182

East EUROPEAN JOURNAL OF PHysIcs. 4. 182-188 (2023)
DOI:10.26565/2312-4334-2023-4-21 ISSN 2312-4334

EVOLUTION OF MECHANICAL PROPERTIES OF Pb-Sb—-Sn—-As—Se GRID ALLOYS FOR
LEAD-ACID BATTERIES DURING NATURAL AGING

Victor O. Dzenzerskiy, ®Serhii V. Tarasov, ©Olena V. Sukhova*, ®Volodymyr A. Ivanov
Institute of Transport Systems and Technologies of National Academy of Sciences of Ukraine
5, Pisarzhevsky St., Dnipro, 49005, Ukraine
*Corresponding Author: sukhovaya@ukr.net
Received October 1, 2023; revised November 1, 2023; accepted November 10, 2023

This study is devoted to the investigation of mechanical properties of a series of low-antimony Pb—Sb—Sn—As—Se grid alloys for lead-
acid batteries in as-cast condition and after natural aging during storage. Mechanical properties were characterized by ultimate tensile
strength, yield strength, elongation, and Young's modulus determined at room temperature using TIRAtest 2300 and P-0.5 universal
testing machines. For most investigated as-cast alloys, an increase in ultimate tensile strength is accompanied by an increase in
elongation. Within the temperature range between 70 °C and 150 °C, higher heating temperature of a casing mold does not markedly
affect average elongation but causes the slight decrease (by ~4 %) in average ultimate tensile strength. When aged during storage for
30-33 days, the Pb—Sb—Sn—As—Se grid alloys, attain higher values of ultimate tensile strength, yield strength, and Young's modulus
but lower values of elongation. This is due to precipitation of second-phase particles from lead-based solid solution oversaturated by
antimony, arsenic, and selenium. The most noticeable effect of strengthening is observed during first five days of natural aging.
Keywords: Lead-acid batteries, Low-antimony Pb—Sb—Sn—As—Se grid alloys, Natural aging during storage, Tensile tests, Ultimate
tensile strength, Yield strength, Elongation, Young's modulus

PACS: 61.82.Bg, 61.66.Dk, 62.20.-x, 62.20.Fe, 62.20.Mk, 64.70.Dv, 81.70.Bt, 81.40.Cd, 81.40.Lm

For many years, the most common battery chemistries used for lead-acid batteries were the high-antimony lead
alloy compositions. Antimony gave to the pure lead strength, good castability and high performance on charge-
discharge characteristics [1-4]. The concentrations of antimony to lead were initially in the 4-12 wt.% range [5-9]. But
most battery manufacturers tried to minimize the antimony addition especially in batteries for stationary applications.
High-antimony grids have higher hydrogen evolution (which also accelerates as the battery ages), and thus greater
outgassing and higher maintenance costs. These problems are caused by the dissolution of antimony from positive
electrode and its deposition or plating on negative electrode. This leads to lower charge voltage, a high discharge rate,
increased water loss of the battery and therefore a short lifetime [10-14].

Using alloying elements, the antimony content of grid alloys can be reduced to the level that the drawbacks of low
antimony are almost eliminated, but the positive effects are mainly retained [15-20]. Nowadays the grids for lead-acid
batteries are made from lead antimony alloys together with minor additions of elements such as Sn, As, and Se [21-27].
These are added to confer properties such as grain refinement, castability and performance characteristics to the grids.

Adding antimony to produce hypoeutectic lead antimony alloys also ensures hardening of lead. The alloys
containing 6 wt.% Sb appears to undergo optimum hardening, but the alloys with 2 wt.% Sb and less harden
comparatively slow [28,29]. Antimony in low-antimony lead alloys has difficulty in precipitating and therefore
substantially remains in solution through the casting, working process and aging period. Therefore, small amounts of
arsenic and selenium retain beneficial characteristics of high-antimony alloys, such as the precipitation hardening effect,
increasing supersaturation of antimony in lead when its concentration is relatively low (<2 wt.%). Additional alloying
elements typically produce a fine and homogenize distribution of precipitation [27]. But only when the alloys are heat
treated the alloys strengthen on aging due to formation of metastable arsenic- or selenium-bearing nuclei which
facilitate the antimony precipitation process [30-32].

Heat treatment of the low-antimony lead alloys is performed under time and temperature conditions which do not
result in a conventional solution treatment effect [33-40]. Solution treatment requires diffusion-controlled dissolution of
the already precipitated antimony-rich phase. Such processes are slow since they depend on the solid-state movement of
individual atoms from one crystal site to the next [41-45]. Strengthening occurs after quenching when the super-
saturated solution precipitates in a form which strains the alloy crystal lattice and inhibits dislocation motion [46-51].

In alloys of the lead-antimony system, the initial hardening produced by alloying is quickly followed by softening
as the coarse structure is formed during storage. The effects of tin, arsenic, and selenium on low-antimony Pb—Sb alloys
were investigated by some authors [29,32], but there is not complete research about the influence of these additives on
the evolution of the tensile properties of Pb—Sb—Sn—As—Se alloys from as-cast condition and under natural aging during
storage. The purpose of this paper is to achieve the mechanical strength within aging times suitable for storage using the
combination of alloying elements such as antimony, tin, arsenic, and selenium with lead to manufacture lead-acid
battery grids with low antimony contents (<1.77 wt.%), which show the necessary grid quality.
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MATERIALS AND METHODS

Commercial Pb—Sb—Sn—As—Se grid alloys for lead-acid batteries received from Westa ISI Corp. (City of Dnipro,
Ukraine) were used in this research. The chemical composition of the studied castings is presented in Table 1. The
alloys were composed of Sb (1.55-1.77 wt.%); Sn (0.11-0.17 wt.%); As (0.097-0.13 wt.%); Se (0.018-0.025 wt.%);
impurities, such as Cu, Bi, Ag, S, Fe, Ni, Cd, and Zn (in descending order), (0.0217-0.0533 wt.% altogether); Pb — the
remainder. The chemical analysis of elements present in the castings was performed using an ARL 3460 optical
emission spectrometer. The Pb—Sb—Sn—As grid alloys were prepared in the melting pot of Wirtz manufacturing book
mold grids casting machine (the USA). The melts at temperatures of 440-460 °C were poured into a casting mold
preheated in the temperature range between 70 °C and 150 °C. The temperatures of the mold were controlled using
chromel-alumel thermocouple.

Mechanical properties of the as-cast Pb—Sb—Sn—As—Se grid alloys used in this study were assessed in terms of
ultimate tensile strength (cu) and elongation (y). The tensile tests were performed at room temperature in P-0.5 tensile
testing machine providing controlled uniformly increasing tension force. The specimens flat in the cross section which
had a thickness of 0.3 cm, a total length of 6.0 cm, and a gage length of 4.5 cm (prepared according to DSTU 11701-84)
were stretched up to failure. Six tests were conducted for each alloy composition and the average values were reported.
The measurements were presented with their standard error of 2—8 %. In the results section, the mean curves determined
from tensile tests are shown.

The as-cast Pb—Sb—Sn—As—Se alloys were put into storage where they naturally aged at room temperature for
30-33 days. Determination of the tensile properties was made 1 day after casting and then at intervals of 3—4 days. After
each interval of aging time, six specimens in a row were exerted for tensile tests carried out on TIRAtest 2300 universal
testing machine. Altogether were tested sixty specimens broken into 10 sets of 6 specimens each. Tensile experiments
were carried out on the flat specimens at room temperature with a crosshead speed of 10 mm/min. Tensile force was
applied stepwise with a step of 100 N until the stress part of stress-strain diagrams started falling back down slowly. As
the load was applied, the stress and strain experienced by the test specimen were captured digitally and graphed. Values
of ultimate tensile strength (ou), yield strength (oy), and Young's modulus (Y) were determined from plotted stress-
strain diagrams. The data obtained were each calculated from an average of six specimens with error 3—5 %.

RESULTS AND DISCUSSION

The studied as-cast Pb—Sb—Sn—As—Se grid alloys consist of two phases, namely primary dendrites of a-Pb solid
solution and B-Sb phase formed at the boundaries of a-phase [1-3]. In the investigated compositional range, the
influence of major alloying elements on ultimate tensile strength and elongation is quite irregular (Table 1). These
irregularities are believed to be more experimental errors than significant variations in the properties of the alloys. But
in general, ultimate tensile strength increases with increasing arsenic content. Most alloys become more ductile when
become stronger. The combination of high ultimate tensile strength and high elongation ensures high toughness of the
Pb—Sb—Sn—As—Se grid alloys. Meanwhile, increasing content of impurities in the investigated Pb-based alloys leads to a
decrease in their elongation. This is because impurities segregate at grain boundaries of a-Pb phase forming brittle
secondary phases. Also, there are more interfaces between the phases which hinder the dislocation motion [35].

Table 1. The mechanical properties of the as-cast Pb—Sb—Sn—As—Se grid alloys for lead-acid batteries

. 1 11 0,
C?\?gng Chemical composition, wt.% _ ou. MPa 1%
’ Sb Sn As Se Impurities
952 1.62 0.14 0.10 0.021 0,0549 22.3 6.7
433 1.55 0.12 0.10 0.020 0.0533 25.5 8.7
980 1.58 0.13 0.11 0.018 0.0480 25.8 9.5
827 1.64 0.14 0.11 0.023 0.0452 26.3 9.7
696 1.77 0.13 0.10 0.024 0.0318 26.3 9.7
870 1.67 0.15 0.11 0.022 0.0314 26.8 9.7
836 1.61 0.13 0.11 0.025 0.0527 27.0 9.5
146 1.65 0.11 0.11 0.023 0.0270 29.4 13.9
202 1.66 0.13 0.12 0.022 0.0258 29.9 12.6
137 1.56 0.14 0.11 0.023 0.0212 30.4 154
150 1.70 0.11 0.12 0.023 0.0269 30.4 15.6
152 1.63 0.17 0.11 0.022 0.0217 304 16.0
0005 1.68 0.15 0.13 0.024 0.0291 31.7 124
Average 1.64+0.04 0.1310.01 0.1110.01 0.02240.001 0.036110.0113 27.9+2.3 11.4+2.7

The ultimate tensile strength data show a decrease with increasing heating temperature of casting mold in the
range between 70 °C and 110 °C, folowed by practically constant or slightly decreasing values at temperatures upwards
of 110°C (Fig. 1a). Tensile strength results on as-cast specimens tend to be influenced by imperfections, such as
microscopic cracks or cavities which weaken castings produced at the mold temperatures above 110 °C due to slower
cooling rate. These defects create a weak point where a crack can initiate. The experimental data indicate some
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irregularities in elongation behavior although this characteristic is usually affected by casting imperfections to a greater
degree than the ultimate tensile strength (Fig. 1b).
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Figure 1. Effect of heating temperature of casting mold on tensile properties of castings: a — ultimate tensile strength; b — elongation

Based on the tensile test results, average curves for a set of specimens in the as-cast condition are calculated and a
linear trend line is given for the subsequent analysis of the influence of heating temperature of casting mold on tensile
properties, as shown in Fig. 2. The data confirm that the tensile strength is lowered (Fig. 2a), although the elongation of
the alloys is not appreciably affected by heating temperature (Fig. 2b). With mold temperature increasing from 75 °C to
150 °C, average tensile strength decreases from 29.8 MPa to 28.5 MPa (by ~4 %). The temperature dependence of
ultimate tensile strength is approximately 0.017 MPa/°C. It is possible that changes in ultimate tensile strength behavior
may be attributed to the fact that cooling rate of the as-cast specimens decreases as a heating temperature of casting
mold increases. Aside from deleterious effect of casting flaws, the slower cooling rate also produces coarser
microstructure of the alloys, weakening them in ultimate tensile strength, while not appreciably affecting their
elongation to failure. Besides, in slow cooling the lead grains tend to push the major alloying elements and impurities to
the grain boundaries which is the lowest energy condition. These elements at the grain boundaries still provide
dislocation blocking, but not so well as uniformly dispersed ones. The residual internal stresses cause tensile strength
tests to give lower values. Meanwhile, considering instability of tensile properties at heating temperatures below
110 °C, a mold during casting should be preheated over the temperature range of 110 °C to 150 °C despite the slight
deterioration in average values of ultimate tensile strength.
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Figure 2. Average values of tensile properties vs. heating temperature of casting mold: a — ultimate tensile strength; b — elongation

The mechanical properties of the Pb—Sb—Sn—As—Se alloys are dependent not only on the heating temperature of
casting mold but also on the time of natural aging during storage after cooling to room temperature. The casting
conditions assure oversaturation of lead-rich o-phase in the structure of the alloys which is sufficient for age-
strengthening. Fig. 3 shows the effects of room temperature storage on the aging characteristics of the alloys identified
by changes with time in the ultimate tensile strength and the elongation determined using P-0.5 tensile testing machine.
Some alloys experienced up to a 40-% increase in ultimate tensile strength (from 22-32 MPa to 30-44 MPa) during
33 days of storage after casting. All aging curves have the same characteristic shape since strengthening occurs in two
stages: at first rapid strengthening during the first 5 days, followed by a much longer period of gradual strengthening
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(Fig. 3a). This process is mainly attributed to the precipitation of the finely dispersed antimony in the supersaturated
lead-rich matrix [29,30]. What is more, the best strengthening results are obtained with alloys of higher selenium and
arsenic contents. As known, these additional alloying elements produce a fine and homogenize distribution of
precipitates [27]. The smaller grains have the larger area of grain boundaries that inhibit dislocation motion. Therefore,
reducing the grain size increases the available nucleation sites for precipitated antimony.
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Figure 3. Effect of aging time on tensile properties of castings: a — ultimate tensile strength; b — elongation

The aging effect of the Pb—Sb—Sn—As—Se alloys during storage also results in a decrease in the elongation
(Fig. 3b). Depending on castings composition, elongation reduces by 50-57 % (from 7-11 % to 3.5-5.1 %) after
33 days of storage. Such behavior can be explained by precipitation of supersaturated lead-based solid solution which
makes the alloys lattice distortion and hinders dislocation motion. The casting No. 0005 combining a sufficient tensile
strength with the highest elongation of any contains simultaneously the highest amounts of arsenic (0.13 wt.%) and
selenium (0.024 wt.%) (Table 1). This alloy undergoes precipitation strengthening due to antimony as well as other
minor alloying elements, particularly arsenic and selenium, forming particles within the lattice of the casting. The grids
produced contain a higher volume of second-phase particles which inhibit dislocation and grain boundary movement
and thus make the grids more stable.

Average values of the ultimate tensile strength and elongation for the investigated castings are plotted in the
graphs of Fig. 4. As expected, ultimate tensile strength raises from 26.7 MPa to 37.0 MPa (by ~40 %), but elongation
reduces from 9.7 % to 4.5 % (by ~2 times) after 33 days of aging. Aging time dependence of the ultimate tensile
strength is 0.39 MPa/day, whereas the elongation's dependence is 0.54 %/day. Thus, as the ultimate tensile strength
increases, the alloys tend to become more brittle and less prone to tension, as shown by the decreased elongation to
failure. But for grid alloys, the increase in ultimate tensile strength might be of greater importance than the decrease in
elongation which accompanies the aging processes.
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Figure 4. Average values of tensile properties vs. aging time: a — ultimate tensile strength; b — elongation

Fig. 5 illustrates typical stress-strain diagrams that use data from tensile tests performed in TIRAtest 2300
universal testing machine (exemplified by six specimens aged for 14 days). All curves display a linear elastic range
where the stress and strain are proportional to each other and a gradually rising part (without pronounced yield plateau)
where specimens undergo plastic deformation.
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Figure S. Typical stress-strain curves for tensile tests on Figure 6. Stress-strain diagrams averaged over 10 sets of
6 specimens aged for 14 days 60 specimens aged for 1-30 days

The slope of a linear region of the stress-strain graphs increases with prolonging aging time during storage, which
evidences the improvement of elastic properties (Fig. 6). Besides, the curves have a larger elastic region where the
stress-strain relationship is linear, so the stress at which specimens deform plastically increases. The lift height of the
stress-strain graphs increases with aging time which means that the studied Pb—Sb—Sn—As—Se alloys become stronger.
These observations are confirmed by calculated average values of Young's modulus, yield strength, and ultimate tensile
strength as functions of aging time (Fig. 7). After 30 days of aging, the values of Young's modulus raise from 21.5 MPa
to 26.4 MPa (by ~23 %) (Fig. 7a), yield strength and tensile strength increase correspondingly from 7 MPa to 18 MPa
(by 2.4 times) and from 27 MPa to 39 MPa (by ~44 %) (Fig. 7b). Experimental data also show a distinct parallelism
between the yield strength and ultimate tensile. Both curves rise steadily as the aging time is increased up to 30 days.
Elongation decreases from 10 % to 5.3 % (by 47 %), which is in good agreement with results shown in Fig. 4b.
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Figure 7. Average values of tensile properties vs. aging time: a — Young’s modulus; b — yield strength and ultimate tensile

A higher Young's modulus indicates that the investigated Pb—Sb—Sn—As—Se alloys become stiffer after natural
aging and require higher force to be deformed. The yield strength is most affected by the second-phase particles
precipitated during aging because they inhibit dislocation and grain boundary movement and decrease permanent
deformation of the alloys when stresses exceed the yield strength. As the number of second-phase particles is increased
by longer aging time, the yield strength reaches a highest value. The ultimate tensile data confirm the results obtained in
other mechanical tests on P-0.5 tensile testing machine (Fig. 4a). The yield strength is proportionally lower than the
ultimate tensile strength during the studied period of natural aging. This is due to the grain structure and second-phase
particle distribution in the structure of the alloys. Lower amounts of alloying elements are present in solution which
precipitate as second-phase particles within the lead matrix. This location of the precipitates is less effective in
increasing the yield strength by blocking the motion of dislocations within the grains.

CONCLUSIONS
In this study, the effects of alloying elements, casting conditions and aging time during storage on the tensile
properties of the Pb—Sb—Sn—As—Se grid alloys were investigated. From the experimental results and their analysis, the
following conclusions can be made. Ultimate tensile strength and elongation results for the alloys in as-cast condition
are quite irregular, but in general do not change greatly with changing composition within the range of Sb (1.55-
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1.77 wt.%); Sn (0.11-0.17 wt.%); As (0.097-0.13 wt.%); Se (0.018-0.025 wt.%); impurities (0.0217-0.0533 wt.%);
Pb — the remainder. Most of the as-cast Pb—Sb—Sn—As—Se alloys simultaneously combine enhanced values of ultimate
tensile strength and elongation, which made them valuable for structural grid components that experience high dynamic
loads. Increase in a heating temperature of casting mold causes the slight decrease in the tensile strength but does not
significantly affect the elongation. Pouring of the molten metal into a casting mold preheated in the temperature range
between 110 °C and 150 °C was found to be effective in stabilizing the tensile properties of the studied grid alloys.

The storing of Pb—Sb—Sn—As—Se alloys for 30-33 days does not weaken them in any degree. Due to natural aging
the structure of the alloys undergoes microscopic changes that increase both the yield strength and the ultimate tensile
strength, simultaneously increasing Young's modulus and decreasing elongation. The strongest effect of strengthening
is observed during the first 5 days of natural aging. Thus, the investigated alloys strengthen rather rapidly so that the
grids can be utilized in a short period of time after production without excessively long aging time or artificial aging.

The work was performed within the framework of research projects of National Academy of Sciences of Ukraine No. 1.3.6.18
“Development of new methods and improvement of known ones to investigate mechanics of transport and energetic systems”
(2017-2021) and No. 1.3.6.22 “Development of mathematical models and investigation of ground transport and energetic systems”
(2022-2026).
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3MIHA MEXAHIYHUX BJACTUBOCTEM CILJIABIB Pb—Sb—Sn—-As—Se JJISI CTPYMOBIJIBOJIB CBUHITEBO-
KHUCJIOTHUX BATAPEM ITIJI YAC TPUPOJTHHLOT'O CTAPTHHS
Bikrop O. /I3en3zepcbkuii, Cepriii B. Tapacos, Osnena B. Cyxosa, Borogumup A. IBanos
Incmumym mpancnopmuux cucmem i mexuonoeiti Hayionanonoi Akademii nayx Yxpainu
49005, Yxpaina, m. [ninpo, eyn. IHucapcescokozo, 5

Po6oTy npHCBsUCHO MOCHIIKEHHIO MEXaHIYHUX BJIACTUBOCTEH HU3BKOCYpM siHHX Pb—Sb—Sn—As-Se cmiaBiB aiist cTpyMOBIABOIIB
CBUHIIEBO-KUCIOTHUX OaTapell y JUTOMY CTaHi Ta MICJsi NPUPOTHBOTO CTapiHHS MiA yac 30epiraHHg Ha CKiali. 3 BUKOPHCTAHHSIM
yHiBepcanpHUX po3TsoKHUX MammH TIRAtest 2300 1 P-0.5 Bu3HaueHO MeXy MIIHOCTI Ha PO3TAT, MEXY IUIMHHOCTI, TTOJOBKEHHS 1
Monyns FOHra 3a xiMHaTHOI Temnepatypu. st OLIBIIOCTI JOCTIPKEHUX CIDIABIB y JIMTOMY CTaHi 301IbLIEHHS MeXi MIITHOCTI Ha
PO3TSAT CYNPOBOKYETHCS 30UIBIICHHAM IMOJOBKEeHHs. [liBHINEHHST TeMIepaTypHu HarpiBy JmBapHOi (JOPMH B TeMIEepaTypHOMY
inrepBaii 70-150 °C npakTHYHO HE BIUIMBAE HA CEpPEHI 3HAUYCHHS MOJOBKEHHS CIUIABIB, ajie HE3HAYHO 3HIDKYE IX CEPEeTHIO MEXY
MinHOCTI Ha po3rsar (Ha ~4 %). Bracuminok crapiHHA mix wac 30epiraHHs Ha ckiagi Bhpoiomx 30-33 ni6 cmocrepiraeTbest
MiIBUILCHHSI 3Ha4YeHb MEXI1 MIILIHOCTi Ha PO3TIT, Mexi MIMHHOCTI 1 Moayisi FOHra, ane 3HmKeHHs 3Ha4YeHb MOJIOBXKEeHHsI cuiaBiB Pb—
Sb—Sn—As—Se aist ctpymoBiBoaiB. Taki 3MiHH 1MOB’s3aHi 3 BHAUICHHSIM YaCTHHOK BTOPHHHUX (a3 3 TBEpIOro PO3UMHY Ha OCHOBI
CBUHIIIO, TIEPECHUCHOTO CYpMOIO, MUII SIKOM 1 ceneHoM. HaiOinpmuii 3MiHIOBAIBHIN €EeKT CIOCTEPIraeThCs BIPOIOBK MEPLINX
II’SITU 110 IPUPOAHBOTO CTAPiHHS.

KurouoBi cnoBa: ceunyeso-xucromui 6amapei; nuzokocypm sini Pb—Sb—Sn—As—Se cnnagu ons cmpymogiosodis; npupoone cmapinisi
nio uac 30epicanus; GUNPOOYBAHHSA HA PO3MSA2; MENCA MIYHOCNIL HA PO3ZMSA2; MeXHCAd NIUHHOCIE; NOO0BNCEHH s, MOOYIb FOHea





