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Abstract

Lead/acid battery grid alloys, suchas I i lead and lead:

alloys wnlh and without silver, are successfully conumously

cast into strip using Cominco’s Multi-Alloy Caster™. The

1 and el ies of the

lead strip are strongly dependent on the arsenic content in the alloys. On the other hand, the tin:calcium (Sn:Ca) ratio in the Pb-Ca-Snalloys

plays an important role in the d of the mi

and the
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of these alloys.

1. Introduction

To reduce water- requi the antimony
content in commercial grid alloys for starting-lighting-igni-
tion (SLI) batteries has been lowered by many battery man-
ufacturers to less than 2 wt.%. To maintain adequate
performance and service life, the popular composition at pres-
ent contains between 1.6 and 2 wt.% of antimony. Due to
solute redistribution during solidification, the freezing range
of such low-antimony-lead alloys is well over 60 °C. Con-
sequently, the alloys are difficult to cast, either continuously
or by conventional methods. Grain refiners (such as sele-

the wrought strip, which led to excessive growth of the pos-
itive plates and, consequently, to a short battery life [9].
Another route was to produce the strip by a continuous casting
p As ioned earlier, h , low-antimony—iead
alloys and lead—calcium-tinalloys with silver additions solid-
ify over wide temp ranges. C tly, these ailoys
are susceptible to hot shortness in casting.

After overcoming a number of technical difficulties, Com-
inco has successfully developed a caster based on the melt-
drag process. This Multi-Alloy Caster™ is capable of casting
a number of lead alloys and makes possible a complete, con-
unuous, battery grid-processing technology. This is based on

nium, sulfur and copper) are added to aid gravity casting of
battery grids {1-3].

Another grid alloy that has been developed successfully in
recent years is a lead-calcium-tin-silveralloy [4]. The sitver
addition is found to improve the corrosion resistance of the
alloy and, thereby, improves the overall performance of the
batteries. During solidification of the alloy, however, silver
is found to be enriched in the unsolidified inter-dendritic
portion which, finally, forms a eutectic. Consequently, such
an alloy has a freezing range of about 20 °C [5}], and is
impossible to continuously cast using a dip-caster [6,7].

Over the lasttwo to three decades, there has been aconstant
effort to develop a g tech-
nology for lead/acid battery grid alloys for positive plates
[8-10]. One route, in which strip was produced by rolling,
was explored for low-antimony-lead alloys without success.
Its ill fate can be attributed to inadequate creep strength of
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by rotary tools of continuously drum-
cast, lead- alloy strip. In general, a complete production line
consists of a caster, a rotary expander, and other mesh and
plate-processing machinery. This automated plate-manufac-
turing process has been well accepted by manufacturers of
lead/acid batteries, because of its cost-effective speed and
material and labour utilization. Currently, there are more than
24 casters (including five Multi-Alloy Casters™) and more
than 35 expanders being used in production in more than 13
battery manufacturing plants around the world.

Due to the high cooling rate achieved on the Multi-Alloy
Caster™ during solidification, grain refiners are not essential;
the homogeneity of alloy element distribution and the sound-
ness of the cast structure have been improved considerably.
Consequently, the mechanical strength and corrosion resis-
tance of the alloys have also been enhanced. The electro-
chemical performance of battery grids fabricated from cast,
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low-antimony-lead strip has been discussed previously [11].
Information on the microstructure and properties of these
drum-cast alloys is reported here.

2. Experimental

The sample strips investigated in this study were all con-
tinuously cast using Cominco’s Multi Alloy Caster™. The
casting drum was made of aluminum alloy, whose internal
surface was constantly cooled by circulating water, with tem-
peratures maintained between 40 and 45 °C.

Specimens for metallurgical examination were cold-
mounted using a mixture of 2 parts by volume of Buehler
No. 20-3552 plastic powder and 1 part of No. 20-3554 plastic
liquid. The specimens were allowed to cure at ambxem lem-

3.1.1. Pb—-Sb-As—Sn

The grain structures in the middle zones of a number of
low-antimony-lead alloys cast under similar cuaditions are
shown in Fig. 2(a)—(d). This set of micrographs indicates
that both selenium and arsenic are effective grain refiners,
especially when these two elements are added together. With
the addition of selenium, a significant modification in the
grain structure was also noticed. The grains became finer,
and the shape of grains in the middle zone changed from
columnar to equiaxial. Practice indicated that, for the melt-
drag casting process, the addition of grain refiners was not
essential, as shown in Fig. 2(a) and (b). Pb-Sb binary and
Pb-Sb-Sn ternary alloy, without any grain refiners, could be
cast with ease.

The microstructure of such alloys consisted mainly of two
constituents: a lead-rich solid solution with an embedded fine

perature for at least 4 h. They were then vely g

on progressively finer emery paper down to 600 grit, followed
by mechanical polishing on microcloth usmg 0.3 um alumma
powder. The speci were sub ly chemically pol-
ished and etched by swabbing for about 15 s witha soluuon
of 3 parts (by volume) of glacial acetic acid and 1 part of
hydrogen peroxide. To reveal clearly cell and grain bounda-
ries, the specimens were further swabbed with a solution of
9 g ammonium molybdate and 15 g citric acid in 90 ml of
distilled water.

S g electron py (SEM) was carried out
using an ETEC Autoscan equipped with a Kevex EDS unit.

Creep tests were carried out using dead-weight rigs. The
details of the creep tests have been given elsewhere [12].
Experimental details for electrochemical tests have also been
reported previously [11].

3. Results and discussion
3.1. Microstructure

The melt-drag process produces strip with microstructures
that are free of visible casting defects. The structures differ
in detail due to variation in alloy composition and casting
conditions. In general, the grain structure of an as-cast, low-
antimony-lead strip can be divided into three zones. As
shown in Fig. 1(a), the surface which is either exposed to air
or in direct contact with the casting drum during casting
consists of equiaxial fine grains. Between the surface zones
are well-developed columnar grains with their axes approx-
imately perpendicular to the strip surface, the main heat-flow
direction. The dimension of the equiaxial grain zone at its top
(air) surface varies with the strip thickness: the thicker the
strip, the thicker the zone. The cells within the grains can be
clearly revealed. For Pb—Ca-Sn alloys, the cells are generally
less well defined, as shown in Fig. 1(b). Also, the fine equiax-
ial grains in the near surface layers are not always well devel-
oped. The microstructure of these two types of alloy are
described further in the following sections.

di ion of precipi (that can only be resolved by
SEM). and a sma]l fraction of degenerated eutectic that
formed at the cell and grain boundaries. The grain structure
of the drum-cast strip should be compared with that of grav-

Fig. 1. Typical grain structure of strip produced by a melt-drag process: (a)
Pb-1.78b-0.12A5-0.1Sn, and (b) Pb-0.09Ca-0.88n.

Fig. 2. Grain of 1 {ead alloys produced by melt-drag
process: (a) Pb-1.5Sb; (b) Pb-1.58b-0.228n; (c) Pb-1.5Sb-0.225n-
0.13As, and (d) Pb-1.58b-0.22Sn-0.13As-0.04Se.
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Fig. 3. Grain structure of a book-mould cast grid containing 1.6 wt.%Sb.
Antimony precipitates are coarse and their volume fraction is higher than
that in a melt-drag strip with the same composition.

ity-cast, book-mould grids of comparable composition. As
shown in Fig. 3, the antimony precipitates in a comparable
hook-mould grid were coarser, and casting defects (such as
gas pores and shrinkage pores) were frequently found.

3.1.2. Pb-Ca-Sn and Pb-Ca-Sn-Ag
The grain structure of these ailoys produced on the Multi-
Alloy Caster™ are largely dependent on the Sn:Ca ratio in
the alloys. At a weight ratio around 3, the grains were inter-
twined and the grain boundaries were wavy due to discontin-
uous precxpnatlon Wllh a ratio higher than 10, the
us  precipitation  p was substantiaily
delayed, and even totally suppressed, as can be seen in
Fig. 1(b). With the addition of approximately 0.03 wt.% Ag,
the microstructure was not noticeably modified. Neverthe-
less, the cells within grains were all well developed.

4. Mechanical properties

Arsenic was found to have a strong effect on the mechan-
ical properties, including both the tensile and creep strength
of low-antimony-lead strip. The mechanical properties of the
Pb-Ca-Sn alloys were largely dependent on the Sn:Ca ratio
and, to a lesser degree, on the amount of tin in solid solution
in the alloy.

4.1. Tensile properties

The ultimate tensile strength of a typical low-antimony-
lead alloy containing 1.7 wt.% Sb, 0.15 wt.% As and 0.2
wt.% Sn (Pb-1.7Sb-0.15As-0.2Sn) is approximately 35
MPa. A soluti followed by water quenchi
could increase the tensile strength to 70 MPa.

The age-hardening behaviour of the low-antimony-~lead
alloys was largely d dent on the i . Alloys
without arsenic addition were rather soft immediately after
being cast, and aged at an extremely slow rate. In general,

1 i y-lead alloys aged quickly atroom temp
however, overageing did not occur even after more than one
year. The increase in hardness of a Pb—1.5Sb-0.1As—0.2Sn—
0.028Se alloy due to natural ageing is shown in Fig. 4.

The evolution of the tensile strength of cast Pb-Ca-Sn
atloy strip was largely dependent on the Sn:Ca ratio. For this
type of alloy, the cooling rates realized on a dip caster [13]
and a Multi-Alloy Caster™ were similar, and the ageing
behaviours of the alloys cast on these two types of caster were
found to be similar. The evolution of tensile strength of Pb—
Ca-Sn alloys cast on a dip-caster due to natural ageing is
shown i |n Fig. 5 [13]. When the ratio is low, the alloy is

d through a rapid di i precipitation
process [14-16). For example, a Pb-0.09Ca-0.3Sn alloy
gains about 85 to 90% of its attainable strength within less
than 1 h after casting. Also, the initial strength of the alloys
appears io be inversely related to their tin content, a phenom-
enon that is not fully understood at this stage. In general, the
tensile properties, including yield strength and wltimate ten-

1.63sb-0. 1878n-0. 101As-0.02Se
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sile strength of the cast Pb—Ca-Sn alloys, increase with the
progress of the natural ageing process.

The ageing behaviour of Pb—Ca-Sn—Ag alloy was similar
19 its silver-free counterpart.

4.2. Creep strength

Creep behaviour of the cast strip was studied extensively.
Some of the creep tests were carried out shortly after the strip
was cast, and some were carried out after the strip was stored
at room temperature for more than two years when all the
alioys were fully naturally aged.

Typical creep curves for the cast strip are shown in Fig. 6.
The creep of a low-antimony-lead alloy can be divided into
three stages: (i) a protracted primary transient; (ii) a steady-
state in which the creep rate was approximately constant, and
(iii) atertiary stage (not shown in Fig. 6) in which the creep
accelerated due to extensive structural damage developed in
the test piece. On the other hand, the creep behaviour of the
Pb—Ca alloys was peculiar. Frequently, there was no well-
defined steady state. The creep accelerated after the primary
creep stage, and the alloy revealed a strain-softening
behaviour.

To gain some insight into the mechanism at work, creep
rates were measured over a range of stress from 5 to 10 MPa.
The strain-rate/stress curves for the two types of alloy are
givenin Fig. 7. It can be seen that the data in the log~log plot
fell into straight lines with a slope of about 4. This signifies
that, within the stress range investigated, lead alloys under-
went power-law creep, in which dislocation climb was the
rate-limiting process. One important observation is that the
creep strength of low-antimony—lead alloys was generally
higher than that of Pb—Ca~Sn alloys. The creep rates of low-
antimony-lead alloys were found to be overwhelmingly
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Fig. 6. Typicai creep curves for lead alloys produced by melt-drag process.
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determined by the arsenic content, C,, in wt.%, in the alloys.
Regression analysis indicated that, at MPa and 70 °C, the
steady-state creep rate of the alloys, €, was an exponential
function of arsenic content:

N
€=223 exp(—11.7C,,) X1073 5~  2=0.9956 [¢)}

The above was applicable for an
up to about 0.2 wt.%. Further increase in arsenic content
resulted in deterioration in the creep resistance of the alloy.
Microstructural examination indicated that the grain size of
alloys with a high arsenic content became extremely small.
It is well established that grain-boundary sliding becomes an
important creep mechanism for materials with a small grain
s1ze.

The creepresistance of melt-drag, low-antimony-lead strip
was much higher than wrought strip with a similar compo-
sition. The steady-state creep rate of wrought strip containing
0.2 wt.% As at 70 °C and 3 MPa is also shown in Fig. 7. The
creep rate of the as-wrought strip was over two orders of
magnitude higher than that of the cast strip of similar com-
position. It was found that the creep strength of a wrought
strip can be substantially improved by an li
After being annealed at 245 °C for 1 h, the creep rate of the
wrought strip decreased by over one order of magnitude.
Nevertheless, the creep rate of the wrought low-antimony-
lead strip after annealing was still about one urder of mag-
nitude higher than that of cast strip. By a thermo-mechanical
treatment, the tensile strength, especially the yield strength,
of wrought strip could be improved substantially due to a
high dislocation density introduced during the treatment. Dis-
location cores, however, are easy diffusion paths. Conse-
quently, diffusion processes were substantially enhanced.
‘Wrought strip is known for its inferior growth characteristics
from laboratory tests [9). This is a clear indication that grid
growth is a creep process, which cannot be judged based on
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was studied by Bouirden et al. [ 15] using transmission elec-
tron mi py (TEM). They found that the precipitation

mechanism changed with the Sn:Ca weight ratio. When the
ratio was less than 3, three successive discontinuous precip-
itation reactions took place in the alloy. Discontinuous pre-
cipitation was totally suppressed in alloys with an Sn:Caratio
higher than 9. Alloys with an intermediate Sn:Ca ratio

hikited

a mixed-precip iour; a
ion reaction took place after two discontinuous pre-

P

icles fc d in the first two discon-

ipitation reactions. P

Table |
Minimum creep rates of Pb—Ca-Sn alloys at 70 °C and 6 MPa
Alloy Composition Minimum creep rate Observation
(wt.%) (107%/s)
Under aged Fully aged

112692  Pb-0.075Ca-0.93Sn 4.3 2.1
112792 Pb-0.050Ca-0.88Sn 3.2 32 softening
120192A Pb-0.045Ca-0.985n 3.8 31 i
120192B  Pb-0.055Ca-0.98Sn 34 na® i
120292  Pb-0.060Ca-0.84Sn 24 20 hardeni
120392 Pb-0.078Ca-1.06Sn 43 44 softening
120492 Pb-0.084Ca-1.07Sn 52 na. softening
120792 Pb-0.085Ca-0.81Sn 4.7 na. na.
121492 Pb-0.092Ca-0.765n 6.6 6.7 softening
121592 Pb-0.116Ca-0.76Sn 11.6 8.9 softening

903  Pb-0.09Ca-0.3Sn na 42 softening

* n.a.: information not available.

Fig. 8. Creep fracture morphology of Pb-0.09Ca-0.35n alloy. Strain soft-
ening in creep led to grain fragmentation.

the tensile properties of an alloy. Due to its poor creep per-
formance, wrought antimonial strip would appear to be inad-
equate for application in automotive (SLI) batteries.

The minimum creep rates of a number of Pb—Ca-Sn alloys,
tested at 70 °C and 6 MPa, are listed in Table 1. A preliminary
analysis of the data indicates that the creep strength of the
cast strip was inversely related to the calcium content in the
alloys. Natural ageing for over two years did not noticeably
improve creep strength. Also, most alloys showed strain soft-
ening rather than hardening. The fracture morphology of the
creep specimens that showed strain softening is shown in
Fig. 8. It can be seen that a large number of localized defor-
mation bands were formed during the test at 70 °C and 6 MPa.
These 1 in grain frag ion in addition to the nor-
mal intergranular cavitation. Strain softening in Pb~Ca alloys
has been well studied [ 14]. Nevertheless, an understanding
of the inverse relation between creep strength and calcium
content is still being awaited. The precipitation of (PbSn),Ca

precip P were found to be coherentand
ordered, with a dimension about 10 nm. These densely dis-
tributed fine particles strengthen the lead matrix mainly
through order hardening. Dislocations can only travel in the
matrix through shearing these (PbSn);Ca particles. After
being bled by the dislocations, these particles lose their
order and are no longer effective in strengthening the matrix.
Consequently, this slip band became an easy path for moving
dislocati Some particles in the band would dissolve
ion may b smaller than the critical

t their di
size. Also, dynamic recrystallization would take place in
these localized deformation bands [ 14]. For a given tin con-
tent, a high calcium content reduces the Sn:Ca ratio and
encourages the discontinucus precipitation of fine
(PbSn);Ca particles and, thereby, favours the shear mecha-
nism during deformation. The strain-softening phenomenon
was suppressed by a high Sn:Ca ratio. It is believed that a
mixuure of fine particles (due to discontinuous precipitation)
and coarse particles [ 16] precipitated out during the contin-
uous precipitation, changed *he particle shear mechanism to
ashear plus bypassing mechaaismand, accordingly, activated
the strain-hardening mechanism.

5. Electrochemical properties

As expected, the corrosion resistance of the Pb-Ca-Sn
alloy strip was generally higher than that of the Pb-Sb-As—
Sn alloy strip, which in turn was better than that of a book-
mould cast grid of a similar composition. The weight losses
of various lead alloy grids after a 16-day potentiostatic cor-
rosion test are shown in Fig. 9. The weight loss of the silver-
containing Pb-Ca-Sn alloy was the lowest, and that of the
low-antimony-lead grid cast by the conventional book mould
method was the highest, even though its arsenic content was
much lower than that in other low-antimony-lead alloys
tested in the same cell.

The weight loss of a low-antimony—lead alloy in a con-
stant-potential corrosion test was affected by both the anti-
mony and arsenic contents. A multi-linear regression analysis
of results of a number of corrosion tests indicated that the
effect of increased arsenic content in increasing the corrosion
rate was one order of magnitude stronger than that of anti-
mony. In other words, as far as corrosion is concerned, 0.1
wt.% As is equivalent to 1 wt.% Sb. As shown in Fig. 10, the
weight losses of the alloys were a linear function of the anti-
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differences of the grids by multiplying the raw data, shown
in the ‘measured’ column by the thickness ratio ( the thickness
of Pb—1.88Sb-0.12As strip was taken as unity). The results
are listed in the ‘calibrated’” column. Such a calibration is
necessary because tests indicated that, with test conditions
being identical, a thicker strip grew less than a thinner one of
the same composition [17]. A regression analysis iudicated
that the calibrated area growth, G, was approximately expo-
nentially related to the arsenic content in the grid alloys, i.e.:

G=16.7 exp(—4.0Cx;) r*=09750 )

where C,, has been defined earlier.

The seemingly contradictory effects of arsenic on the elec-
trochemical performance of an alloy can be understood only
after a thorough understanding of the growth mechanism is
reached. In a recent publication [12], it was demonstrated

Fig. 9. Weight losses of various lead alloy grids in p
tests at 200 mV overpotential and 70 °C. The book- mould grid suffered the
highest weight loss, although its arsenic content was the lowest among the
three low-antimony-lead alloys.

o b

3 4
Antimony Equivalent  (Cey+ 10.2Ca) W%
Fig. 10. Weight losses of low-antimony-lead alloy coupons after constant-
potential corrosion tests at 150 mV overpotential and 60 °C for 28 days. All
strips were heat-treated at 200 °C. Weight loss was a linear function of
antimony equivalent defined as (Cg,, + 10.2C,.) and Cg, ranges from 1.5 t0
3wt%.

Table 2

Test results for positive plates with cast-expanded grids

Alloy Weightloss  Area growth (%) Thickness
(mgem™?) ————————— nqiio

Measured  Calibrated

Pb-1.50Sb-0.10As na.* 8.0 109 1.36

Pb-1.885b-0.12As  43.3 107 107 1

Pb-1.438b-0.13As  50.5 88 98 L

Pb-1978b-0.17As  50.7 74 8.36 113

*n.a.: information not available.

mony equivalent defined as (Csh +10.2C,,)- The growth
rates of positive platcs ded low

lead alloy grids were found to be mversely related to the
arsenic contents. The area growths of grids after 23 cycles in
a deep-discharge test performed at 71 °C are shown in
Table 2. The growth data were calibrated for the thickness

that the driving force for grid growth was corrosion-induced
stress, and that the growth rate was inversely related to the
creep resistance of an alloy. Although an increased corrosion
rate due to a high arsenic content increases the driving force
for grid growth, the arsenic addition strongly suppresses creep
deformation in low-antimony alloys and results in a reduced
mobility for the grid-growth process. Since the rate of a
kinetic process is determined by the product of the driving
force and mobility, the overall effect of the arsenic addition
is to reduce the growth rate. It is of interest to note that the
creep rate (€ in Eq. (1)) was approximately proportional to
exp( — 12C,,), and that the growth term, G, was proportional
to exp( —4C,;). Based on the universal rate equation, the
rate of a kinetic process is equal to the product of the driving
force and mobility. It can be concluded that the corrosion-
induced driving force for growth must be proportional to exp
(8Cas).

The strong effect of arsenic in suppressing the creep defor-
mation is due to its effect on precipitation in low-antimony—
lead alloys. Using TEM, Borchers and Reuleaux [ 18] found
that antimony in a Pb-2wt.%Sb alloy precipitated out in
room-temperature ageing as rod-like particles with an aver-
age length of 150 nm. On the other hand, antimony in a Pb-
2wt.%Sb-0.1wt.%As alloy precipitated out as coh
spherical particles with an average diameter of 15 nm. After
being aged naturally for two days, the precipitates were still
coherent and the size grew to 30 nm. Tsumuraya and Nishi-
kawa [19] explored the hanism of precip accel-
eration by arsenic addition. They found that the binding
energy of arsenic atoms with quenching-in vacancies was

much higher than their antimony c P quently,
arsenic additions increase the vacancy concentration in a
q hed alloy. Anti y precipitation was found to be a

three-stage process. The excess vacancy concentration
enhances the diffusion of arsenic and antimony atoms, which
facilitates the formation of an intermediate phase with an
apparent formula of AsSb. Spherical antimony particles grow
on such cores and become the equilibrium phase.
Precipitates are heterogeneous sites in an alloy, which
impede dislocation motion in deformation and enhance chem-
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ical reaction in corrosion. Arsenic released from grids due to
corrosion is known, however, to be incorporated in the active
material and has been found to be beneficial for restoration
of the active-mass partly damaged during discharg-
ing [20]. Arsenic at up to 0.2 wt.% has also been found [20)
to have a strong effect on the maintenance of electrode capac-
ity although a further increase in arsenic content to 0.8 wt.%
had only a slight influence. As mentioned earlier, the effect
of arsenic on the creep resistance of the alloy reached a limit
at an arsenic content of about 0.2 wt.%; further increase in
arsenic content resulted in deterioration of the creep resis-
tance of the alloy. Combining the findings available in the
open lit with those ob dinthep study, it can
be concluded that arsenic addition up to 0.2 wt.% is beneficial
for the mechanical strength and the overall electrochemical
performance of low-antimony-lead grid alloys.

6. Conclusions

1. Lead grid alloys with wide solidification ranges can be
readily cast using Cominco’s Multi-Alloy Caster™ due
to the high cooling rate realized by the melt-drag process.

2. The overall performance of low-antimony-lead alloys is
strongly affected by their arsenic conteat. In spite of
enhanced corrosion, arsenic up to 0.2 wt.% is beneficial
to hanical gth, growth and deep-
cycling capacity retention.

3. Weight losses of low-antimony-lead alloys in potentios-
tatic corrosion tests are proportional to antimony equiva-
lent, defined as (Cg, +10.2C,,).

4. The microstructure and properties of a Pb-Ca-Sn alloy
are strongly determined by its Sn:Ca ratio.
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