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ABSTRACT

The lead alloy layer on the copper electrodes of high-capacity lead-acid batteries is
manufactured by gravity casting. In the cast state, the lead alloy layer exhibits a dendritic,
unbalanced crystal structure, a high hardness of 27.9 HV, high residual internal stress, and a high
resistance of 0.312 + 0.420 m&), making it prone to microcracks and unfavourable for the battery.
Through heat treatment, including quenching at 220 °C for 60 minutes followed by aging at 110 °C
for 7 hours, the cast microstructure transforms into a more balanced, polygonal, axial crystal
structure. The hardened phase forms, achieving an optimal hardness of 16.2 HV, and the average
resistance is reduced to 0.06 mQ), making it suitable for the manufacture of high-capacity lead-
acid batteries.
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1. INTRODUCTION

Currently, about 70 - 80% of the world’s lead production is used in the battery manufacturing
industry. Although many new types of batteries and accumulators have been developed, lead-acid
batteries are still widely used because of their ease of production, ease of recycling, abundant raw
materials, low cost, and flexibility in production, as well as their mature and reliable technology
for automotive, stationary, and motive-power applications [1-3]. In the structure of a lead-acid
battery, the electrode terminal serves as the physical connection point between the battery and the
electrical system, conducting current to operate the equipment and, during recharging,
simultaneously circulating electrons between the electrode plates during the chemical reaction.
Therefore, in terms of mechanical properties, the battery electrode terminal must meet the
requirements of high hardness for mechanical durability, low resistance to ensure good
conductivity, and good corrosion resistance under sulfuric-acid service conditions [1-3].

High-capacity lead-acid batteries with advanced Pb-Sn-Ca alloy electrode plates are a
specialised type of battery commonly used in marine propulsion systems, lifting equipment, and
towing equipment. Unlike conventional lead-acid batteries (with pure lead metal electrodes), the
electrodes of these high-capacity batteries are made of technical copper and coated with a Pb-Sb
lead alloy. Although the electrode plates are made of Pb-Sn-Ca alloy, the cast lead alloy coating
the copper electrodes is usually Pb-Sb alloy because it has good fluidity and wettability in the
liquid state, making it suitable for electrode manufacturing. The combination of a technical
copper core for strength and good conductivity with a Pb-Sb lead alloy outer layer for corrosion
resistance is ideal for battery electrode manufacturing applications [2]. The cast lead alloy layer
is in the UNS group L52900-L53099, usually has a high Sb content of about 3.5-5% to increase
the hardness and durability of the battery electrodes. The hardness of the cast lead alloy layer
after heat treatment usually reaches 16 HV [3]. However, the solidification behavior, phase
constitution, and final properties of Pb—Sb-based alloys are strongly influenced by alloy
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composition, casting route, and cooling rate [4-8] Therefore, the rapid cooling from liquid to solid
state often results in an unbalanced microstructure, characterized by dendritic crystallization, high
residual internal stress, high hardness, brittleness, susceptibility to microcracks, and high
electrical resistance, together with microsegregation and structural heterogeneity that may
accelerate damage during service [2, 4, 5, 7-11].

When working in highly corrosive, acidic environments, the microstructure of the lead alloy
layer on the electrode tip must achieve equilibrium, have low residual internal stress to limit
localised corrosion, and have low electrical resistance to avoid heat generation. Previous studies
have shown that casting method, corrosion behaviour, failure characteristics, and natural or
artificial aging can significantly influence the microstructure and mechanical performance of Pb—
Sb and related lead battery alloys [5, 7-10]. Nevertheless, compared with conventional studies on
bulk battery grids, there is still limited published information on the optimisation of heat treatment
for a lead-alloy layer cast directly onto a copper electrode substrate, where metallurgical bonding,
stress relief, structural equilibration, hardness, and through-layer electrical resistance must be
controlled simultaneously [12-14].
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Figure 1. Pb-Sb diagram and some electrode terminals of a high-capacity lead-acid battery [15].

Research into the heat treatment of lead alloys used in high-capacity batteries is of great interest
to manufacturers worldwide, as it aims to improve the mechanical properties of components and
extend battery life. This paper presents research results on a heat-treatment method for cast lead-
antimony alloy layers used in the fabrication of advanced high-capacity lead-acid battery terminals
with anode spines made of a Pb-Sn-Ca alloy.

2. EXPERIMENTS AND RESEARCH METHODS

2.1. Research equipment and supplies

The equipment used included: a Lenton 1400 °C furnace from Germany, a graphite crucible
from China, titanium or SUS316 steel stirring rods, a heated drying oven from Vietnam, an
analytical balance from Japan, a metal cutting machine from the Netherlands, an IR-AHSO0 remote
temperature measuring device from Vietnam, a two-half cast iron mould, and cutting, grinding,
and polishing machines from the Netherlands.

The experiments utilized the following materials: pure lead ingots Pb > 99.97% from Vietnam,
pure antimony ingots from Vietnam with Sb > 99.75%, tin-lead alloy 60/40, technical grade pure
copper 99.90%; acetic acid (C,H4O», PA, Germany), hydrogen peroxide (H.O,, PA, Germany),
glycerol (CsHgOs, PA, Germany), nitric acid (HNOs, PA, Germany), argon gas with 99.995% purity.

2.2. Experiment

To create a lead-antimony alloy with approximately 5% Sb, the smelting is carried out in a
Lenton furnace under argon gas protection. The furnace is set to 660 °C, and a ceramic crucible
made of aluminum oxide containing lead at a mass ratio of 94.75% is heated along with it. When
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the lead is fully melted, antimony is added at a 5% ratio. The addition of antimony is divided into
two stages: 2.5% is added each time, stirred for 1 minute, and then added again until the 5% is
used up. The loss rate of Pb, Sb, and Sn in an inert gas environment during casting is approximately
0.5% [16]. The copper electrode is fixed in a two-half cast iron mould. The mould and copper
electrode are heated to 200 °C. After gravity casting, the specimens are removed from the mould
at 100 °C. The specimens are then allowed to stabilize at room temperature for 24 hours before
being tested for HV hardness, resistance from the cast lead alloy layer to the copper electrode, and
the structure of the cast lead alloy.

Next, the samples were quenched at 200 °C, 220 °C, 240 °C, and 260 °C for 60 minutes each,
then cooled in water to determine the optimal quenching temperature. After identifying the optimal
quenching temperature, the aging process was investigated at 100 °C, 110 °C, and 120 °C for
varying durations to achieve maximum hardness. The electrical resistance at each mode was also
measured. For the aging mode that yielded the best mechanical properties, the samples were
examined using optical microscopy for comparison and evaluation.

2.3. Research methods

The metal analysis methods used included: emission spectroscopy on a Metal Lab 75/80J)
MVU-GNR instrument (Italy); HV hardness measurement on a Duramin microhardness tester
(Japan); metallographic microscopy on an Axio Image A2M optical microscope (Germany); and
resistance measurements were taken on the Hioki BT 3554 series battery tester device with six
defined measurement positions on the cast lead alloy layer up to a fixed position on the copper
electrode tip (Japan).

3. RESULTS AND DISCUSSION
3.1. Microstructure characteristics, hardness, and electrical resistance of the lead alloy layer
covering copper electrode manufactured by gravity casting

The results of the chemical composition analysis of the lead alloy layer on the copper electrode
manufactured by gravity casting are shown in Table 1.

Table 1. Chemical composition of the lead alloy layer on the copper electrode.

Composition,% Sn Sb Al Bi Cu Fe As Pb
Lead alloy layer o0 | 5 1803 | 0.0023 | 0.0032 | 0.0416 | 0.0010 | 0.0844 | 1€
covering the electrode rest

According to these results, the chemical composition of the lead alloy is equivalent to the US
UNS L52922-1.52930 lead-antimony alloy grade. The average hardness of the lead alloy is 27.9
+ 0.4 HV.

The microstructure of the samples was rough-ground, fine-ground, and polished, and the crystal
boundaries were etched according to ASTM E407-07 using a solution of 75 ml acetic acid
(C,H40,), 25 ml 30% concentrated hydrogen peroxide (H>0-), and 15 ml glycerol (CsHgOs) for 15
minutes. They were then dried and cleaned with 70% concentrated nitric acid. The microstructure
of the lead alloy layer in the cast state is shown in Figure 2.
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According to the results in Figure 2, the microstructure of the cast alloy layer is dendritic. This
is characteristic of an unbalanced structure, a high-energy state, so there is a large residual internal
stress. When an external force is applied, the external stress, combined with the residual internal
stress, can easily exceed the material's strength limit, leading to failure phenomena such as
cracking and breaking [2]. Dendritic regions, when solidified from the liquid state, have the
following characteristics: the first basic branch is richest in Pb, and the last branch has a lower Pb
content [1]. The surrounding non-dendritic region is rich in Sb (after heat treatment, these regions
often form grain and phase boundaries). The distance between the dendritic regions in Figures 2a
and 2b is mainly less than 40 um. The spacing of the branches and the degree of uniformity of that
spacing will affect the crystal grain size during heat treatment. The smaller and more uniform the
spacing, the finer the crystal grains, the less the tendency to crack, and the higher the mechanical
properties of the material. In the field of heat treatment, the requirement is that the crystal grain
size after heat treatment must not exceed the spacing between branches in the cast state. Only then
will the microstructure be ensured not to be roughened [8].

Electrical resistance between the lead alloy surface and the copper electrode tip was measured
for 3 samples, each tested at 3 locations. The results are shown in Table 2.

Table 2. Resistance from the lead alloy surface to the copper electrode surface.

Sample Resistance (m(2) Average resistance (m{2)
Ml 0.415 0.425 0.420 0.420+0.004
M2 0.310 0.304 0.322 0.312+0.007
M3 0.354 0.365 0.403 0.374 £ 0.021

According to Table 2, the resistance from the surface of the lead alloy layer to the surface of
the copper electrode for sample M1 was 0.420 mQ; similarly, sample M2 was 0.312 mQ, and
sample M3 was 0.374 mQ. This result can be explained by the fact that when the alloy is in a non-
equilibrium phase state, a large amount of excess energy accumulates within the structure, and the
defect density is also high. This non-equilibrium phase acts as a strong scattering centre, reducing
the average electron free path and increasing resistivity. The electrode tip surface position is fixed;
sample M2 is closest to the copper electrode tip, sample M1 is furthest, and sample M3 is located
between samples M1 and M2. The farther the position is from the origin, the greater the resistance,
and vice versa.

3.2. Microstructure characteristics, hardness, and electrical resistance of the lead alloy layer
on copper electrode after heat treatment

The process of examining curing conditions at 200 °C, 220 °C, 240 °C, and 260 °C for 60
minutes, followed by cooling in water, produced the microstructure shown in Figure 3. The crystal
structure partially transformed at 200 °C into polygonal crystal grains, though not very clearly
(Figure 3a). Locally, some areas still showed traces of dendritic crystal structure, clearly indicating
that residual internal stress had not been eliminated. Meanwhile, at higher quenching temperatures
such as 220 °C (Figure 3b), 240 °C (Figure 3c), and 260 °C (Figure 3d), the crystal structure was
completely polygonal. The crystal grain size was evaluated using the Planimetric method (ASTM
E-112) by drawing three circles with a radius of 50 um on the microstructure images in Figures
3b, 3¢, and 3d. Grains completely inside the circles were multiplied by a factor of 1, and grains
crossing the circles were multiplied by a factor of 1/2 [8]. The average particle size will be
calculated through the average particle area recorded in Table 3.

According to the average particle size calculations in Table 3 and the microstructure image in
Figure 3, it is evident that only in the heat-treated at 220 °C case is the crystal grain size uniform
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in both dimensions, with very few grains larger than 40 um. In contrast, when heat-treated at 240 °C
and 260 °C, the microstructure image shows a relatively high proportion of crystal grains with one
dimension greater than 50 um. Some grains even reach 100 um. This is due to the growth of crystal
grains, according to the principle that larger grains engulf smaller grains under the influence of
temperature. When heat-treated at 240 °C or higher, abnormal crystal growth is very likely.
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Figure 3. Microstructure images of the lead alloy layer in the quenched state at temperatures of
200 °C (a), 220 °C (b), 240 °C (c), and 260 °C (d), 200x.

Table 3. Average particle size corresponding to different quenching temperatures.

b Ao

Quenching temperature (°C)

Average particle area (mm?)

Average particle size (um)

220 0.00081 + 0,0000324 32.2+£0,644
240 0.00118 +£ 0000472 38.8+0,776
260 0.00147 £ 0,0000588 43.2 + 0,864

The hardness and electrical resistance of the alloy layer after quenching were investigated, and
the results are shown in Table 4.

Table 4. Hardness and average electrical resistance of lead alloy grades corresponding to
different quenching temperatures.

Quenching Average Average Quenching Average Average
temperature hardness resistance temperature | hardness resistance
(°C) (HV) (mQ) (°C) (HV) (mQ)
200 17.4+0.435 | 0.217+0.0021 240 12.4+0.31 [ 0.189+£0.0019
220 13.1+0.33 | 0.184+0.0018 260 11.6 £0.29 | 0.175+£0.0017

The hardness at 200 °C remained quite high at 17.4 HV. Meanwhile, when the quenching
temperature was sufficient to fully transform the microstructure from a dendritic crystal form to a
polygonal crystalline grain form, the hardness was only 11.6-13.1 HV. Quenching at 220 °C
ensured the most uniform polygonal crystalline grain microstructure, and the hardness remained
relatively high at 13.1 HV. The higher the quenching temperature, the more likely abnormal crystal
grain growth will occur, thereby reducing the alloy's hardness. Clearly, these results show that
quenching at 200 °C indicates the microstructure has not completely transformed, so the residual
internal stress has not been fully eliminated. Thus, the appropriate quenching temperature to create
a supersaturated solid solution for the lead alloy coating on the copper electrode tip is 220 °C. The
resistance of the samples in the post-cast state also decreased by about 50% compared to the cast
state. After selecting a suitable temperature of 220 °C, the samples were examined for changes in
microstructure and mechanical properties during aging at 90 °C, 100 °C, and 110 °C. The hardness
and electrical resistance of the lead alloy coating on the copper electrode tip during aging at
different temperatures are shown in Figure 4.
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The hardness reached a maximum of 16.2 HV after aging at 110 °C for 7 hours. Extending the
aging time tended to decrease hardness as the dispersed chemical phases clumped together,
reducing the hardening effect. Aging at 100 °C yielded a maximum hardness of 15.7 HV for 9
hours. Aging at 120 °C yielded a maximum hardness of 16.1 HV for 6 hours. The resistance of the
lead alloy coating on the copper electrode tip reached its maximum of 0.06 me after 7 hours at
110 °C; further aging did not significantly change the resistance. Aging at 120 °C for 6 hours also
resulted in a resistance of 0.061 mQ. Furthermore, aging at 100 °C only ensured that the resistance
reached 0.092 mQ after the shortest processing time of 9 hours.
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Figure 4. Hardness (a) and electrical resistance (b) of the lead alloy layer during aging at
temperatures of 100 °C, 110 °C, and 120 °C.

The microstructure was investigated using phase-precipitation etching with approximately 30%
etchant concentration at the grain boundaries. With this etching technique, the crystal grain
boundaries were not corroded, but the antimony-rich B-phase precipitates were corroded first. The
microstructure images of the lead alloy layer after quenching and after aging, corresponding to the
conditions that yielded the best hardness and electrical resistance, are shown in Figure 5.
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Figure 5. Microstructure of the lead alloy layer after quenching (a), after aging at 100 °C (b),
110 °C (¢), 120 °C (d), 200x.

The microstructure image after quenching in Figure 5a does not show dispersed stabilized phase
precipitates. This is because in the quenching state, antimony dissolves into the supersaturated a.-
Pb solid solution matrix. When heat-treated at the temperatures and times investigated above,
phase precipitates formed with varying degrees of dispersion and size. Aging at 100 °C (Figure
5b) did not show the stabilized phases as in the cases of aging at 110 °C (Figure 5¢) and 120 °C
(Figure 5d). Aging at 110 °C clearly showed the best dispersion. The EDS spectra of the f-phase
secretion region and the region surrounding the secretion site are shown in Figure 6.

EDS analysis results show that the region surrounding the phase-secreting site (Figure 6a) has
a lower Sb ratio than the phase-secreting region (Figure 6b). This demonstrates the formation of a
phase aging effect: an antimony-rich region and an antimony-poor region.
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Figure 6. EDS spectrum of the -phase secretion region (b) and the region surrounding
the secretion site (a).

4. CONCLUSIONS

Using heat treatment technology, including quenching at 220 °C for 60 minutes and aging at
110 °C for 7 hours, the lead alloy coating on the copper electrode tip, which previously had an
unbalanced dendritic crystal structure (high residual internal stress, high hardness of 27.9 HV; high
resistance of 0.312 + 0.420 mQ), transformed into a balanced structure with polygonal, axially
equal crystals. The hardness remained high at 16.2 HV, and the resistance was reduced to 0.06 mo,
making it well suited for the manufacture of advanced high-capacity lead-acid batteries.
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TOM TAT

Nghién ciru dic tinh chuyén bién té chirc té vi va co Iy tinh ciia 16p hop kim chi
boc dau dién cuc dong ac quy chi-axit dung luwgng cao khi xir Iy nhiét

Lép hop kim chi boc bén ngodi dién ciee dong ciia dc quy chi-axit dung hrong cao diege
ché tao bang phwong phap diic trong luc. Lop hop kim chi khi o trang thai diic co 16 chikc
té vi dang tinh thé nhdnh cdy, khong can bang, do ciing cao 27,9 HV, néi iing sudt du lon
nén dé phat sinh vét mit té vi va dién tro lon 0,312 = 0,420 m, khong cd loi cho dc quy.
Bang céng nghé xu [y nhiét gom t6i 6 220 °C thoi gian 60 phut, két hop véi héa giao110°C
thoi gian 7 gio, 16 chirc té vi trang thai diic da chuyén bién sang dang hat tinh thé da canh,
déu truc, can bang hon, tiét pha héa ben phdan tan da dwoc hinh thanh, do ciing 161 wu dat
16,2 HV, dién tré trung binh giam xuong con 0,06 mQ, phit hop cho ché tao dc quy chi-axit
dung luong cao.

Tir khéa: Ac quy chi-axit dung lugng cao; Hop kim dién cuc; T chuc té vi; Do cing; Xt ly nhiét.
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