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Abstract

This work determined the microstructure and tensile properties of low-calcium Pb-Sn-
-Ca alloys (with a tin-to-calcium content ratio ranging from 18.4 to 23.5) used to produce
positive lead-acid battery grids. Natural aging during storage under atmospheric conditions
resulted in a breakdown of the supersaturated alpha-lead solid solution, with (Pb,Sn)3Ca
and Sn3Ca strengthening particles precipitating. A noticeable change in grain size was not
observed in the tested alloys aged for 32 days. The Pb-Sn-Ca alloys age-strengthened rapidly
after casting, requiring 32 days to reach an average of 2.7, 4.9, and 1.3 times greater ultimate
tensile strength, yield strength, and Young’s modulus, respectively. The data obtained showed
that the prolongation of aging time produced stronger and stiffer materials, but the average
elongation of the alloys became 2.4 times lower. Age-strengthening mainly occurs during the
first 15 days of natural aging.

K e y w o r d s: lead-acid batteries, positive grids, lead-tin-calcium alloys, natural aging,
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1. Introduction

Many different electrical energy storage technolo-
gies are available that can be suitable for renewable
energy storage and backup power applications. At a
commercial level, energy storage in off-grid renewable
energy systems is currently dominated by lead-acid
batteries [1–3]. These batteries are a relevant choice
due to their good characteristics in terms of safety,
performance, and compact size [4–6]. Besides, lead-
-acid batteries are very cost-competitive, while their
disadvantages are not a serious setback for use in
power supply systems. The main elements of the lead-
acid battery are the metal grids and the active mate-
rial. The positive battery grid is important in con-
straining the active substances. As a core component
of lead-acid batteries, the positive grid also plays a
major role in collecting current.
Maintenance-free batteries generally use lead-cal-

cium alloys as the materials of choice for positive grids
[7–9]. Despite the improved processing, positive plates
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produced from lead-calcium grids suffer from reduced
cycle life, active material shedding, low charge accep-
tance, etc. Poor cycle life results in premature capac-
ity loss for battery grids produced from lead-calcium
alloys.
Tin additions have been shown to increase mecha-

nical properties, reduce the tendency towards passiva-
tion, increase corrosion resistance, and impart stabil-
ity to grids produced from Pb-Ca alloys [10–15]. The
Pb-Sn-Ca alloys for positive grids usually have low cal-
cium and moderate tin content. Despite their high cor-
rosion resistance, these materials create problems in
battery manufacturing [16]. Conventionally cast grids
are extremely difficult to handle because of their low
mechanical properties.
Due to age-hardening processes, lead-tin-calcium

alloys produce higher mechanical properties by precip-
itating a highly dispersed second phase into the alpha-
lead matrix [17–20]. Aging is the most widespread
method to improve the performance of lead-based
alloy systems like Pb-Sn-Ca. The very low calcium
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Ta b l e 1. Tensile properties of as-cast Pb-Sn-Ca alloys

Casting No. Ca (wt.%) Sn (wt.%) Sn/Ca σU (MPa) γ (%)

574 0.057 1.05 18.42 20.12 33.61
457 0.056 1.05 18.75 18.78 35.81
539 0.053 1.07 20.19 19.99 32.24
501 0.052 1.07 20.58 19.56 36.26
517 0.053 1.10 20.75 19.94 35.31
667 0.051 1.06 20.78 20.04 33.38
475 0.053 1.11 20.94 19.79 35.00
499 0.052 1.10 21.15 20.36 33.36
498 0.049 1.14 23.27 19.95 33.95
472 0.048 1.13 23.54 19.77 36.62

average 0.052 1.09 20.84 19.83 34.55

contents produce soft grids that harden slowly and
require artificial aging at high temperatures to ob-
tain adequate mechanical properties. The typical mi-
crostructure of these positive grid alloys consists of
lead grains with a dispersion of Pb3Ca or (Pb,Sn)3Ca
particles, the amount and distribution depending on
the tin-to-calcium content ratio (Sn/Ca) [21–25]. To
produce more stable and stronger precipitate parti-
cles of Sn3Ca, a Sn/Ca ratio of at least 9 is needed
since the continuous precipitation of the Pb3Ca or
(Pb,Sn)3Ca compounds occurs preferentially. So, al-
loys with a higher Sn/Ca ratio must force all the
calcium to precipitate as Sn3Ca instead of Pb3Ca or
mixed (Pb,Sn)3Ca precipitates.
Thus, selecting appropriate levels of elements for

the battery-positive grids involves considerations of
production capability, economic feasibility, and the
mechanical and electrochemical properties of the al-
loys. Previous studies have shown that the contents
of tin and calcium are the main factors influencing
the microstructure and mechanical properties of Pb-
-Sn-Ca alloys. The optimized contents of Sn and Ca
in positive grid alloys are believed to be above about
1.0 wt.% and about 0.05 wt.% level, respectively [1–3].
These cast alloys with a high ratio of tin-to-calcium
content (exceeding 18) utilized in positive grids have
a chemical composition optimized for processing.
Grid manufacturing processes require sufficient

grid tensile properties in lead-acid batteries for ef-
ficient processing of grids through automatic past-
ing machines and other handling equipment. How-
ever, most investigations have focused on composition
ranges, corrosion properties, strengthening mecha-
nisms, hardness and/or resistivity measurements, etc.
Unfortunately, information regarding the tensile prop-
erties of Pb-Sn-Ca grid alloys with a tin-to-calcium
content ratio exceeding 18 is incomplete and, at times,
contradictive. Therefore, this research aims to de-
termine the microstructure and tensile properties of
the cast Pb-Sn-Ca alloys with a tin-to-calcium con-
tent ratio between 18.4 and 23.5 as a function of

aging time during storage under atmospheric condi-
tions.

2. Materials and methods

The investigated Pb-Sn-Ca alloys were cast in the
C.O.S. melt pot of the production line for positive
grids of lead-acid batteries of BM Company (Austria)
at Westa Corp. (City of Dnipro, Ukraine). The tem-
perature of the melt in the pot was kept at 455 ± 5◦C.
The molten metal was poured into a casting mold
preheated up to 75 ± 5◦C and left to cool to room
temperature. The temperature was measured by a
chromel-alumel thermocouple with a standard error
of ± 5◦C. The chemical composition of the alloys was
determined by atomic absorption spectroscopy using
the ARL 3460 device. Tin content in the Pb-Sn-Ca
alloys was checked to be 1.05–1.14wt.%, calcium con-
tent – 0.048–0.057wt.%, lead – the balance (see Ta-
ble 1). Major impurities consisted of Bi and Al (in
descending order), with total impurities content less
than 0.02 wt.%.
After casting, the specimens were left to age un-

der atmospheric conditions for 32 days before studying
their microstructure in a Neophot light-optical micro-
scope. Alloys samples were mechanically and electro-
chemically polished before metallographic testing [23,
25]. The size of the grains was measured by quantita-
tive metallography on an Epiquant structural analyzer
with a standard error not exceeding 4%.
The tensile tests were carried out at room tem-

perature in the TIRAtest 2300 universal testing ma-
chine. Standard flat specimens with a total length
of 6.0 cm, a gauge length of 4.5 cm, and a thick-
ness of 0.3 cm were prepared. The crosshead speed
was 10mmmin−1. The tensile force was applied step-
wise with a step of 100 N until the stress part of
the stress-strain diagrams started falling back down
slowly. The nominal stress (PH) and strain elongation
(Δl/l) were fixed digitally and plotted. The ultimate
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Fig. 1. Typical microstructure of as-cast Pb-Sn-Ca alloys.

tensile strength (σU), yield strength (σY), Young’s
modulus (Y ), and elongation (γ) were calculated 1
day after casting and then at intervals of 2–5 days for
32 days. Each determined value of tensile properties
corresponded to the mean of six measurements. The
average uncertainty of measurements did not exceed
approximately 5 %.

3. Results and discussion

The typical microstructure of low-calcium Pb-
-Sn-Ca alloys, as observed in the as-cast specimens,
is given in Fig. 1. The alpha-lead grains are well-
-defined and have 387 ± 16 µm in size. Such a coarse-
-grained structure is beneficial for minimizing inter-
granular corrosion [26–29]. In the studied alloys, fine
intermetallic precipitates are also observed to form
within the grains immediately after casting. Previous
investigations [17–25] show that tin is segregated in
intercellular regions, and the calcium precipitation is
converted from cellular to continuous precipitation to
form (Pb,Sn)3Ca phase. This is followed by several
discontinuous transformations to form Sn3Ca precipi-
tates.
The tensile properties of the Pb-Sn-Ca alloys de-

termined immediately after casting are shown in Ta-
ble 1. As seen, there are no clear dependences of the
ultimate tensile strength (σU) or relative elongation
(γ) on the tin-to-calcium ratio (Sn/Ca) increasing in
the range between 18.42 and 23.54. The effects of ris-
ing tin or calcium contents are irregular as well. The
ultimate tensile strength values increase from 18.78
to 20.36MPa, and those of elongation increase from
32.24 to 36.62%. Such spread of values is most likely
connected with variations in the casting procedure
since no connection with impurities content is also re-
vealed.

Fig. 2. Typical microstructure of Pb-Sn-Ca alloys aged for
32 days.

Fig. 3. Stress-strain diagrams of Pb-Sn-Ca alloys aged for
27 days.

After casting, the Pb-Sn-Ca alloys are stored under
atmospheric conditions where they are naturally aged.
The microstructure shown in Fig. 2 indicates that the
average grain size remains almost unchanged, staying
within the measurement error of approximately 4 %
after aging for 32 days. So, the grain structure of the
alloys is stable, with very little change in size through-
out the studied aging period.
The stress-strain diagrams show a good conver-

gence of tensile test results for specimens taken from
different castings and aged for 27 days (see Fig. 3). All
diagrams have a linear elastic part where the nominal
stress and strain are proportional and a gradually ris-
ing portion where specimens undergo plastic deforma-
tion.
Considering that stress-strain curves for specimens

out of different castings closely resemble each other,
data obtained from tensile tests can be averaged, and
the average stress-strain diagram can be plotted as
a function of aging time, as shown in Fig. 4. With
aging time prolonging, a slope of the curves in their
linear range increases, which indicates the improve-
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Fig. 4. Stress-strain diagrams of Pb-Sn-Ca alloys aged for
1–32 days.

ment of elastic properties. All plots display a larger
linear part where the stress-strain relationship is pro-
portional, so the nominal stress at which alloys deform
plastically increases. The higher lift of the stress-strain
curves evidences that the aged Pb-Sn-Ca alloys be-

come stronger. These observations are confirmed by
values of calculated tensile properties presented in Ta-
ble 2.
After 32 days of natural aging, ultimate tensile

strength (σU) and yield strength (σY) are 2.7 and 4.9
times greater, respectively. Young’s modulus (Y ) in-
creases by 30% while elongation becomes 2.4 times
lower (Table 2). Mechanical properties of the Pb-Sn-
-Ca alloys change at a higher rate during the first 15
days of aging. This indicates that after this period,
the precipitation rate slows down.
As mentioned above, ultimate tensile strength,

yield strength, and Young’s modulus show an increas-
ing trend with the aging time extending, which ev-
idences that the tin-to-calcium content ratio of the
studied Pb-Sn-Ca alloys allows producing not only
(Pb,Sn)3Ca strengthening particles but more stable
and stronger Sn3Ca precipitates, amount and density
of which are sufficient to elevate strength and stiffness
significantly.
The increase in the yield strength is greater than

that in the ultimate tensile strength of the aged Pb-
-Sn-Ca alloys. This is consistent with the fact that the
yield strength is more influenced by the strengthening
precipitates produced during aging, which constitute
an effective obstacle for inhibiting the dislocation and
grain boundary movement [30–32].
The lower yield strength values compared with

those of ultimate tensile strength can be attributed
to the precipitation and growth of the strengthening
phases, which consume alloying elements in the super-
saturated alpha-lead solid solution. As a result, the
distribution of these elements is less effective in block-
ing the motion of dislocations within the lead grains
and thus weakens the strengthening effects.
Aging increases strength and stiffness to some ex-

tent but results in a loss of ductility. This is due to
the higher volume fraction of precipitates formed on
the dislocations. It is believed that both the resistance
to dislocation motion and the promotion of inhomo-
geneous dislocation multiplication by the precipitates
become higher. As a result, dislocations are less uni-
formly distributed, and deformation is localized, caus-
ing a decrease in elongation.
The faster change in tensile properties during the

Ta b l e 2. Averaged values of tensile properties of Pb-Sn-Ca alloys vs. aging time

Aging time (days)
Property

1 8 15 26 32

σU (MPa) 20.1 30.2 45.0 50.1 53.6
σY (MPa) 5.4 12.2 19.4 22.0 26.3
Y (GPa) 15.8 16.9 20.1 20.5 20.6
γ (%) 29.0 21.5 16.8 14.3 12.0
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first 15 days of aging can be related to the rapid pre-
cipitation of the Sn3Ca strengthening particles and
their growth. The slower change in the later aging
stage is believed to be mainly attributed to the satura-
tion of precipitation and the decrease in precipitation
rate.

4. Conclusions

The investigated cast Pb-Sn-Ca alloys cooled from
the melt kept at 455 ± 5◦C and poured in a cast-
ing mold preheated up to 75 ± 5◦C acquire me-
chanical properties due to the formation of a super-
saturated lead-rich solid solution. Such casting con-
ditions produce a coarse-grained structure with dis-
persed (Pb,Sn)3Ca and Sn3Ca precipitate particles.
Upon subsequent storage under atmospheric condi-
tions (natural aging), the alloys approach equilibrium
by further precipitation of these strengthening phases
from the lead-rich matrix.
During 32 days of storage, the precipitation pro-

cesses are not accompanied by noticeable changes in
grain size but strengthen the alloys, causing a signifi-
cant increase in the average values of ultimate tensile
strength, yield strength, and Young’s modulus of up
to 2.7, 4.9, and 1.3 times, respectively, but the alloys
undergo a loss in average elongation by 2.4 times.
Natural aging for 32 days helps to increase the al-

loy’s strength and correspondingly eases plant han-
dling of the positive grids. The studied Pb-Sn-Ca al-
loys do not require longer aging time to stabilize their
microstructure and mechanical properties since those
change at a higher rate during the first 15 days of
aging.
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