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ABSTRACT 

The effect of barium additives on the process of anodic corrosion of lead-tin-calcium alloys in a 4.8 М sulfuric acid 
solution was studied. Cyclic voltammetry, impedance spectroscopy, weight loss measurements and scanning electronic 
microscope analysis have allowed exploring the oxidation process and characterizing the formed corrosion layer. Ac- 
cording to our results, barium introduction into lead-tin-calcium alloys increases their hardness, reduces their electro- 
chemical activity, and improves their corrosion stability. Reduction of the calcium content in the alloy can be compen- 
sated by adding barium. Barium dopation at lead-tin-calcium alloys decreases the resistance of the oxide layer formed 
on the grid surface, in a deeply discharged state, and raises its resistance during floating conditions and at a charged 
state of the positive electrode. 
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1. Introduction 

Pb-Sn-Ca alloys are most widely used for making grids 
of valve-regulated lead acid (VRLA) batteries. However, 
the high requirements to power sources entail the neces- 
sity of further modifications of the alloys used. These 
alloys should possess higher mechanical characteristics 
and enhanced corrosion stability for thinner grids, and 
general stability under exploitation. So, Pb-Sn-Ca alloys 
are doped with additional components. Barium is one of 
such components [1-4]. According to Ref. [5], grids 
made by punching or continuous casting from a Pb-Sn- 
Ca alloy with a barium additive provide the improved 
mechanical properties and the increased corrosion resis- 
tance. However, the literature lacks data about the influ- 
ence of a barium additive on the electrochemical and 
corrosion properties of Pb-Sn-Ca alloys, and about the 
properties of the contact corrosion layer formed on the 
alloy surface. The aim of the present paper was to exam- 
ine the electrochemical and corrosion behavior of Pb- 
Sn-Ca-Al-Ba alloys with various barium contents. 

2. Experimental 

2.1. Preparation of Working Electrodes 

The following alloys served the objects of our study: 
Pb-1.0 wt% Sn-0.06 wt% Ca-0.015 wt% Al (alloy 1), 

Pb-1.0 wt% Sn-0.06 wt% Ca-0.015 wt% Al-0.015 wt% 
Ba (alloy 2), Pb-1.0 wt% Sn-0.06 wt% Ca-0.015 wt% 
Al-0.03 wt% Ba (alloy 3), Pb-1.0 wt% Sn-0.06 wt% 
Ca-0.015 wt% Al-0.06 wt% Ba (alloy 4). The barium- 
containing alloys were prepared by fusion of the lead-tin, 
calcium-aluminum and lead-barium alloys. The alloy 
components were fused in alundum crucibles placed into 
a resistance furnace, at 500˚C (for the calcium-aluminum 
and lead-barium alloys the temperature was 850˚C) dur- 
ing 3 h in an argon atmosphere. Then they were cast into 
a fluoroplastic mould heated up to 200˚C. The obtained 
round plates of a 25 mm diameter and a 2 mm thickness 
were kept in the furnace at 200˚C during 5 h for homog- 
enization. The surface of the working electrodes was 
treated by mechanical polishing with emery paper with 
successive decreasing the grain size down to 10 µm. 
Then, the electrodes were polished with thick felt and 
immersed into a special solution for chemical polishing 
of lead (99 vol% CH3COOH, 1 vol% H2O2). The work- 
ing electrode was washed with double-distilled water and 
ethanol before immersing into the electrolyte solution. 

2.2. Cyclic Voltammetry (CV) and  
Electrochemical Impedance Spectroscopy  
(EIS) Measurements 

A three-electrode cell was used for electrochemical 
measurements. An Ag/AgCl/KCl electrode served as a 
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reference one (E0 = 0.201 V vs. SHE at 25˚C). All poten- 
tials reported here are referenced to the standard hydro- 
gen electrode (vs. SHE). A platinum plate (Pt 99.99%) 
was used as an auxiliary electrode. The electrolyte, a 4.8 
M H2SO4 solution, was prepared from H2SO4 and dou- 
ble-distilled water. Before every experiment, a cathode 
potential of −1.0 V was applied for 10 min in order to 
remove any oxides formed during the pretreatment. Cy- 
clic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) measurements were performed using 
an AUTOLAB PGSTAT302N controlled by a personal 
computer. Cyclic voltammetric curves were recorded for 
each electrode at a potential scanning rate 20 mV·s−1 
during hundred cycles within potential ranges from −0.7 
to 0.0 and from 1.5 to 2.5 V. An anode corrosion film 
was formed on the studied electrodes before impedance 
measurements. The anode corrosion film on the electrode 
surface was formed under several potentials during one 
hour after preliminary cycling (5 cycles) from −1.0 V up 
to the film formation potential. Then, an impedance 
spectrum was recorded at the same potential. Impedance 
was measured just after the corrosion layer growth in the 
same cell and at the same potential within a frequency 
range from 100 kHz to 1 MHz with amplitude of 10 mV. 
All measurements were made at room temperature (22˚C 
± 0.5˚C). The recorded impedance spectra were proc- 
essed by ZView® 3.0а software (Scribner Associates, 
Inc.) with selection of equivalent circuits. 

2.3. Metallographic Examinations 

For microstructural analysis of lead alloys, the surface of 
the samples was mechanically polished with emery paper 
with various roughness. Then, the samples were carefully 
washed with distilled water, polished chemically in a 
solution of the following composition: 1.5 ml of 50% 
hydrogen peroxide and 48.5 ml of icy acetic acid. After 
this, the electrode was polished with thick felt and 
washed with distilled water once again. The micro- 
graphic specimens were etched during 3 h without heat- 
ing or 0.5 - 2 min in a heated (up to 70˚C - 80˚C) solution 
of the following composition: 10 ml of concentrated ace- 
tic acid; 10 ml of concentrated nitric acid; 40 ml of glyc- 
erol. Then they were washed with distilled water. The 
surface of the samples was examined by means of a met- 
allographic digital Altami MET1M complex equipped 
with a digital camera and connected to a PC. 

2.4. Scanning Electron Microscopy (SEM)  
Imaging 

Morphological studies on the surface of oxidized elec- 
trodes made of the above alloys were performed by 
means of a MIRA 2 LMU scanning electronic micro- 
scope equipped with a system of energy-dispersion mi- 

croanalysis (INCA Energy). The resolution of this mi- 
croscope reaches 5 nm, and the sensitivity of the INCA 
Energy detector is 133 eV/10 mm2, which enables analy- 
sis of chemical elements from beryllium to plutonium to 
be carried out in deep vacuum. The anodic corrosion film 
on the electrode surface was formed under a potential of 
1.3 V during six hours after preliminary cycling (5 cycles) 
from −1.0 V to the potential of film formation. 

2.5. Corrosion Test 

The corrosion resistance of the alloys under examination 
was estimated by the weight loss of the samples after 
their oxidation under potentiostatic conditions and oxide 
film removal. The samples as disks of a 2.3 cm diameter 
were kept at a potential of 2.15 V (vs. SHE) in a three- 
electrode cell in a 4.8 M solution of sulfuric acid at 40˚C. 
The duration of anodic polarization of the electrodes was 
10, 30, 60, and 180 min. Under this anode potential, lead 
alloys are oxidized to lead dioxide with oxygen release. 
Therefore, we selected more severe conditions for corro- 
sion tests of alloys in comparison with those occurring in 
real LABs, where the positive electrode may be under 
such potentials at significant overcharges only. Prior to 
measurements, the electrodes were thoroughly washed 
with distilled water and mechanically polished with em- 
ery paper of various roughnesses. Then, they were again 
washed with distilled water and treated with ethanol; 
each electrode was dried and weighed. After anodic po- 
larization, the oxide film formed was removed during 30 
min in a boiling solution of the following composition: 
80 g/dm3 of sodium hydroxide; 50 g·dm−3 of mannitol; 
0.62 g·dm−3 of hydrazine sulfate. This solution had pre- 
viously been found out not to dissolve the metal compo- 
nents of the alloy at boiling. Further, the electrodes were 
washed with distilled water, dried, and weighed once 
again. The corrosion weight loss (mg·cm−2) was calcu- 
lated by the following formula: 

 0 1m m m S    

where 0  is the initial weight of the sample, mg; 1  

the weight of the sample on removal of the corrosion 
products, mg; S the surface area of the sample before the 
test, cm2. 

m m

3. Results and Discussion 

3.1. Cyclic Voltammetry 

Figure 1 shows typical cyclic voltammograms of a lead- 
tin-calcium electrode with a barium additive (0.03 and 
0.06 wt%) within a potential range from −0.7 to 0.0 
(Figure 1(a)) and from 1.5 to 2.5 V (Figure 1(b)) at the 
fortieth cycle. The recorded curves look typically for the 
lead electrode and are characterized by the same proc- 
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esses [6]. Figure 1 indicates that barium introduction 
into the Pb-Sn-Ca alloy leads to a shift of the peaks cor- 
responding to the processes of lead oxidation to lead sul- 
fate (Figure 1(a)) and that of lead sulfate to lead dioxide 
(Figure 1(b)), towards the positive side. It is necessary to 
note that the peak currents of oxidation of the Pb-Sn-Ca- 
Ba electrodes decrease. Therefore, barium introduction 
into the alloy leads to some decrease in their electro- 
chemical activity. 

3.2. Corrosion Test 

The mechanical and corrosion properties of lead-calcium 
and lead-tin-calcium alloys are repeatedly described [7]. 
Ref. [8] shows the influence of calcium additives at the 
tin content of 0.5 and 1.5 wt% on the fluidity limit, 
strength at stretching, creep resistance, and corrosion rate. 
So, for example, the maximum values of the fluidity limit, 
strength at stretching, and creep resistance were reached 
at a calcium content 0.075 wt% and a tin one 1.5 wt%. 
 

 
(a) 

 
(b) 

Figure 1. Cyclic voltammograms for Pb-1.0 wt% Sn-0.06 
wt% Са (alloy 1), Pb-1.0 wt% Sn-0.06 wt% Са-0.03 wt% 
Ba (alloy 3), Pb-1.0 wt% Sn-0.06 wt% Са-0.06 wt% Ba 
(alloy 4) electrodes within a potential range from −0.7 to 0.0 
V (a) and from 1.5 to 2.5 V (b) (vs. SHE). Cycle number is 
40; scan rate is 20 mV/s. 

However, the corrosion rate of Pb-Sn-Ca alloys 
continuously grows with the calcium content. In our 
previous paper [9] it was shown that in the lead-tin- 
calcium alloy with 1 wt% of tin the decrease in the 
calcium content from 0.08 down to 0.06 wt% leads to a 
significant increase in its corrosion stability, but its 
mechanical properties worsen. However, barium introduc- 
tion (0.015 wt%) into the alloy containing 0.06 wt% of 
Ca and 1 wt% of tin entails a significant increase in its 
hardness, with its value to reach 20.5 N·mm−2. For 
comparison: the hardness of the alloy containing 0.08 
wt% of Ca is 14.5 N·mm−2. The high hardness of the 
Pb-Sn-Ca alloys is due to the formation of a fine 
intermetallic phase (PbSn)3Ca sedimenting into the lead 
matrix [10]. The additional increase in hardness of the 
alloys with a barium additive can be explained by the 
formation of another intermetallic compound BaPb3 [11]. 
A decrease in the calcium content can therefore be 
compensated by barium introduction. Table 1 provides 
data on the influence of a barium additive on the 
corrosion characteristics of lead-tin-calcium alloys. It 
follows from the obtained data that the barium additive 
somewhat reduces the corrosion losses at long corrosion 
times.  

The corrosion and mechanical properties of alloys are 
mainly determined by their microstructure. Our micro- 
structural analysis of the studied alloys has shown that 
barium introduction leads to the formation of a more 
homogeneous structure of grains and to an increase in 
their size (Figure 2), which leads to reduction of inter- 
crystalline corrosion. 

3.3. Impedance Spectroscopy 

To study the influence of a barium additive on the resis- 
tance of the anode corrosion film formed on the positive 
grid surface, three values of potentials were chosen 
which the corrosion film was grown at. The 1.3 V poten- 
tial corresponds to the deeply discharged state of the 
positive electrode. In these conditions, a PbO/PbSO4 
corrosion layer is formed on the positive grid surface. 
Under this potential, corrosion is insignificant, but the 
growth of the PbO insulating layer may quickly increase 
the internal resistance of the battery. The second poten- 
tial (1.7 V) corresponds to the mode of additional charg- 
ing of the battery (a floating test). In this potential range, 
a complex corrosion layer is formed, consisting of PbO, 
PbOx (1 < x < 2), and PbSO4. There, corrosion is stronger 
but the risk of an increased internal resistance is high as 
well. The 2.05 V potential corresponds to the charged 
state of the positive electrode. In these conditions, PbO2 
is formed. Figure 3 shows Nyquist plots for the elec- 
trodes made of the examined alloys with a corrosion 
ayer formed under potentials of 1.3 V and 1.7 V. For  l  
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Table 1. Barium effect of the corrosion properties of lead-tin-calcium alloys (Е = 2.15 V, T = 40˚C, 4.8 M H2SO4). 

Polarization period, min 
Alloy Sn wt% Са wt% Ba wt% 

10 30 60 180 

 Weight loss (Δm/S, mg·cm−2) 

[9] 1.0 0.08 - 0.48 ± 0.01 0.61 ± 0.01 1.00 ± 0.06 2.65 ± 0.05 

alloy 1 1.0 0.06 - 0.28 ± 0.09 0.42 ± 0.02 0.47 ± 0.10 1.19 ± 0.10 

alloy 2 1.0 0.06 0.015 0.33 ± 0.02 0.34 ± 0.02 0.51 ± 0.06 0.96 ± 0.10 

alloy 3 1.0 0.06 0.03 0.43 ± 0.01 0.45 ± 0.01 0.48 ± 0.01 0.97 ± 0.02 

alloy 4 1.0 0.06 0.06 0.26 ± 0.03 0.37 ± 0.02 0.56 ± 0.05 0.97 ± 0.02 

 

       
(a)                      (b)                      (c)                     (d) 

       
(e)                      (f)                      (g)                     (h) 

Figure 2. Microstructure of our alloys: (a), (e)—alloy 1, (b), (f)—alloy 2, (c), (g)—alloy 3, (d), (h)—alloy 4). (a), (b), (c), 
(d)—scale 40×, (e), (f), (g), (g)—scale 200×. 
 

   
(a)                                                         (b) 

Figure 3. Nyquist plots for Pb-1.0 wt% Sn-0.06 wt% Са (■-alloy 1), Pb-1.0 wt% Sn-0.06 wt%Са-0.015 wt% Ba (♦-alloy 2), 
Pb-1.0 wt%Sn-0.06 wt% Са-0.03 wt% Ba (▲-alloy 3), Pb-1.0 wt% Sn-0.06 wt% Са-0.06 wt% Ba (●-alloy 4) electrodes with a 
corro-sion film on their surface formed during 1 h at a potential E=1.3 V (a) and E=1.7 V (b) with preliminary cycling of the 
electrodes (5 cycles) within the range from −1.0 V to the potential of growth. Experimental data (■), (♦), (▲), (●) and fit line 
(–).  
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data processing, the equivalent circuit (Figure 4) was 
used, earlier proposed for interpretation of frequency 
spectra with an oxide film appeared on the lead electrode 
at E = 1.3 V and 1.7 V [6]. Rs corresponds to the ohmic 
resistance of the electrolyte. The С element describes the 
capacitance of the double electric layer on the elec- 
trode/electrolyte (PbSO4/electrolyte) interface. R1 and R2 
can be attributed to the resistances of the external part of 
the corrosion layer composed of lead sulfate and the in- 
ternal part made of lead oxide, respectively. 

The calculated values of this equivalent circuit ele- 
ments describing the frequency dependences of electrode 
impedances for electrodes made of lead-tin-calcium al- 
loys with a barium additive with an anode film on their 
surface, formed at potentials 1.3 V and 1.7 V are given in 
Table 2. 

It is seen from the table that a corrosion film with a 
high resistance is formed under the potential of 1.3 V. 
The total impedance of the system is mainly contributed 
by the R2 resistance belonging to the internal oxide layer 
of the anode film. At this potential, the internal oxide 
layer is lead (II) oxide. R1, which is attributed to the re- 
sistance of the external sulfate film, has rather low values. 
Barium introduction into the Pb-Sn-Ca alloy increases in 
the resistance of the sulfate film and a small decrease in 
the resistance of the internal oxide film. 

Under the potential 1.7 V, the total impedance of the 
system decreases: the resistance of both sulfate and oxide 
films decreases. In these conditions, non-stoichiometric 
lead oxides are formed; they possess better conductivity, 
which entails a decrease in the impedance of the system. 
However, barium introduction into the alloy increases the 
resistance of the internal oxide film (R2). As electron 
microscopic studies show, the anode film on the 
Pb-Sn-Ca-Ba alloys, unlike the Pb-Sn-Ca one, is charac- 
terized by a combination of coarse and fine crystals 
(Figure 5). The presence of fine crystals makes the film 
denser, which hinders PbO oxidation to PbOx (1 < x < 2). 
Figure 6 shows the frequency dependences of the elec- 
trode impedance recorded for electrodes made of the 
Pb-Sn-Ca and Pb-Sn-Ca-Ba alloys after their anodic 
oxidation at a potential of 2.05 V. They are regular semi-  
 

Rs C

R1 CPE

R2

 

Figure 4. Equivalent circuit used for approximation of im- 
pedance spectra in the frequency range of 0.01 - 50,000 Hz, 
recorded on previously oxidized electrodes made of lead- 
tin-calcium alloys with a barium additive at potentials 1.3 
and 1.7 V in a sulfuric acid solution. 

 

2 μm  
(a) 

 

2 μm  
(b) 

Figure 5. Electron microscopic photos of the anode films 
formed in potentiostatic conditions (Е = 1.3 V) on the sur- 
face of the lead-tin-calcium alloy (Pb-1.0 wt%, Sn-0.08 wt% 
Ca) (a) and the lead-tin-calcium-barium alloy (Pb-1.0 wt%, 
Sn-0.06 wt%, Ca-0.015 wt% Ba). 
 
circles without any deformation. The resistance of the 
anode films formed under these conditions has the lowest 
value among all studied films at other potentials (Table 
3). 

In this case, the equivalent circuit, well approximating 
the electrode impedance, consists of a block of the ca- 
pacity C of the double layer and the resistance R con- 
nected in parallel, which, in turn, is connected in series to 
Rs (the ohmic resistance of the electrolyte) (Figure 7) 
[6].  
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Table 2. Values of the equivalent circuit parameters calculated from impedamce spectra of the Pb-Sn-Ca и Pb-Sn-Ca-Ва 
electrodes with an anode corrosion film formed during 1 h under potentials 1.3 and 1.7 V. 

Potential of anodic corrosion layer growth, V 

1.3 1.7 

Alloy number Alloy number 
Circuit element 

1 2 3 4 1 2 3 4 

Rs, Ω·сm2 1.6 1.3 1.8 1.3 1.2 2.3 3.3 1.6 

C × 106, F 1.7 2.3 3.1 3.1 4.1 5.6 6.1 1.8 

R1, Ω·сm2 53.1 52.1 163.2 84.5 4.8 9.4 7.0 2.4 

CPE (Y × 105, Ω−1·сm−2·sn) 0.7 0.9 0.7 0.4 9 5.5 7.3 18 

CPE (n) 0.7 0.6 0.8 0.8 0.7 0.71 0.7 0.8 

R2×10-3, Ω·сm2 56.7 44.5 45.3 45.9 13.8 27.5 28.6 27.9 

 
Table 3. Values of the equivalent circuit paremeters calcu-
lated form impedance spectra for Pb-Sn-Ca and Pb-Sn- 
Ca-Ва electrodes with an oxide film formed during 1 h un-
der 2.05 V. 

Circuit element Alloy 1 Alloy 2 Alloy 3 Alloy 4 

Rs, Ω·сm2 1.0 0.8 0.8 0.8 

C × 103, F 2.2 1.1 1.9 1.4 

R, Ω·сm2 224 411 469 456 

 

 

Figure 6. Nyquist plots for Pb-1.0 wt% Sn-0.06 wt% Са 
(■-alloy 1), Pb-1.0 wt% Sn-0.06 wt% Са-0.015 wt% Ba 
(♦-alloy 2), Pb-1.0 wt% Sn-0.06 wt% Са-0.03 wt% Ba 
(▲-alloy 3), Pb-1.0 wt% Sn-0.06 wt% Са-0.06 wt% Ba 
(●-alloy 4) electrodes with a corrosion film on their surface 
formed during 1 h at potential E = 2.05 V with preliminary 
cycling of the electrodes (5 cycles) within the range from 
–1.0 V to the potential of growth. Experimental data (■), (♦), 
(▲), (●) and fit line (–). 
 

This equivalent circuit gives evidence of the anode 
film formed at the potential of 2.05 V being single-lay- 
ered by structure and consisting of well-conducting oxide 
phases. The calculated values of the elements of the pro- 
posed equivalent circuit describing the frequency de- 
pendences of electrode impedance for the electrodes with  

Rs C

R

 

Figure 7. Equivalent circuit used for fitting of impedance 
spectra within the frequency range of 0.01 - 50,000 Hz, re- 
corded on previously oxidized electrodes made of lead-tin- 
calcium alloys with a barium additive at a potential 2.05 V 
in a sulfuric acid solution. 
 
an oxide film on their surface formed at a potential 2.05 
V are given in Table 3. As is seen from Table 3, at the 
potential of 2.05 an oxide film is formed with a low re- 
sistance, mainly consisting of well-conducting PbO2. 
However, barium introduction into lead-tin-calcium al- 
loys leads to an increase in the resistance of the formed 
oxide film on the surfaces of the electrodes. 

4. Conclusions 

Barium introduction into lead-tin-calcium alloys in- 
creases their hardness, reduces their electrochemical ac- 
tivity and, as a consequence, increases their corrosion 
stability. Hence, to improve the physicomechanical and 
corrosion properties of the positive grids of hermetical 
lead-acid batteries, optimization of the lead-tin-calcium 
alloy composition can be conducted towards decreasing 
the calcium content in the alloys with their simultaneous 
barium dopation. 

It has been established by impedance spectroscopy that 
dopation of lead-tin-calcium alloys with barium reduces 
the resistance of the oxide layer formed on the grid sur- 
face, in the deep discharge conditions (E = 1.3 V). When 
the positive electrode is in floating conditions (E = 1.7 V) 
or is completely charged (E = 2.05 V), barium introduc- 
tion into the lead-tin-calcium alloys of the positive grids 
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somewhat raises the resistance of the oxide film formed 
on the grid surface in these conditions. 
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