fig. 2(c). This reaction is not the predom-
inant factor connected to the resulting electrochemical corrosion
response of sample P3, however, it can give a significant contribu-
tion to this when associated with those reactions occurring at low
frequencies.

3.2.2. Equivalent circuit and Nyquist diagrams
In order to provide quantitative support to the experimental EIS

results, an equivalent circuit analysis has also been performed, as
similarly reported in previous studies [7–15,19–23]. Fig. 6 shows
the proposed equivalent circuit used to fit the experimental data.
The impedance parameters obtained by the ZView® software, are
shown in Table 1. The fitting quality was evaluated by chi-squared
(�2) [8–13] values of about 33 × 10−4 to 98 × 10−4, as shown in
Table 1.

The interpretation of the physical elements of the pro-
posed equivalent circuit is similar to those previously reported
[7–15,19–23]. In this sense, the parameters Rel, R1 and R2 are the

electrolyte resistance, the charge transfer resistance and stands for
a polarization resistance due to the participation of adsorbed inter-
mediates, respectively. A constant-phase element representing a
shift from an ideal capacitor was  used instead of the capacitance
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Fig. 5. Schematic representation evidencing primary and tertiary dendri

tself, for simplicity. The parameters ZCPE(1) and ZCPE(2) denote
he double layer capacitance and the capacitance associated with
he polarization resistance R2. Values of n1 and n2 are correlated
ith the phase angle, varying between −1 and 1. ZCPE = [C(jω)n]−1

enotes the impedance of a constant phase element [7–15,19–23]
here C is the capacitance; j is the current; ω is the frequency and
1 ≤ n ≤ 1. The value of n can also be associated with the non-
niform distribution of current as a result of surface defects or
oughness [22].

Analyzing the impedance parameters depicted in Table 1, it can
e seen that ZCPE(2) is always lower than ZCPE(1). Low capacitances

an be associated with both an increase in the passive layer thick-
ess [21] and a decrease in the oxide film dielectric constant which

s caused due to variation in the ratio between electrolytic volume
nd oxide film [21,22,24,25].

Fig. 6. Proposed equivalent circuit used to obtain impedance parameters.
s formation for Pb–3.5 wt.% Sb alloy samples at positions P1, P2 and P3.

Comparing the impedance parameters of P1 and P2 samples,
it can be observed a reasonable similarity of capacitances ZCPE(1).
On the other hand, P1 has a polarization resistance (R1) of about 3
times lower than that corresponding to position P2. It seems that
the corrosion protection consists of a cooperative action provided
by both R1 and R2. Thus, the sample P2 has a better electro-
chemical corrosion behavior than that of sample P1. When these
parameters are compared with those of the sample P3, it can
be seen that the sum of R1 and R2 attains the highest value of
all samples examined, which is associated with the best corro-
sion resistance. Besides, the highest R2value is also that of the
sample P3, which can explain that trend to a slope of about 45◦

between 0.25 and 0.01 Hz, as shown in Fig. 4(c). Additionally, it is
important to remark that the capacitance ZCPE(1) corresponds to
the capacitance of double layer formation on the surface of the
sample, and high ZCPE(1) indicates better electrochemical corrosion
response.

3.2.3. Potentiodynamic polarization plots
Fig. 7 shows the potentiodynamic polarization curves obtained

from −0.75 to −0.35 V (SCE) for the Pb–3.5 wt.% Sb alloy at three (03)
different positions (P1, P2 and P3) corresponding to tests carried out
in a stagnant and naturally aerated 0.5 M H2SO4 solution at 25 ◦C.

Tafel extrapolation was used to obtain the experimental corrosion
current density (icorr) using both the cathodic and anodic branches
of the polarization curves along a range of potentials from −450
to −550 mV (SCE). Parameters and observation of these results
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Table 1
Impedance parameters of Pb–3.5 wt.% Sb alloy in 0.5 M H2SO4 solutions at room temperature.

Parameters P1
�1 = 30 (±5) �m
�3 = NA

P2
�1 = 116 (±13) �m
�3 = 33 (±8) �m

P3
�1 = 160 (±20) �m
�3 = 47 (±6) �m

Rel (� cm2) 4.4 5.1 4.1
ZCPE(1) (�F cm−2) 411 (±2.5) 302 (±5) 802 (±41)
ZCPE(2) (10−3 × F cm−2) 2.9 (±0.2) 11.2 (±4) 0.05 (±0.01)
n1 0.79 0.78 0.52
n2 0.82 0.95 0.98
R1 (� cm2) 118 (±4) 320 (±10) 73 (±6)
R (� cm2) 215 (±21) 80 (±15) 803 (±35)

N
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a
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(

2

�2 93 × 10−4

A, not available.

einforce the corrosion resistance tendency observed previously
ith the results of EIS and impedance parameters (equivalent

ircuit), i.e. better electrochemical corrosion resistance being asso-
iated with the sample P3.

Considering the Pb–3.5 wt.% Sb alloy at position P1, it is observed
 current density of about 16 (±3) �A cm−2 associated with a cor-
osion potential of about −521 mV  (SCE). When similar parameters
re observed for samples P2 and P3, the current densities and cor-
osion potentials are about 10 (±2) �A cm−2 with −520 mV (SCE)
nd 5 (±2) �A cm−2 with −493 mV (SCE), respectively. It is impor-

ant to remark that there is no intention to describe the mechanism
f dissolution and precipitation of the electrode system, which is
idely discussed by Pavlov et al. [26,27].
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ig. 7. Potentiodynamic polarization curves exhibiting current densities and corro-
ion potentials for Pb–3.5 wt.% Sb alloy samples in a 0.5 M H2SO4 solution at 25 ◦C:
a)  from −0.75 to −0.35 V (SCE) and (b) from −0.55 to 0.45 V (SCE).
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3.3. Electrochemical behavior and resulting microstructures

It is known that during non-equilibrium solidification, the �-
phase (Pb-rich) will have an increasingly Sb content from the
dendrite arm center toward the interdendritic region up to the
eutectic composition. The eutectic mixture is consisted by alter-
nated Pb-rich and Sb-rich phases giving rise to galvanic cells
formation.

It was  recently reported [7,13] that a dendritic array has the
antimony-rich regions located in the lamellar eutectic mixture. In
this sense, it is believed that the Sb-rich lamellae envelope the
Pb-rich phase more efficiently when a fine dendritic spacing is
considered due to the more extensive distribution of the eutectic
mixture, and thus protecting the Pb-rich matrix. Due to this reason,
it is also believed that for Pb–Sb dendritic alloys with Sb content
higher than 3 wt.%, a finer dendritic array would be more appro-
priate since it is associated with higher electrochemical corrosion
resistance. This is the case of components which are manufactured
by continuous casting processes.

Considering the samples examined in this present investigation,
it was interesting to observe that with the increase in distance
from the bottom of the casting, a trend to decrease the corro-
sion resistance is clearly confirmed. In order to better understand
this apparently contradictory observation when compared with
previous studies [7,13] with Pb–Sb alloys having dendritic arrays,
the effects of the tertiary dendrite arm spacing associated with

antimony macrosegregation for each sample (position) has been
evaluated.

Fig. 8 depicts the percentage of interdendritic regions (black
regions) compared with the Pb-rich matrix (white regions). In this

Fig. 8. Percentage of interdendritic region for positions P2 and P3 of the Pb–3.5 wt.%
Sb  alloy casting.
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ense, two selected images of the resulting microstructures from
ositions P2 and P3 were converted to binary images and 10 mea-
urements were carried out using the software ImageJ®. It can be
een that the position P3 has 19% of interdendritic region. This
eans that there exists a higher amount of tertiary arms (�3)

n sample P3 than in P2, and this provides a more homogenous
istribution of the eutectic mixture in the interdendritic region
hen compared with sample P2. Besides, a slightly higher amount

f eutectic fraction is expected to occur at position (P3), due to
he local higher Sb content caused by segregation, as previously
epicted in Fig. 2(c).

These aforementioned assertions permit to explain the rea-
on for which the sample P3 presented a better electrochemical
orrosion response than the samples corresponding to the other
wo examined positions. Firstly, although the position P3 has both
oarser primary and tertiary dendritic arms when compared with
he corresponding values at P2, its resulting transverse microstruc-
ure array has a well defined network of tertiary arms permitting

 more homogeneous distribution of the eutectic mixture between
he dendritic arms and higher Sb content. This also helps to under-
tand both the Bode and Bode-phase diagrams corresponding to
his position, as previously discussed and evidenced in Fig. 4(a)
nd (b). Besides, it also helps to explain the displacement of about
0 mV (SCE) in the corrosion potential of sample P3 toward the
obler-side.

In this context, when the manufacturing of lead-acid battery
omponents is considered, the evaluation of as-cast microstruc-
ures can be used as an alternative way to produce as-cast
omponents with different corrosion resistance. In this sense, the
hoice of cooling rates which will be applied in the manufactur-
ng process in order to attain the best electrochemical response of

 Pb–Sb alloy casting should be associated with two  initial opera-
ional parameters: (i) The antimony content of the alloy; and (ii)
ype of mould. These two parameters will be influent on the result-
ng cooling rate and microstructure which should be systematically
nvestigated in order to permit the desired electrochemical corro-
ion response to be attained.

. Conclusions

Based on the present experimental results concerning the
icrostructure dendritic array, macrosegregation solute profile

nd electrochemical behavior of a Pb–3.5 wt.% Sb alloy casting (i.e.
mpedance parameters, potentiodynamic polarization curves and
quivalent circuit analysis), it can be concluded that the tertiary
endritic arm associated with the antimony segregation, which
ccurs during the casting process, have important roles on the
esulting corrosion response. Samples of three transverse sections

orresponding to different positions from the bottom of the casting
8, 25 and 50 mm)  were examined. It was shown that the sample at
osition P1 (8 mm)  has a dendritic array characterized by only pri-
ary (�1) and secondary dendrite arm spacings. When comparing

[

[
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the resulting microstructural arrays of positions P3 and P2, it can
be seen that the sample at position P3 has tertiary spacings (of
about 50 �m)  which are coarser than those observed at P2 (�3
of about 25 �m)  but the continuity of the tertiary arms along the
interdendritic region permits the eutectic mixture to be more
homogeneously distributed. Considering that the antimony-rich
region is located in the lamellar eutectic mixture, the Sb-rich
lamellae envelope the Pb-rich phase contributing to the protection
of the Pb-rich matrix against the corrosion. In this sense, it can
also be concluded that the Sb content and the cooling rate during
casting, which determines the magnitude of the dendritic array,
are important parameters that should be considered in the manu-
facture of Pb–Sb alloys components with a view to improving their
electrochemical corrosion behavior.
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