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The Pb-Ca is an age hardening alloy that allows for an increase in the hardness compared to pure lead.
The hardening is obtained after different successive ageing transformations. In addition, this hardening
is followed by an overageing which induces a softening.

The ageing and overageing transformation mechanisms are now well identified in lead-calcium
alloys. In this paper, we propose to represent the domain of stability of each transformation via
time-temperature-transformation diagrams for a calcium concentration from 600 to 1280 ppm and in
a range of temperatures from —20 to 180 °C. These diagrams are constructed with the data obtained by
in situ ageing with metallographic observations, hardness and electrical resistance measurements. The
specificities of lead-calcium such as its fast ageing at ambient temperature and its overageing over time
required the design of specific devices to be able to identify the characteristics of these alloys.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Lead-calcium alloys are widely used, mainly in the automo-
tive industry in grids battery to cope with the softness and the
low creep resistance of pure lead. Calcium allows for a signifi-
cant improvement in the mechanical properties by a precipitation
hardening from an oversaturated o solid solution. Room temper-
ature ageing corresponds to a continuous annealing treatment, so
after a hardening stage, the alloy will progressively lose its prop-
erties by overageing. Over the last 70 years, much research has
been carried out to identify the transformations occurring in these
alloys [1-4]. Now the transformations occurring in lead-calcium
alloys are clearly identified with three successive hardening trans-
formations and the two softening ones. It is necessary to determine
accurately the kinetics of these transformations to be able to pre-
dict the ageing of alloys or to determine heat treatments to achieve
a given microstructural state.
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2. Experiments
2.1. Alloys preparation

The samples have calcium levels around the peritectic
point (0.08 wt%Ca). Alloys are obtained by mixing industrial
lead—calcium alloys (calcium content 0.108 wt%) with “pure”
lead (99.97 wt%). The chemical compositions measured by induc-
tive coupled plasma-mass spectrometry (ICP-MS) and inductive
coupled plasma-atomic emission spectroscopy (ICP-AES) are sum-
marized in Table 1.

The alloy is melted in a crucible at 600°C in a protective atmo-
sphere. The samples are obtained by casting and their shapes are
adapted to the technique of characterisation. For the measurements
of resistance, very long samples are used (2 mm x 3 mm x 100 mm)
in order to maximise the electrical signal (Fig. 1). Hardness mea-
surements and metallographic observations are performed on
samples (9 mm x 9mm x 13 mm) sawn from much larger plates
(13mm x 120 mm x 120 mm) (Fig. 2). To enable significant hard-
ening during ageing, the alloy for resistance measurements is cast
in a cold mould and so quenched from the liquid state in order to
obtain an oversaturated solid solution at room temperature. Alloy
used for hardness measurements is cast in a preheated mould and
quenched with the mould as it is still in liquid state. These opera-
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Table 1

Chemical composition of the used alloys measured by inductive coupled plasma-mass spectrometry (ICP-MS) and inductive coupled plasma-atomic emission spectroscopy
(ICP-AES).

Chemical composition (wt ppm) Ca Al Sn Bi Mg Ag Ni Cu Sb As Zn Cd Pb
Pb-Ca alloy (METALEUROP) 1080 161 1 130 / 36 1 4 1 1 3 1 -
Pure lead (BUDIN et Fils) / / 3 250 / 10 / 10 3 2 10 3 =
Pb-0.06 wt%Ca 593 31 17 50 2 22 4 3 <1 <1 <1 <1 -
Pb-0.1 wt%Ca 1027 67 13 89 2 33 6 4 <1 <1 <1 <1 -

Fig. 1. Samples used for the resistance measurements with the spark welded copper
probes for the four-point method measurements.

tions of quenching directly after casting avoid a further annealing.
The cooling speed is around —50 to —100° s~ After complete cool-
ing, the mould with the part is immediately immersed in liquid
nitrogenin order to stop the first precipitation transformations. Fur-
ther sampling and preparation will be performed in liquid nitrogen,
or possibly for short times at temperatures under —50°C.

Fig. 2. Samples used for the micro-hardness measurements on their thermoregu-
lated mounting.

2.2. Resistance measurements

Resistance measurements have been widely used to identify
the kinetics of lead alloy transformations [2,5-9] with its sensi-
tivity to atomic defects, and more precisely to the elements in solid
solution. For oversaturated lead-calcium alloys, it is then possible
to identify the first transformations by monitoring the electrical
resistance in relation to time in isothermal conditions. The four-
point method was used with samples 100-mm long and a section
of 2mm x 3 mm. The copper probes are spark welded in line on
the sample extremities while the sample is kept in liquid nitrogen.
The measurements are performed on a specially designed piece of
experimental equipment which enable us to control the anneal-
ing treatment temperature in three oil baths from —20 to 275°C
with a temperature stability of 0.1 °C. The entire experiment is fully
automated with measurement accuracy of less than 0.1% of the sig-
nal magnitude (Fig. 3). The full automation of the measurements
has enabled to characterise 120 samples and to record more than
2,500,000 measurements on a cumulated time of more than 20
years.

2.3. Micro-hardness measurements

The first two transformations occurring in lead-calcium alloys
are of discontinuous type, thus it is necessary to have punctual
information of the evolution of the alloy. Micro-hardness was used
to be able to identify the characteristics of the mean of the hardness
and the heterogeneity of the sample (Fig. 3). Measurements were
taken on thermoregulated samples (from 20 to 80 °C), in situ with a
specific redesigned micro-hardness tester. A 10 N load was applied
for 5s with a micro-Vickers hardness tester LECO AMH2000. The
samples were electrochemically polished at —50°C to prevent any
microstructural transformations before the test. Hardness mea-
surements were performed on 50 samples over 2 years (more
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Fig. 3. Typical micro-hardness and resistance curves for a Pb-0.1 wt% at 20°C. In
black the value of the resistance over the resistance at initial time (oversaturated
alloy). The points correspond to hardness measurements HV o5 on a single sample.
As samples are inhomogeneous in hardness due to the presence of discontinuous
transformations, fitted grey solid lines are added to represent the mean and the
maximum, minimum curve to visualise the hardness amplitude.
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than 80,000 indentations with a cumulated time of more than 100
years). All these data have been used to construct new TTT diagrams
for lead-calcium alloys.

3. Results
3.1. Lead alloy containing 1000 ppm of calcium

3.1.1. Time-temperature-transformation diagram

The law of transformation at room temperature of an alloy
in non-equilibrium conditions is not sufficient to overcome its
metallurgical evolution. It is necessary to have several trans-
formation curves in isothermal conditions, staggered in all the
range of instability of the alloy. It will then be possible to
define with precision the heat treatment (temperature and dura-
tion) needed for the alloy to be in a given metallurgical state.
It will also allow us to predict the metallurgical state of an
alloy if its thermal background (ageing time and temperature) is
known. The entire experimental results are summarized together
in time-temperature-transformation diagrams. The TTT diagram is
established with the start and finish times of each transformation
during isothermal treatment. The domains of transformation of the
alloy Pb-0.1 wt%Ca have been precisely defined by the kinetics of
transformation determined by hardness and electrical resistance
measurements and by the metallographic and transmission elec-
tron microscope (TEM) observations. Its TTT diagram is shown in
Fig. 4.

In the first few minutes after the quench (oversatured calcium
state), the alloy exhibits a homogeneous hardness of 6 HV g 15, up to
the beginning of the first discontinuous transformation. The curve
C; (Fig. 4) represents the time which is needed to obtain a transfor-
mation rate of around 10% of the first transformation. It means that
the transformation (initiated between the grains boundaries) does
start before Cy, otherwise nearly immediately after the quench. This
early beginning of the transformation is confirmed by the observa-
tion by optical metallography of a transformation front in the first
few seconds of ageing after an electrochemical polishing and etch-
ing preparation at —50°C (Fig. 5). For the mechanical properties,
curve C; (the first transformation) corresponds to the first increase
in hardness (Fig. 3 for example).

The second transformation, named “puzzling” because of its dis-
tinctive erratic shape of transformation fronts, appears before the
end of the first transformation. Curve C, is thus the limit corre-
sponding to the time when the second transformation becomes
predominant to the first one. This curve corresponds to a hard-
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Fig. 4. TTT diagram for the alloy Pb-0.1 wt%Ca. Samples were cast, then cooled in
liquid state at a minimum of 40°Cs~"! to —196 °C. Curves are obtained by resistivity
and hardness measurements performed in a subsequent in situ heat treatments
carried out in the temperature range —20 to 180 °C. The solid lines through the data
points are curve fits.
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Fig. 5. Metallographic observation of a recrystallised Pb-0.1 wt%Ca alloy, annealed
and quench at 100°Cs~! to —196 °C. Sample is prepared by electrochemical polishing
at —50°C. Four etchings are performed at —50°C every 3 min of ageing at 20 °C. The
successive position of the advancement fronts (separating transformed and not yet
transformed zones) are then visible on the same picture with notably the formation
of new boundary formed by the meeting of moving fronts.

ness of 11HV,qy5, i.e. the end of the first increase in hardness.
Our observations show that a calcium concentration, in a range of
600-1000 ppm, has no effect on these hardness values.

Curve C3 defines the beginning of the microprecipitation of cal-
cium with the formation of precipitates Pb3Ca with a size of 2-3 nm.
Curve C4 corresponds to the completion of this precipitation with
a progression rate of 90%. After this curve, the resistivity mea-
surements will no longer evolve because all the calcium has been
consumed by the precipitates and its level in solid solution will be
fixed during the coarsening of the precipitates. Only the hardness
measurements or the optical and TEM observations will be able to
follow the alloy overageing (Fig. 6).

Curve Cs specifies the time required to reach the maximum
hardness of the alloy. Over this curve, the hardnesss will decrease
gradually. Cs has shifted from C4 because at C4 the microprecipi-
tation is not completely finished and the macro-reprecipitation in
strings will need some time to have a softening effect [10]. The
ultimate overageing will be caused by the appearance of lamellar
precipitates formed by the coalescence of the strings of macropre-
cipitates (Fig. 7).

Above 120°C, the ageing mechanisms are changed to a unique
and continuous macroprecipitation. The overageing will not let
lamellar precipitates appear, but only isolated macroprecipi-
tates.

Lead-calcium alloys are known to be sensitive to ternary ele-
ments [2] most of the time present as impurities of secondary
metallurgy from recycled alloys from batteries (Sn, Bi, Ag, Sb, etc.)
or sometimes voluntary added like aluminium to prevent oxidation
in liquid phase. Small amount of these elements may have a signif-
icant impact on alloys ageing as it was described by Bourguignon
in the cast of Pb-Ca-Sn alloys [8]. She has showed that discontin-
uous transformations which are initiated in the grain boundaries
(where tin is segregated during solidification) are slowed down
or even completely inhibited. Slightly different chemical compo-
sition of the one used (Table 1) to establish our TTT diagrams
(Figs. 4, 10, 11, 13, 8) may modify partially the position of the
domains.

Process can affect ageing: complementary studies have shown
that the sole significant process parameter is the quenching speed
[10].If alloys are quenched too slowly, the first discontinuous trans-
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Fig. 6. TEM picture of the coarsening precipitates after 35h of ageing at 80°C on
a Pb-0.1 wt% Ca alloy. Precipitate of PbsCa are visible in white and are aligned in
strings in the lead matrix.

formation occurs at high temperatures (during the cooling) and
affects strongly the kinetics and the completion of the transforma-
tions. Alloys used in our study are quenched at rates of 120°Cs~!
for the resistivity samples and 40°C s~ for the other samples. Our
TTT diagrams are only valid if the cooled rate is higher than the
critical quenching speed (10°Cs~! for a Pb-0.1 wt%Ca).

Fig. 7. TEM picture of the lamellae precipitates on an overaged lead-calcium alloy
aged 120 months at room temperature. The size of the overaged zone is about 40 pm.
Lamellae are formed by the coarsening of the macroprecipitates aligned in strings.
Undulations oriented around 30° to the lamellae are deformations cause by the
ultramicrotomy cut of the specimen. The white stain have been analysed by energy
electron loss spectrometry (EELS) and are oxides formed during the observations of
the specimen under the electron beam.
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Fig. 8. TTT diagram for the concentrations of calcium of 600, 800 and 1000 ppm.
Samples were cast, then cooled in liquid state at a minimum of 40°Cs~! to —196°C.
Curves are obtained by resistivity and hardness measurements performed in a sub-
sequentin situ heat treatments carried out in the temperature range —20°Cto 180 °C.
The solid lines through the data points are curve fits.

3.1.2. Transformation kinetics

It is possible to calculate the apparent activation energy of
each transformation from the kinetics of transformations. The
transformations kinetics have been modelled by the equation
of Johnson-Mehl-Avrami [11] (Eq. (1)). This expression is also
applicable for discontinuous transformations. The coefficient k is
thermally activated and is defined by the Arrhenius equation (Eq.
(2)):

f=1—exp(—kt") (1)

with t length of ageing (s); k, n constants; f rate of transfor-
mation defined for example with resistance measurement by
=00 — pslpo — pr With p, initial value of the resistance (2 m), pf
final value of the resistance (2 m).

k = ko exp (%) (2)

with kg constant; Q apparent activation energy of the transfor-
mation (Jmol~!); T the temperature (K); R Boltzman constant
(8.14Jmol-1 K~ 1).

The slopes obtained by the drawing of the logarithm of the start
and finish times of transformations versus the temperature enable
us to find the apparent activation constant (Fig. 9). The activation
energy varies between 18 and 35 k] mol~! for an alloy Pb-0.1 wt%Ca.
The values are non-temperature sensitive and are lower than the
autodiffusion of lead which is around 110 k] mol~! [12,13]. Our val-
ues are close to those already found in other papers. For example,
Tsubakino et al. [6] has calculated activation energy of 21 and
60 k] mol~! for the first and the third transformation. These values
may be interesting to compare with the parameters of the diffusion
of the calcium in lead, but these data are not available.

3.2. Effect of the calcium amount

The established TTT diagram enables us to define the treatment
conditions necessary to obtain a given microstructural (mechan-
ical) state or to predict the state of an alloy from its ageing
parameters. The diagram shown in Fig. 4 corresponds to the evo-
lution of a Pb-0.1%pdsCa alloy. Industrially, calcium is used with a
large range of concentrations from 400 to 1000 ppm and the sensi-
tivity to oxidation of calcium during the preparation of the alloy by
casting can produce significant loss if it is not properly protected
by the addition of aluminium. Concentration of calcium has a pre-
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Fig. 9. Draw of the Arrhenius law for transformations of an alloy Pb-0.1 wt%Ca,
calculated from the data of the TTT diagram curves.

dominant effect on the kinetics of transformations [2] and one of
the consequences is the modification of the position of the limits of
the TTT diagram. Several diagrams for different calcium levels have
been plotted to quantify this parameter.

3.2.1. Hypoperitectic compositions (600 ppm Ca)

The kinetics of transformations are significantly lower for a
Pb-0.06 wt%Ca alloy than for concentrations of 1000 wt ppm of cal-
cium. The curves of the TTT diagram are consequently shifted to the
right (Fig. 10) with hardness levels slightly lower (0.3 HV) during
ageing. For the Pb-0.1 wt%Ca alloy, the curve C; corresponds to the
firstincrease in hardness, whereas for concentration of 600 wt ppm,
the beginning of the hardening occurs after C;. The first hard-
ening ends at curve C; with a mean hardness of 10.6 HV g 15. At
room temperature, it is not easy to see the overageing which will
occur after several years. For ageing temperatures, over 120°C, the
ageing is done by a single and continuous macroprecipitation of
Pb3Ca.

3.2.2. Peritectic compositions (800 ppm Ca)
Alloys of composition Pb-0.08 wt%Ca are particularly impor-
tant because it is the most common composition used industrially.
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Fig. 10. TTT diagram of an alloy Pb-0.06 wt%Ca. Samples were cast, then cooled in
liquid state at a minimum of 40°Cs~! to —196 °C. Curves are obtained by resistivity
and hardness measurements performed in a subsequent in situ heat treatments
carried out in the temperature range —20°C to 180°C. The solid lines through the
data points are curve fits.
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Fig. 11. TTT diagram for an alloy Pb-0.08 wt%Ca. Samples were cast, then cooled in
liquid state at a minimum of 40°Cs~" to —196 °C. Curves are obtained by resistivity
and hardness measurements performed in a subsequent in situ heat treatments
carried out in the temperature range —20°C to 180°C. The solid lines through the
data points are curve fits.

This alloy has an intermediate behaviour between alloys with con-
centration of 600 and 1000 ppm (Fig. 11). For the alloys studied
with calcium concentrations of 600, 1000, 1280 ppm, the points
of the beginning and end of each transformation are perfectly
reproducible and distinctive on the micro-hardness and resistance
curves. As a consequence, the limit of the domains of transforma-
tions of the TTT diagrams (Figs. 4, 10 and 11) are constructed by
lining up the points. For Pb-0.08 wt%Ca alloys the identification of
the transformations borders are not as simple. The transformation
overlapping is wider and consequently the deconvolution is more
difficult. Curve C; is well defined (Fig. 11) because it is the first one,
whereas the positions of the curves C,-Cs has required many more
samples in order to be precisely defined.

3.2.3. Hyperperitectic compositions (1280 ppm Ca)

The alloy Pb-0.128 wt%Ca shows a hardness evolution that is
completely different from the hypoperitectic compositions pre-
sented above. In Fig. 12, the alloy has already undergone a
hardening transformation when the measurements begin at 20°C.
This level of hardness with transformations completed in the first
minute of ageing is common for alloys with 800 wt ppm of calcium
aged at 80°C for example; but for Pb-0.128 wt%Ca, the trans-
formation is probably complete because the hardness is nearly
homogeneous in the sample during the first 40 min at 20°C. The
second hardening transformation appears after a long incubation
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Fig.12. Evolution of the micro-hardness onaPb-0.128 wt%Ca alloy aged at 20 °C. The
points correspond to hardness measurements HV o5 on a single sample. As samples
are inhomogeneous in hardness due to the presence of discontinuous transforma-
tions, fitted grey solid lines are added to represent the mean and the maximum,
minimum curve to visualise the amplitude.
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Fig. 13. TTT diagram for an alloy Pb-0.128 wt%Ca. Samples were cast, then cooled in
liquid state at a minimum of 40°Cs~! to —196°C. Curves are obtained by resistivity
and hardness measurements performed in a subsequent in situ heat treatments
carried out in the temperature range —20°C to 180°C. The solid lines through the
data points are curve fits.

and is characterised by a significant increase in the hardness values.
The differences with the previous compositions presented may be
explained by the fact that the composition is hyperperitectic. The
transformation mechanisms must be quite different from for alloys
with lower levels of calcium. The TTT diagram shown in Fig. 13, for a
Pb-0.128 wt%Ca alloy, shows two new curves, Cy and C;.. These new
frontiers correspond to the appearance of new inflexion points on
the resistance curves and cannot be explained without microstruc-
tural analysis. Nanoscale observations with TEM will be needed
to understand the transformation mechanisms for hyperperitectic
compositions.

The TTT diagrams of hypoperitectic compositions show that the
concentration of calcium has a major impact on the kinetics of
the transformations. The effect of the concentration of calcium has
been summarized in the TTT diagram in Fig. 13 with the super-

imposing of the limits for the three hypoperitectic compositions
studied.

4. Conclusions

The construction of TTT diagrams with a wide range of concen-
tration of calcium enables us to fully understand and overcome the
transformation in lead-calcium alloys. It is now possible to pre-
dict the state of the alloy or determine the thermal cycle necessary
to obtain a given microstructure. Nevertheless, the TTT diagrams
shown are determined for parts produced with specific process
parameters. Changing these conditions may change the kinetics and
possibly the mechanism of the transformations.
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