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Cast lead-calcium alloys were known to be sensitive to experimental parameters, which cause large
variations on the ageing and overageing behaviour. From the study of these parameters, the quenching
rate was the only significant parameter. A critical cooling rate was defined based on hardness, electrical
resistivity and metallographical observations. The inconsistencies in the literature noticed on the evo-

lutions of lead-calcium alloys can now be explained by whether or not this critical cooling rate was

respected.
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1. Introduction

Calcium has been used to significantly improve the mechanical
properties of lead by precipitation hardening from an oversaturated
a solid solution. Numerous studies have been done on the subject
since the replacement of lead-antimony alloys by lead-calcium
alloys in the lead-acid batteries [1-4]. Research has dealt with
the determination of the mechanisms and the kinetics of harden-
ing and softening transformations. The behaviour of the alloy is
now well-explained [5] with the identification of five transforma-
tions.

The hardening was performed in three stages with (Fig. 1):

e A: a first discontinuous transformation initiated on the grain
boundaries and sweeping the grains. The hardness of the alloy
increases from 6 HV (Hardness Vickers) to 10HV,

e B: asecond incomplete and approximately 10 times slower trans-
formation named “puzzling” lets the hardness increase by 2 HV,

e C: alast hardening process with the microprecipitation of Pb3Ca
(structure L1, ) with mean size of 2.5 nm. The maximum hardness
is about 15 HV.
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The hardening was then followed by two softening transforma-
tions (overageing) with (Fig. 1):

e D: a coarsening of macroprecipitates aligned in strings. Their
growth is due to the progressive dissolution of the thin hardening
precipitates (state C),

¢ E: a final softening with the coarsening of the macroprecipitates
to form lamellar (PbsCa) structures.

Among the studies on these alloys, many inconsistencies
remained during decades on the identification of the transforma-
tions. Differences in the observations and interpretations arise on
the one hand from the numerous transformations undergone by
these alloys and the inherent difficulties in working on lead alloys
(soft material and transformations kinetics in a range of several
minutes to several years at room temperature). On the other hand,
differences in behaviour have been attributed to the sensitivity of
the alloy to its chemical composition and its thermal history. We
have studied the effect of the process and heat treatment parame-
ters on the transformation of the alloy. Experiments were designed
to study the effect of each parameter (casting temperature of the
alloy, preheating temperature of the mould, temperature of the
quenching bath, etc.) [5]. Results have shown that most of the pro-
cess parameters had no significant effect on the transformations of
the alloy except the quenching rate. This paper is devoted to the
analyses of the effect of this main parameter.


http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:rossi@cluny.ensam.fr
dx.doi.org/10.1016/j.jpowsour.2008.11.049

F. Rossi et al. / Journal of Power Sources 188 (2009) 296-300

0.93
20

15 0.p4
16 =

Hardness / HV
o

o o o o
T o o T W T
(=) ~ (s3] (0]
Resistance p/po

10 / B rs
8 | f "'F \____
N — < ; ~ Resistance 0.99
4 ‘./ - + + T r 1
0.1 1 10 100 1000 10000 100000 1000000
Time /min

Fig. 1. Typical microhardness 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 g 1/5 on a single sample.
As samples were heterogeneous 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 range. The frames represents
the five transformations undergone by the alloy.

2. Experimental procedure
2.1. Alloys preparation

The samples have calcium levels around the peritectic compo-
sition (0.08 wt.% Ca) [6]. Alloys were obtained by mixing industrial
lead-calcium alloys (calcium content 0.108 wt.%) with “pure” lead
(99.97%). Some of the chemical compositions measured by ICP-
MS (inductive coupled plasma-mass spectrometry) and ICP-AES
(inductive coupled plasma-atomic emission spectroscopy) are
summarized in Table 1.

The alloy was melted in a crucible at 600°C under a protec-
tive atmosphere. In order to maximise their electrical resistivity,
the samples obtained by casting present a specific size with a
very long dimension (2 mm x 3 mm x 100 mm). Samples were then
rehomogenised (310°C during 1.5h) and quenched in different
media to achieve cooling rates of 300°Cs~! (water), 150°Cs~!
(oil), 30°C s~ (stirring air), 14°C s~ (low stirring air), 7 °Cs~1 (air),
1°Cs~! (oven) (Fig. 2). As cooling rates were non-linear, the val-
ues presented were measured at 290 °C. After the quench, samples
were immediately dropped in liquid nitrogen to stop any further
transformations until the beginning of the observations in isother-
mal ageing conditions. Samples were obtained from a same casting
batch to guarantee an identical chemical composition. Further sam-
pling and preparation was performed in liquid nitrogen, or possibly
for short times at temperatures under —50 °C for the metallographic
preparation.

2.2. Resistivity measurements

Resistivity measurements have been widely used to identify the
kinetics of lead alloy transformations [2,3,7-11] due to its sensitiv-
ity at the atomic scale and more precisely to the elements in solid
solution. For supersaturated lead-calcium alloys, it was then pos-
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Fig. 2. Evolution of the temperature measured in the middle of the samples dur-
ing the quenching operation. 300°Cs~! (water), 150°Cs~! (oil), 30°Cs~! (stirring
air), 14°Cs~1 (low stirring air), 7°Cs~! (air), 1°Cs~! (oven). After the quench, sam-
ples were immediately dropped and Kkept in liquid nitrogen to stop any further
transformations.

sible to identify the transformations by monitoring the resistivity
as a function of the time in isothermal conditions. The four-points
method was used with spark welded copper probes in line on the
sample extremities whereas the sample was kept in liquid nitrogen.
The measurements were performed in situ at annealing temper-
atures in the range of —20 to 275°C on an especially designed
experiment device [5]. An example of a resistivity curve at 80°C
is presented on Fig. 1.

2.3. Hardness measurements

The first two transformations occurring in lead-calcium alloys
were of discontinuous type, so it was necessary to have local infor-
mation of the evolution of the alloy. Usually, hardness is used to
measure only the mean evolution of the sample [2,8,12]. We were
the first to use in situ microhardness measurements to characterise
both the mean of the hardness and the heterogeneity of the sample
(Fig. 1). Heterogeneity of the sample has appeared to be a main
parameter of the discontinuous transformation. Measurements
were performed in situ with a specific redesigned microhardness
tester. The samples were electrochemically polished at —50°C [13]
to prevent any microstructural transformations before the inden-
tation. The samples were thermoregulated (from 20 to 80°C) and
a 10N load applied during 5 s with a micro-Vickers hardness tester
LECO AMH2000.

2.4. Metallographic observations

The metallographic observations were performed on aged sam-
ples, so the time and temperature preparation were not important
parameters as their evolution is very slow. The softness of the alloy
necessitated a final chemical polishing after a polishing under water
with sandpaper of grade 800 to obtain a plane surface. The chemi-
cal polishing was performed by 3-5 min in a solution of one-third

Table 1

Chemical composition of the used alloys measured by ICP-MS (Inductive Coupled Plasma-Mass Spectrometry) and ICP-AES (Inductive Coupled Plasma-Atomic Emission
Spectroscopy).

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 -
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hydrogen peroxide (30%) and two-third of acetic acid [12]. Chemical
polishing removed the strain hardened surface of the sample.

This chemical polishing was usually not sufficient to reveal the
sample microstructure properly. An etching of 10-30s was neces-
sary with a solution of ammonium molybdate (100 g) and citric acid
(250¢g)in 11of water [14]. After each polishing and etching, samples
were successively washed with alcohol and dried.

3. Results
3.1. Effect of quenching rate on electrical resistivity measurements

Samples obtained with different quenching rates (Fig. 2) were
followed up by electric resistivity measurements at a more ele-
vated temperature (80°C) in order to achieve the overageing in a
few weeks. Measurements presented on Fig. 3 show a nearly iden-
tical evolution of the electrical resistivity for quenching rates below
7°Cs~1. The resistivity was sensitive to the amount of calcium in
solid solution, so the range of variation of 4.4% certifies an identi-
cal supersaturation state after quenching. For the sample quenched
atarate of 1°Cs~1, the cooling is so slow that the first transforma-
tions were activated during its course. When the first measurement
was started, some lead matrix depletion in calcium had already
occurred. So the sample has no longer fully supersaturated in cal-
cium. At first sight, the resistivity curve for this sample seemed
only to move shifted to higher values. The resistivity evolution was
similar to one of the other samples but the second transformation
(“puzzling”) has an incubation time and a duration 50% longer than
for the higher quenching rates.

3.2. Effect of quenching rate on the hardness measurements

Fig. 4 represents the hardness after 2700 min (45 h) at 80°C of
samples quenched at different cooling rates. The hardness obtained
is very nearly the same (a slight decrease can be noticed) when
the quenching rate is below 7°Cs~!. For the quenching rates of 0.5
and 1°Cs~!, the hardness is lower by, respectively 2 HV/y1/5 and
5HV)g4s, confirming the apparent hardening delay noticed in the
resistivity measurements. The huge standard deviation (between 1
and 2 HV) of the hardness measurements is typical of lead-calcium
alloys properties and is due to the heterogeneity of the samples
caused by the discontinuous aspect of the two first transformations
(Figs. 1 and 5).
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Fig. 3. Evolution of the electrical resistance over the resistance at initial time
(oversaturated alloy) in isothermal in situ ageing at 80 °C for a Pb-0.08 wt.%Ca reho-
mogeneised 1.5 h at 310°C and quenched at different cooling rates.
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Fig.4. Hardness and standard deviation (mean of 30 measurements) after 2700 min
of ageing at 80°C for Pb-0.08 wt.%Ca alloys rehomogenised 1.5h at 310°C and
quenched at different quenching rates. The dashed line through the data points is
curve fits.

The previous results point out an evolution of the hardness level
for the quenching rate of several degrees per second. To clarify
this observation, microhardness filiations were performed in situ at
80°C. Fig. 5 presents the hardness evolution of samples quenched
at a fast rate (40°Cs~1) and a slow rate (0.5°Cs~1). For the lower
quenching rate, the first transformation (already achieved in the
first minute of ageing at 80°C, Fig. 5) arose the hardness only at
7HV)g45, thatis to say 3 HV g 15 less than for higher quenching rate.
The following transformations had only a minor effect on the hard-
ness increase, which gained only 2HV/q ;5. The range (maximum
value minus minimum value at an ageing time) of measurement
was only of 2HVg 35, that is to say four times lower than for the
more quickly quenched samples. The mechanical properties of the
grain size of the sample seemed to be far more homogeneous. It is
important to notice that the heterogeneity of hardness was due to
the incomplete aspect of the “puzzling” and was not related to the
solidification microstructure as has been proved with the study of
recrystallised samples [5].

3.3. Effect of quenching rate on the microstructure

The previous observations by electrical resistivity and hardness
measurements have been confirmed by metallographic observa-

+ cooling speed of 0.5°C/s

201 cooling speed of 40°C/s

Microhardness/HV g 4/

1 10 100 1000 10000

Time/ min

Fig. 5. Evolution of the microhardness measured in situ at 80 °C for Pb-0.08 wt.%Ca
alloys, quenched from the liquid phase state at rates of 0.5 and 40°Cs~"'. The curves
represent the hardness mean.
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Fig. 6. Metallographic observations after 2700 min of ageing at 80 °C for Pb-0.08%pdsCa alloys rehomogenised 1.5 h at 310 °C and cooled at different rates. Aged microstructure
is significantly thinner with the disappearance of the solidification microstructure for cooling rate under 1°Cs="'.

tions. Samples cooled at rates between 300 and 7°Cs~! were
partially affected by the “puzzling” and show similar microstruc-
tures (Fig. 6a-e). On these metallographic observations, it is clearly
possible to recognise the initial casting microstructure and the
newly formed boundaries (Fig. 6a-e). The sample obtained with
the lower quenching rate (1°Cs~!) showed a thinner ageing
microstructure. The microstructure was so affected by the “puz-
zling” that the casting microstructure was no longer observable
(Fig. 6f). In these conditions, the name “puzzling” used in published
research takes all its meaning. The slow cooling had favoured the

“puzzling” which was confirmed on the resistivity curves of Fig. 3
on which the variation amplitude corresponding to the “puzzling”
and the microprecipitation was 30% more important, attesting that
more calcium was consumed than for the high cooling rate.

This phenomenon can be explained by the fact that the first
discontinuous and complete transformation was so quick than it
had the time to be preformed during the cooling at temperatures
higher than room temperature. When the alloy pursued its cooling,
the supersaturation in calcium increased as the first transforma-
tion was already initiated or even finished. At the end of a slow
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Fig. 7. Continuous cooling temperature of the samples indicatively superposed on a
TTT diagram for the alloy Pb-0.08 wt.%Ca. The TTT diagram curves are fits obtained
by resistivity and hardness measurements performed in a subsequent in situ heat
treatments carried out in the temperature range —20 to 180°C on samples cooled in
liquid state at a minimum of 40 °Cs~! from 310 to —196°C.

Table 2
Evolution of the critical quenching rate with the calcium content.

Calcium content (wt ppm) Critical quenching rate (°Cs~!)

600 2
800 7
1000 10
1200 14

cooling, the second transformation (“puzzling”) showed an alloy
which had undergone the first transformation with a lower cal-
cium supersaturation. When the second transformation took place,
the supersaturation was higher and it had more energy (calcium in
solid solution) to develop and tended to be more complete (Fig. 6f).

4. Discussion

The critical parameter for the quench corresponded to the begin-
ning of the first discontinuous transformation. The cooling rate had
to be high enough to avoid any first transformation during the
quench.

The domain of transformation can be represented ver-
sus the temperature with TTT diagrams (Time-Temperature—
Transformations). Even if the TTT diagram of Fig. 7 [5] is not a CCT
(Continuous Cooling Transformation) diagram, the cooling curves
of the samples have been represented on it to allow a qualitative
interpretation. If the quenching rate were higher than a critical rate,
the sample would evolve always in the same way, following the five
transformations (Figs. 3 and 6a-e).

It is then possible to confirm qualitatively that, for a
Pb-0.08 wt.%Ca alloy, the critical rate was about 7°Cs~!. For a
slower cooling, the first discontinuous transformation began dur-
ing the quench. Kinetics of transformation of lead-calcium alloys is
known to be dependent on the calcium amount [2], so the critical
rate increases when the calcium decreases (Table 2). The design of
the CCT diagrams will be needed to determine the real value of the
critical cooling rate.

These results are coherent with those of Boulahrouf [12] which,
even if he has identified only one single hardening transformation
in lead-calcium alloys, have shown that transformation took place
during the quench for a Pb-0.125 wt.%Ca when the cooling rate was
under 1°Cs~1.In these conditions, he has shown that the hardening
effect was significantly lower.

5. Conclusion

This study has enabled us to define the effect of the process
parameters on the ageing of lead-calcium alloys. Quenching rate
has been shown to be the only significant parameter on ageing with
the determination of the critical cooling rate function of the calcium
content. Aged microstructures available in published research can
present different aspects. Sometimes the microstructure was fully
puzzled and sometimes the initial casting microstructure remained
clear (Fig. 6a-e and f). We know now that these microstructural
and mechanical differences among the authors were due to the use
of different cooling rates. If the quenching rate is over the critical
value, the first transformation will be avoided during the quench.
Whatever the values of cooling, if it is higher than the critical cooling
rate, the evolution (hardness, microstructure, etc.) will be the same.
With a cooling rate under the critical rate, the transformation of the
alloy took place during cooling, refining the ageing microstructure
and lowering the achieved hardness.

Complementary studies [5] have proved that, if the cooling rate
is not sufficient during the solidification of the alloy, that is to
say under the defined critical value (due to process impositions),
it is possible to perform a treatment of rehomogenisation close
to the peritectic point (for example 1h at 310°C) followed by a
quench. The evolution of the alloy (kinetics of transformation, hard-
ness, microstructure, etc.) will then be identical to that of samples
quenched from the liquid.
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