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The aim of this study is to evaluate the effect of different macro-morphologies of an as-cast Pb-
1wt.%Sn alloy on the electrochemical behaviour in a 0.5 M H,SO, solution at 25 °C. Equiaxed and
columnar morphologies containing coarse and fine cellular spacings were produced. Cylindrical
permanent low-carbon steel and a water-cooled unidirectional solidification system were employed
permitting the polidirectional and unidirectional samples be produced, respectively, and to be
experimentally examined as a function of the grain size. Electrochemical impedance spectroscopy
(EIS) diagrams, potentiodynamic polarization curves and an equivalent circuit analysis were used to
evaluate the electrochemical response. It was found that an equiaxed macrostructure, independently of
having coarse or fine grains, tends to yield higher corrosion resistance than a columnar macrostructure.
The pre-programming of the macromorphology of as-cast Pb-Sn alloys can be used as an alternative
way to produce components of lead-acid batteries with improved electrochemical corrosion behaviour
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1. INTRODUCTION

During casting a wide range of the operational conditions may produce different
macrostructural morphologies. Nowadays there exists a great concern in industrial environment with
the production and development of materials presenting a reasonable range of properties, e.g.
mechanical properties and corrosion resistance. Modifications on the grid manufacturing processes
have been tried by lead-acid batteries manufacturers in order to decrease battery grid weight as well as
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to reduce the production costs, and to increase the battery life-time cycle and the corrosion-resistance
[1-5]. Lead-acid batteries are widely applied in automotive and telecommunication services [2-3]. A
number of their components are generally produced by different casting processes, such as
conventional continuous casting, continuous cast-expanded and cast-rolled, and conventional casting
which provide a wide range of cooling rates [1-2].

It is well-known that the grain structure of a casting may take many forms during solidification,
being characterized by both the macrostructure and the microstructure. The macrostructure is a
structural morphology that generally consists of three different zones: chill, columnar and equiaxed
zones [6-9]. The growth direction of columnar grains is controlled by heat flow conditions during
solidification and the preferential crystallography growth direction, giving rise to anisotropic
properties [8-9]. The equiaxed structure is characterized by grains, which are randomly oriented and
grow equally in all directions to produce a material that is macroscopically isotropic [8-9]. In the as-
cast state, an alloy macrostructuraly characterized with columnar or equiaxed grains (macrostructure)
may possess within individual grains a dendritic or cellular network (microstructure) of continuously
varying solute content, second phases and possibly porosity and inclusions [10]. The growth of regular
cells is favored by low growth rate and low level of solute content during solidification of alloys, while
dendrite growth is provided by high growth rates and/or high solute content [11-12].

Considering the correlations between mechanical properties and grain size, it has generally
been found that the grain size reduction increases the tensile strength of metallic alloys [13]. The
electrochemical corrosion behaviour can also be connected with both the macrostructural morphology
and microstructural cellular or dendritic arrays. In this sense, some studies have focused on the
characterization of cellular and dendritic growth of Pb alloys. It was reported [14-19] that
microstructures having coarse cells are associated with better corrosion resistance than fine cellular
microstructures when considering experimental studies on Pb-Sb and Pb-Sn alloys subjected to
corrosion tests in a 0.5 M H,SO, solution. Razaei and Damiri [4] have also reported that the control of
solidification variables has an important role on the electrochemical behaviour of lead-acid battery grid
alloys. In this sense, lead-acid battery manufacturers should alternatively consider the pre-
programming of the resulting microstructure of binary alloys by controlling solidification variables as
an important tool for the improvement of the corrosion response.

The present study aims to contribute to the development of correlations between equiaxed and
columnar grain morphologies of as-cast Pb-1wt.%Sn alloys and the corresponding electrochemical
behaviour in a 0.5M H,SO, solution at 25 °C. The effects of both equiaxed and columnar grains,
typically obtained in polidirectionally and unidirectionally solidified castings, respectively, on the
corrosion resistance were examined.

2. EXPERIMENTAL PROCEDURE

Pb-1wt.%Sn alloy samples were prepared from commercially pure metals: Pb (99.89 wt%) and
Sn (99.99 wt%). The mean impurities were: Fe (0.10%), Si (0.07%), Cu (0.02%), besides other
elements with concentration less than 50 ppm. In order to obtain polidirectionally equiaxed grains, a
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permanent low-carbon steel (SAE 1020) mould (Fig. 1) with an internal diameter of 50 mm, a height
of 50 mm and a wall thickness of 3 mm was used. Two experiments were carried out: i) mould surface
polished and kept at the room temperature (+25 °C) and ii) mould surface completely covered with an
insulating alumina layer (of about 1 mm thick) with the mould pre-heated at 200 °C (5 °C). The
former condition has permitted higher cooling rates to be attained during solidification (of about 10
K/s) and the latter has induced lower cooling rates (of about 0.5 K/s).

(d)

50 mm |

(b)

Figure 1. (a) Typical unidirectionally and (b) polidirectionally solidified castings macrostructures of a
Pb-1wt.%Sn alloy: (c) is a magnification detail of Fig.1 (b) and (d) is the permanent steel
mold.

A water-cooled unidirectional solidification system was also used in the experiments in order to
produce directionally columnar grains of Pb-Sn alloy samples. This system was designed in such way
that the heat was extracted only through the water-cooled bottom, promoting vertical upward
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directional solidification. From the water-cooled bottom to the top of the unidirectionally solidified
casting a wide range of cooling rates are obtained. More details concerning this solidification set-up
can be obtained in previous articles [11-12, 14-19].

All 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 samples were polished and etched by a 37
cm® glacial acetic acid and 15 cm®of hydrogen peroxide solution at room temperature for
metallography. The microstructural characterization was carried out by using an optical microscopy
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 behaviour of the Pb-1wt.%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 minutes for the samples to reach a steady-state condition. The tests were carried out with
the samples immersed in a stagnant and naturally aerated 500 cm® of a 0.5 M H,SO, solution at 25°C
under a pH of about 0.9 (£0.05). A potentiostat (EG & G Princeton Applied Research, model 273A)
coupled to a frequency analyzer system (Solartron model 1250), a glass corrosion cell kit with a
platinum counter-electrode and a saturated calomel reference electrode (SCE) were used to perform the
EIS tests. The potential amplitude was set to 10 mV, peak-to-peak (AC signal), with 6 points per
decade and the frequency range was set from 100 mHz to 100 kHz. The samples were further ground
to a 1200 grit SiC finish, followed by distilled water washing and air drying before measurements.

Potentiodynamic measurements were also carried out in the aforementioned solution at 25°C
using a potentiostat at the same positions where the EIS tests were carried out. Using an automatic 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 0.2
mV s* from -250 mV (SCE) to +250 mV (SCE). This mentioned potentiodynamic range corresponds
to -1200 mV and -700 mV vs. Hg/Hg,SO, 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 discussions of these experimental EIS results, an appropriate model
(ZView version 2.1b) for equivalent circuit quantification has also been used.

3. RESULTS AND DISCUSSION

3.1. Macrostructural observations

Fig. 1 shows both the resultant unidirectionally and polidirectionally solidified castings
macrostructures for Pb-1wt.%Sn alloy. It can be seen that the growth of columnar grains prevailed
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along the entire casting length due to the water-cooled unidirectional system, as shown in Fig. 1(a). On
the other hand, the growth of equiaxed grains has prevailed along the entire casting when a permanent
mould was used, as depicted in Fig. 1(d). The mean grain size of coarse equiaxed and coarse columnar
macrostructures of Pb-1wt.%Sn alloy castings is about 7 (£1.8) mm.

Typical microstructures observed at the cross sections of the Pb-1wt.%Sn alloy castings are
shown in Fig. 2. It is important to remark that independently of the casting equiaxed or columnar
macromorphologies, the resulting 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 Pb-rich cellular matrix is depicted by dark regions with the intercellular eutectic mixture
being represented by light regions.

Coarse Columnar Cells Coarse Equiaxed Cells
Ae = 96 (£5) um; dT/dt = 0.7°C/s Ac = 180 (£15) um; dT/dt = 0.3°C/s
# - ; g2 3 " . e Nt g

-

: .: ﬁ}"b-‘. T R R O

(a) (b)
Fine Columnar Cells Fine Equiaxed Cells

he = 39 (28) um; dT/dt=1.8°C/s | Ac =34 (¢5) um; dT/dt = 2.2°Cls
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¢
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Figure 2. Typical cellular morphologies along the cross sections of the Pb-1wt.%Sn alloy castings: (a
and b) are coarse and (c and d) fine cellular spacings.
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Although a completely columnar grain prevailed along the casting length, the water-cooled
mould imposes higher values of cooling rates near the casting/chill surface (bottom of the casting) and
a decreasing profile along the casting length. This provides fine spacings close to the casting cooled
surface and coarser ones far from it [14-19]. As reported in previous studies [17-18], an experimental
power law relates the cellular spacing with the cooling rate: A, = 65 (dT/dt)®°. Although there exists a
variation of cellular spacings along the casting, in order to permit the corrosion behaviour of the cell
array of a unidirectionally (columnar) solidified macrostructure with the cells array of equiaxed grains
to be compared, only two orders of magnitude of cell size were considered: coarse (Ac = = 100 um) and
fine (Ac = £ 40 um) columnar cells, as shown in Fig. 2.

These coarse and fine columnar cellular spacings are associated with cooling rates of 0.7 K/s
and 1.8 K/s, respectively, which correspond to positions of about 60mm and 30mm from the bottom of
the casting, respectively.

Considering the equiaxed grains, the cellular spacings solidified under low cooling rates (i.e.
0.3 K/s using insulated and pre-heated permanent mould) were about 180 pum (15 um) while the
cellular spacings of about 30 um (£2.5) were attained under higher cooling rates (i.e. 2.2 K/s using
permanent mould at room temperature). Fig. 2 depicts the typical cellular equiaxed morphologies
along the cross sections of the Pb-1wt.%Sn alloy castings.

3.2. Electrochemical behaviour measurements and equivalent circuit analysis

Fig. 3(a) depicts the Bode and Bode-phase diagrams representing the modulus of impedance (
/1Z]') and phase angle ( © ) as a function of the frequency ( F ). At least two time constants can be
associated to the kinetics of corrosion of coarse and fine cellular arrays of the Pb-1wt.%Sn alloy as
depicted in the Bode-phase plots of Fig. 3(a). It can be seen in a frequency range from 10° to 10° Hz, a
first time constant which can be associated with the reaction between the electrolyte and the tin-rich
phase in the intercellular region.

At low frequencies, in a range of about 0.1 and 40 Hz, the second time constant appears and
can be correlated to the reaction with the Pb-rich matrix. At frequencies between 10 Hz and 10° Hz,
interpretation of the nature and formation of the double electronic layer can be made, as discussed by
Mansfeld [20]. It can clearly be seen that the equiaxed structure provides a different kinetics (higher
growth rate) of double layer formation.

The resulting moduli of impedance ( /Z/ ) at 0.1 Hz are 2.7 kQ cm™ and 0.2 kQ cm? for
equiaxed and columnar arrays, respectively. It is important to remember that equiaxed and columnar
grain morphologies have A, of about 96 (£5) um and 180 (£15) um, respectively. Considering the
Bode-phase diagrams, maximum phase angles (6msx.) of about 66° in 19Hz and 54 degrees in 39Hz are
observed for equiaxed and columnar cell spacings, respectively.

Experimental and simulated Nyquist plots are shown in Fig. 3(b). A higher semi-arc diameter
can be observed for the equiaxed sample if compared with that of the columnar sample. Both
components Zgea (in-phase) and the Zymaginary (Out-of-phase) also show an appreciable increase (of
about 10 times) if the results of both samples are compared.
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Figure 3. (a) Experimental EIS diagrams (Bode and Bode-phase) e (b) experimental and simulated

Nyquist results for equiaxed and columnar coarse morphologies of the Pb-1wt.%Sn alloy in a
0.5 M H,SO, solution at room temperature.
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Nyquist results for equiaxed and columnar fine morphologies of the Pb-1wt.%Sn alloy in a 0.5
M H,SQO, solution at room temperature.
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An interesting observation in Nyquist plots is that at 10w Zgea and Zimaginary @ Smaller capacitive
semi-arc is formed for the equiaxed sample, as shown in the corner (right left) of Fig. 3(b). Another
interesting observation from the results of the columnar sample is the slight trend to form a straight
line with a slope of 45° at lower frequencies, which can be due to induced oxide film formation
(product of corrosion).

Fig. 4 (a) also shows Bode and Bode-phase plots of fine microstructures (equiaxed and
columnar morphologies) which have also evidenced two time constants: i. observed between 10° to 10°
Hz and ii. from 30 to 250 Hz. Similarly to the previous discussion, the first and second time constants
can also be associated with the reaction between the electrolyte and the tin-rich phase and the reaction
with the Pb-rich matrix, respectively. The corresponding / Z / at 0.1 Hz are 1.2 kQ cm™?and 60 © cm™.
The corresponding Omax. Values are 56° in 39 Hz and 37 ° in 235 Hz which permits to conclude that / Z /
and O4x decreased when compared to the corresponding values of the coarse structures. Besides, Omax
Is associated with higher frequencies which also give indications that a coarse structure tends to exhibit
lower susceptibility to corrosion action than a fine one. Fig. 4(b) depicts experimental and simulated
Nyquist plots. Higher capacitive semi-arcs are related to the equiaxed sample considering both
components Zrea and Zimaginary- It can also be observed the smaller capacitive semi-arc at low Zgea and
Zimaginary favoring the equiaxed sample. These experimental impedance parameters, give clear
indications that the coarse array of the Pb-1wt.%Sn alloy can be related to better electrochemical
behaviour when compared with the results which correspond to the fine array.

An equivalent circuit analysis has also been conducted, which is similar to those developed in
some previous articles [14-19, 22-27]. The proposed equivalent circuit used to fit the experimental data
is shown in Fig. 5. The impedance parameters obtained by the ZView® software, are shown in Table 1.
The fitting quality was evaluated by chi-squared (y?) values of about 20 10, as shown in Table 1.

Zcpg (1)

: R el .

ZcpE (2)

R>

Figure 5. Proposed equivalent circuit used to obtain impedance parameters.

The interpretations of the physical elements of the proposed equivalent circuit are similar to
those reported in previous studies [14-19, 22-27]. R¢ denotes the electrolyte resistance which in Bode
plot is expressed in a high frequency limit (F > 1 kHz), Ry is the charge transfer resistance, and R, (F <
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0.1 Hz) stands for a polarization resistance due to the participation of adsorbed intermediates. Zcpg()
and Zcpg(z) denote the double layer capacitance and the capacitance associated with the polarization
resistance R,. The parameters n; and n, are correlated to the phase angle, varying 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 Zcpe = [C (jo) "] * [14-19, 22-27],
where C is the capacitance; j is the electric current; o 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 roughness and
surface defects [14-19]. Simulated and experimental results in Nyquist plots were shown in Figs. 3(b)
and 4(b).

Table 1 — Impedance parameters for the equiaxial and columnar Pb-1wt.%Sn alloy samples in
a 0.5 M H,SO, solution at room temperature.

Coarse cellular morphology

Parameters Equiaxed array Columnar array
Ac = 180 (£15) um Ac = 96 (£5) um
Rer (Q cm™) 6.1 5.4
Zepe (1) (uFem™) 125 (+ 15) 360 (+ 19)
Zcpe (2) (uFem™) 39 (1) 12 (£3)
N 0.65 0.60
n; 0.94 0.91
R1 (Q cm™) 17 (£ 1) 13 (£ 2)
R, (Q cm) 3000 (+ 98) 1500 (+ 185)
7 2210™ 18 10 |
Fine cellular morphology
Parameters Equiaxed array Columnar array
Rer (Q cm™) 5.8 5.4
Zepe 1y (LFem™) 302 (+ 25) 316 (+ 18)
Zepe ) (LFEm™) 34 (+5) 11 (+ 8)
n 0.65 0.57
n, 0.94 0.89
R1(Q cm™) 13 (¢ 3) 120 (£ 2)
R, (Q cm™) 1400 (+ 150) 180 (+ 22)
N 17 10" 3010™ |

In Table 1, the obtained values of R; and R, for fine cellular morphologies are lower than the
corresponding values for coarse morphologies. These results induce that the coarse cellular array has
better electrochemical behaviour than the fine cellular structure. When comparing these parameters
between equiaxed and columnar arrays, it can be seen that polarization resistances are favoring the
equiaxed grains in both coarse and fine arrays. These observations are in agreement with the EIS
parameters aforementioned.
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Figure 6. (a) Experimental

potentiodynamic polarization curves of Pb-1wt.%Sn alloy samples in a

0.5M H,S0O, solution at 25°C for (a) coarse and (b) fine cellular arrays.

Fig. 6 depicts partial

Is important to remark that

potentiodynamic polarization curves (from -0.70 to -0.30 V vs. SCE) for
both equiaxed and columnar samples presenting coarse and fine cellular arrays of a Pb-1%Sn alloy. It
these polarization tests were performed in order to permit the resulting
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experimental current density of these samples to be obtained. In this sense, the current density (i) was
obtained from Tafel plots using both the cathodic and anodic branches of the polarization curves.

Comparing the current densities (i) related to the coarse morphology arrays (equiaxed and
columnar), the columnar array has a value of +11 uAcm? , i.e. of about two (02) times higher than
that of the the equiaxed array (+6 wAcm™). Higher current densities are observed when comparing the
fine morphologies with the corresponding coarse morphologies. For the fine morphology arrays, it is
also clearly observed that a lower current density is related to the equiaxed morphology (37 pAcm?)
when compared with the columnar array (46 pAcm™).

The primary passive current densities (ipp) are also depicted in the potentiodynamic
polarization plots in Fig. 6. Different ipp are associated with similar corrosion potentials of about 422
mV, SCE and 427 mV, SCE for the coarse and fine morphology arrays, respectively. In Fig. 6(a) the
lowest ipp Was that of the coarse columnar morphology of about 258 (+10) pA cm™ and the highest
(775 (£12) nA cm™®) was that of the coarse equiaxed morphology. This observed difference of about
three times between the mentioned ipp values indicates that a more defective layer of product of
corrosion consisted of Pb and Sn ions, PbSQO,4, oxygen and OH" particles has grown at the surface of
the columnar array. It is important to remark that the solubility of PbSO,4 in 0.5 M H,SO, is relatively
high, and only small amounts of PbSO, crystals will be formed and reduced (dissolution-precipitation
mechanism). It is suggested that the columnar array with a coarse cellular arrangement has been highly
corroded when compared with the equiaxed coarse array. Although the porous layers can be similar
when comparing R1 values, there are indications that the equiaxed morphology considering both
coarse and fine arrays has a more compact barrier layer, which is indicated by R, values higher than
Ry, as shown in Table 1.

It is also important to remark that Pavlov et al. [28-30] have reported that the open circuit
potential of Pb-1wt.%Sn alloys is somewhat lower than that of pure lead (-580 mV vs. SCE or -950
mV vs. MSE) due to the accelerated self-discharge related to lower hydrogen overvoltage on the Sn
electrode. At potentials above -580 mV/(SCE) or -0.95V (MSE), anodic oxidation of Pb takes place and
Pb (11) ions are formed. A PbSO, membrane layer will be formed on the electrode surface (passivation)
but not any PbO particles since a high and strong passivation for this formation is demanded [28-30].
At a potential of about -450 mV (SCE) or -800 mV (MSE) anodic oxidation of Pb to Pb (II) ions are
started. However, it is known that the rate of anodic oxidation of Pb to Pb (1) ions at potentials about
450 mV (SCE) or -800 mV (MSE) is not the process that determines the corrosion rate of lead in
sulfuric acid. It was previously reported [16] that above +1.28 V (SCE) PbO; is formed. These
processes are systematically detailed by Pavlov and collaborators [28-30].

Fig. 7(a) depicts the current density decreasing with the increase in the cellular spacing,
independently of the grain nature (equiaxed or columnar). It can be seen that equiaxed grains have
lower current densities in both coarse and fine cellular arrays compared with the corresponding results
of the columnar samples. It can also be seen that the corrosion potential decreases (i.e. is displaced
toward the nobler-side potential) with the increase in the cellular spacing, as depicted in Fig. 7(b), i.e.,
an indication that the coarse cellular array is associated with a higher corrosion resistance if compared
with fine ones.
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Figure 7. (a) Experimental current density and (b) corrosion potential as a function of cellular spacings
of Pb-1wt.%Sn alloy samples with coarse and fine cellular arrays into columnar and equiaxed

grains.

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

4. CONCLUSIONS

The following conclusions can be drawn from the present experimental investigation:

o The experimental EIS diagrams, impedance parameters, potentiodynamic polarization
curves and the fitted equivalent circuit parameters have shown that coarse equiaxed grains spacings
tend to yield higher corrosion resistance than columnar grains with coarse cellular arrays. Similarly a
fine equiaxed grain structure is predisposed to yield higher electrochemical behaviour than a columnar
structure with fine cellular spacing for an as-cast Pb-1wt.%Sn alloy. Such trends are intimately
associated with: i. the reduction of cellular boundaries of coarse cellular arrays when compared with
finer cells, since the boundary has proved to be more susceptible to the corrosion action; ii. the
reduction of equiaxed grain boundaries when compared with the cellular boundaries inside the
columnar grain.

o The manipulation of solidification processing variables permits the as-cast structural
morphologies to be controlled. Thus, the control of cooling rate during casting can be used as an
alternative way to produce battery components of dilute Pb-Sn alloys with improved electrochemical
corrosion behaviour.
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