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Abstract: In this paper, we examine the effect of a small amount of Sn, Sr and Ca on the hardening
and the kinetic properties of Pb. Experimentally, we analyze the specific process from the structural
hardening evolution to equilibrium of PbCaSrSn alloy occurring in two steps. In the first one, a
discontinuous transformation hardening and a continuous precipitation take place. A lamellar dis-
continuous precipitation that occurs after aging, characterizes the second step. Theoretically, we
study the aging and overaging kinetics of the alloy by using the two complimentary methods needed
to calculate the apparent activation energies of the Pb0.058%Ca0.12%Sr1.09%Sn associated with the
various transformations, characterizing its hardening at 20 and 80 ◦C. We show that activation ener-
gies of aging and overaging of Pb0.058%Ca0.12%Sr1.09%Sn alloy are 25 and 28 kJ/mole, respectively,
which are four times lower than the self-diffusion energy of Pb. Moreover, the addition of Ca, Sr
and Sn leads to an amplification of the maximum hardness from 5 ± 5% HV to 21 ± 5% HV and an
acceleration of the transformation hardening process responsible for aging.

Keywords: aging; overaging transformation; hardening; apparent activation energies; PbCaSrSn
alloy; Johnson and Mehl and Burke’s methods

1. Introduction

Humanity’s energy consumption and the diversification of supply sources call for the
rapid development of materials by making them more efficient in terms of mechanical and
electrochemical properties. This is the case for the lead acid battery. The lead accumulator
is the oldest and most used accumulator for energy storage, which is a recyclable storage
medium characterized by low cost and with great maturity [1].

The two main elements of the accumulator are the metal grids and the active material
(sulphates and lead oxides). The grid plays the role of mechanical support and an electron
collector. The basic element of the acid battery grid is lead, which is very malleable and
lacks hardness. This is why researchers have undertaken studies on alloys with improved
mechanical properties. Research was then conducted on the creep resistance and corrosion
of lead alloy in a sulfuric acid medium [2–6].
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To improve the mechanical properties of the alloys one can use different methods of
hardening, namely hardening via solid solution, strain or precipitation (structural hardening).

The elastic limit is reached when the applied stress field causes the dislocations to move
irreversibly through the entire structure. If we want to increase this limit, we must make it
more difficult for the dislocations to move, either by creating obstacles to their movements
or by creating other dislocations. The following effects are deduced: (i) solid solution effect,
(ii) effect of grain boundaries, (iii) effect of dislocations (hardening throughwork hardening)
and (iv) effect of the precipitation of a second phase (structural hardening).

Precipitation is one of the best ways to increase the resistance of a material to plastic
deformation. Indeed, the presence of very fine particles distributed inside the crystals
leads to the formation of very effective obstacles to the movements of the dislocations. The
crossing of a “line” of precipitates via dislocation can only be achieved by bending the
dislocation between the particles.

Primary solid solutions are solutions that adjoin pure substances. They are of the same
structure as the corresponding pure body (for example, the primary solid solutions of lead
are face-centered cubic, like pure lead). This structure is very malleable, that is to say plastic.
To increase its level of mechanical resistance, it is necessary to introduce the defects of small
dimensions finely dispersed in this ductile phase. This can be achieved by precipitating a
highly dispersed second phase into the matrix phase. For this, it is necessary to exceed the
solubility limit of the solute in the lead matrix. This is the principle of structural hardening.
This last one is the most widespread method to improve the performance of lead-based
alloys systems, like Pb-Cd [7,8], Pb-Ca and Pb-Ca-Sn [9–13], Pb-Sr and Pb-Sr-Sn [14,15],
Pb-Te [16,17], Pb-Ca-Sr [18], Pb-Ca-Sr-Sn [19], Pb-Cd-Sr [20,21] and Pb-Cd-Sr-Sn [22].

Among these alloys, Pb-Ca-Sr-Sn has good mechanical properties [19]. The structural
hardening evolution to equilibrium of PbCaSrSn alloy occurs in two steps. At the first one,
a discontinuous transformation hardening and a continuous precipitation take place. A
lamellar discontinuous precipitation occurs after aging thus characterizing the second step.

To the best of our knowledge, the kinetics of aging and overaging of the PbCaSrSn
have not been carried out on previous theoretical and experimental. So, the main objective
of this paper is the study of aging and overaging kinetics using two complimentary meth-
ods, which are Johnson and Mehl and Burke’s method, needed to calculate the apparent
activation energies of the Pb0.058%Ca0.12%Sr1.09%Sn alloy associated with its aging and
overaging transformations at 20 and 80 ◦C.

In the first part, the alloy Pb0.058%Ca0.12%Sr1.09%Sn was prepared and the hard-
ness was measured. In the second part, the different transformations were investigated
using micrographic observation techniques. Then, the kinetics of aging and overaging
were studied and analyzed with the apparent activation energies associated with various
transformations. Finally, the relevant results were summarized in the conclusion.

2. Materials and Methods
2.1. Alloy Preparation

According to the composition diagram for the PbSr system, the eutectic has coordinates
324.5 ◦C and 0.42% Sr, and the maximum strontium solubility in the α-phase is 0.14% at
the same temperature [23]. For the case of the PbCa system, the eutectic coordinates are
328 ◦C and 0.8% Ca [24]. At room temperature, the solubility of Ca in the α-phase is
0.01%. As is known from the phase diagram of the SrCa system, no defined compound
can be formed. However, this diagram shows the presence of a total solid solution and an
allotropic at temperatures ranging from 443 to 547 ◦C [25]. The phase diagram of the PbSn
system [26] shows a wide range of solubility of tin in lead characterized by a eutectic level
at 183 ◦C, and the composition of the eutectic liquid was 18.3% by weight of tin and at 2%
Sn room temperature.
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The Pb0.058%Ca0.12%Sr1.09%Sn alloy was prepared from pure metals: lead (99.99%)
and tin (99.99%). The contributions of calcium and strontium were made, respectively, from
mother alloys composed of Pb0,135%Ca and Pb1%Sr. To study the structural integrity of the
gross casting alloys, elements were taken in appropriate proportions and then introduced
into bulb silica of 8 mm in diameter, sealed under high vacuum and the mixture was
brought to 500 ◦C. After fusion and complete cooling, the alloy and silica tube were soaked
with water. The samples were studied directly or preserved in liquid nitrogen. For re-
homogenization, the ingot was sawn into pieces, which were then polished via abrasion.
Samples were introduced into bulb silica sealed under secondary vacuum. Both bulb and
sample were maintained at a temperature of 280 ◦C for two hours (the estimated optimum
duration of rehomogenization) and then soaked with water.

2.2. Hardness-Microhardness

The hardness tests were performed using the Vickers method, using a durometer
Testwell under a load of 2 kgf. Each measurement represents the average of five maximum
footprints distributed over a section corresponding to a diametral plane or perpendicu-
lar plane to the axis of the cylindrical sample. Sections were obtained through sawing,
mechanical abrasion and then chemical polishing. It should be noted that the uncertainty
of our hardness measurements is estimated at approximately ±5% HV. It is important to
remember that empirical relation HV = 0.3 R (MPa) can be used to evaluate the tensile
strength (R) of these alloys.

The microhardness tests were used to compare the hardness of the transformed and
untransformed regions, provided that their surface was substantially greater than the
diameter of the footprint. We proceeded as follows: First, the sample was chemically
etched and polished several times to differentiate transformed regions from untransformed
ones. Then, the sample was attached to the sample holder using a special adhesive that
performed the operation in 10 s. Afterwards, we proceeded to the microhardness test. For
unprocessed regions, footprints were used away from the last position of the forehead
revealed during the last attack of the sample.

2.3. Micrographic Observation Techniques

Due to the mechanical preparation with an abrasive, a strain hardening on the surface
occurs by inducing deformations of the surface of the sample and consequently a modifi-
cation of the kinetic transformations, even inducing a recrystallization (Figures 1 and 2).
In Figure 2, the recrystallization shows a significant change in the kinetics of the trans-
formations. For this reason, ductility and quick transformations of lead alloys have been
taken into account by making some specific preparations (Schumacher and Bouton [27];
ASM, [28]; Mao el al. [29]; Scharfenberger et al. [30]; Borchers et al. [31]; Boulahrouf, [32];
Bouirden, [9]; Hilger and Boulahrouf [33]; Tsubakino [34–36]; Colmenero and Akune [37];
Rossi [38–40]):

(1) At room temperature, a chemical polishing was used for aging and overaging samples
whose evolutions are so slow;

(2) During the preparation of freshly quenched samples, we used an electrochemical
polishing at low temperature to avoid transformations
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Figure 2. The quenching structure of the as-cast Pb0.058%Ca0.12%Sr1.09Sn alloy.

2.3.1. The Chemical Polishing

The procedure of chemical polishing consisted of prepolishing under water with
sandpaper of grade 80 and further grade 800 to give a planed surface. The samples
were not embedded to avoid the heating of resin hardening and to ensure good chemical
polishing. The preparation was followed by chemical polishing of 3–5 min in a solution
of 1/4 hydrogen peroxide H2O2 (30%) and 3/4 glacial acetic acid. Chemical polishing
removed the strain-hardened surface of the sample but had the drawback of leaving a slight
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raised pattern on the surface. This chemical polishing was usually not sufficient to properly
reveal the sample microstructure. An etching of 10–30 s had to be added with a solution of
ammonium molybdate (100 g) and citric acid (250 g) in 1 L of water (chemical attacks) [33].
After each polishing and etching step, samples were successively washed with water and
alcohol and dried. An etching treatment that was too long (more than 1 min) makes the
aging structure disappear by revealing too much of the casting structure.

2.3.2. The Electrochemical Polishing

For freshly quenched samples, the transformations started in the first few seconds
at room temperature with the displacement of discontinuous fronts of transformation.
Only a preparation at low temperature enabled us to block the microstructure evolution
during the preparation until metallographic observation. In practice, at temperatures of
–50 ◦C, the rates of the transformations were low enough to not significantly affect the
microstructure throughout the metallographic preparation. The need to keep the sample at
low temperature and its softness made for the preparation of the electrochemical polishing
at cold temperature, one of the best techniques to prepare fresh samples. The polishing
was performed at –50 ◦C and was followed by etching. This technique was widely used by
Hilger and Boulahrouf [33] as well as Boulahrouf [32] and Bouirden, [9]. The polishing cell
was made up of a cup of 100 mm in diameter with the sample as an anode in the middle
and a sheet of stainless steel as a cathode. The electrolyte was composed of five percent
of perchloric acid diluted in ethanol and was maintained at –50 ◦C in an alcohol bath. A
voltage of 30 to 40 V and a current density of 0.3 to 0.6 A cm−2 were used for polishing.
Under these conditions, a polishing of 45 min removed 0.1 mm of material and made the
stripes of the initial mechanical polishing completely disappear and produced a planed
and shiny surface. During polishing, the electrolyte was stirred by a helix to avoid local
heating of the sample.

3. Results
3.1. Study of Hardness

We start our study with the hardness evolution of the Pb0.058%Ca0.12%Sr1.09%Sn
as-cast alloy as a function of time during an isothermal hold at 20 and 80 ◦C [21], as shown
in Figure 1. The initial hardness was about 9 ± 5% HV; this value is higher than that of pure
lead (~5 ± 5% HV) [33,41]. At 20 ◦C after quenching, we did not notice any variation in
hardness during the first 10 h. After this incubation period, the alloy then began to harden
so that the hardness then peaked at approximately 20 ± 5% HV after a month and a half of
maintenance at 20 ◦C. Beyond 4 months, the hardness began to decrease to reach 18 ± 5%
HV after a year and a half of maintenance at this temperature. This softening was caused
by the overaging of this alloy.

At 80 ◦C, the kinetics of transformation are faster, and the maximum hardness obtained
is of about 21 ± 5% HV. Beyond 24 h, overaging occurs, and the hardness decreases
significantly to a peak of 16 ± 5% HV after 2 months.

3.2. Kinetic Study of Aging Reaction

The optical microscopy observations using an OLYMPUS BH2 UMA type optical micro-
scope of the quenching structure of the Pb0.058%Ca0.12%Sr1.09%Sn alloy as-cast shows a
solidification structure, which is manifested by the appearance of a foundry dendritic struc-
ture with strong segregation at the grain boundaries at the time of solidification (Figure 2).

The optical microscope was used to follow the quenched structure evolution of the
Pb0.058%Ca0.12%Sr1.09%Sn as-cast alloy (see Figure 3). As shown in Figure 3a,b, at the
beginning of the alloy’s aging, we observed that the supersaturated matrix was not homo-
geneous, which can be explained by the movement of grain boundaries that characterizes
the discontinuous transformation of aging (Figure 3b).
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Figure 3. (a) Structure evolution at 80 ◦C of Pb0.058%Ca0.12%Sr1.09%Sn after quenching; grain
boundaries movement are observed after successive chemical attack 40 and 60 min after quenching.
(b) Aging after 7 days of quench at 20 ◦C of Pb0.058%Ca0.12%Sr1.09%Sn; visualization of the
discontinuous transformation. (c) Visualization of footprints of microhardness performed on the
crude casting Pb0.058%Ca0.12%Sr1.09%Sn alloy. Aged for 50 min at 80 ◦C.

Figure 3a shows the displacement of the fronts of transformation, observed by using
the HILGER technique [33], of the alloy Pb0.058%Ca0.12%Sr1.09%Sn maintained at 80 ◦C,
after successive attacks for 40 and 60 min after quenching.
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In addition, microscopic observations and testing of microhardness are consistent with
hardness measurements (Figure 1). Aging is ensured by a discontinuous transformation.
Microhardness testing performed on this alloy in areas transformed by the discontinuous
transformation and those not transformed show that they are less hardened, about 6.3 ± 5%
HV (Figure 3c).

Decomposition of the supersaturated matrix through heating is complex. For each
transformation, we assumed that the transformed volume can be represented by a math-
ematical law and that the isothermal kinetics are independent. Many reactions obey
the relationship:

V =
dx
dt

= nkntn−1(1 − x) (1)

This reduces to the Johnson–Mehl law [42,43]:

x = 1 − exp−(kt)n (2)

where x = volume transformed in time t.
Considering the experimental curves HV = f (t), for the first discontinuous transforma-

tion we can write:

x =
HV(t)− HV(0)

HV(∞)− HV(0)
(3)

where HV(0), HV(t) and HV(∞) =HV(f ) are the original, current and final hardness val-
ues, respectively.

From Figure 1, it can be observed that the values of the original and final hardness
are HV(0) = 9.7 ± 5% HV and HV(f )= HVmax = 20.96 ± 5% HV, respectively, via the
aging reaction.

Figure 4 represents the variation in Log(−Log(1−x)) as a function of Log(t−τ), where
τ represents the start times of the transformation. From Figure 1, it can be noted that τ
corresponds to 84 and 18 min for 20 and 80 ◦C, respectively.
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Figure 4 shows that the points form straight lines and the progress of this reaction is
in conformity with the Johnson–Mehl–Avrami Equations (4) and (5) [42,43]:

Log(−Log(1 − x)) = n.Log(K) + nLog(t) (4)

K = K0 exp
(
− Q

RT

)
(5)
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Through Equation (4) from Johnson and Mehl, the exponents n and K coefficients for
the two lines shown in Figure 4 were calculated and given in Table 1.

Table 1. Johnson–Mehl–Avrami coefficients at 20 and 80 ◦C during aging of
Pb0.058%Ca0.12%Sr1.09%Sn.

Temperature (◦C) n K (s−1)

20 ◦C 0.73 4.29 × 10−7

80 ◦C 0.80 2.71 × 10−5

It is assumed that coefficient k varies according to the Arrhenius law of Equations (6)
and (7):

K1 = K0 exp
(
− Q

RT1

)
(6)

K2 = K0 exp
(
− Q

RT2

)
(7)

From two values of this coefficient regarding temperatures of 20 and 80 ◦C as summa-
rized in Table 1, characterizing the kinetics of the transformation during aging in the case
of the crude casting alloy Pb0.058%Ca0.12%Sr1.09%Sn quenched with water, Equation (8)
was used to obtain an apparent activation energy Q associated with this reaction, which is
close to 25.81 kJ/mol.

Log
(

K1

K2

)
= −Q

R

(
1
T1

− 1
T2

)
(8)

Subsequently, Burke’s method was used to verify whether the activation energy
depended or not on the degree of advancement x [42]. The principle of this method is to
measure the time tx for different precipitation rates x and then to plot the curves Log(tx) as
a function of 1000/T as shown in Figure 5. The slopes of these lines are roughly parallel
for the different values of x and gives an apparent activation energy Q, whose values are
reported in Table 2. The obtained results are in good agreement with the obtained value
25.81 kJ/mol of the activation energy given by Equation (8) for Burke’s method [42].
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Table 2. The apparent activation energy Q of Pb0.058%Ca0.12%Sr1.09%Sn quenched as-cast alloy for
different degrees of advancement characterizing aging.

x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Q(kJ/mol) 23.52 23.81 23.95 24.8 24.67 24.67 24.96 25.24 25.51

This activation energy of the softening reaction is about four times lower than the
self-diffusion energy of lead, which is around 104.6 KJ/mol [44]. Those values show the
ease of having the hardening discontinuous transformation in Pb0.058%Ca0.12%Sr1.09%Sn.

In other words, the addition of Ca, Sr and Sn amplifies the hardness from 5 ± 5% HV
to 21 ± 5% HV and accelerates the transformation hardening process responsible for aging.

3.3. Kinetic Study of Overaging Reaction

After the aging of the as-cast Pb0.058%Ca0.12%Sr1.09%Sn, overaging occurs as shown
in Figure 1, since the hardness decreases from 20.96% to 16.41 ± 5% HV. The metallographic
observations using scanning electron microscopy after aging for 9 months at 20 ◦C (Figure 6)
show that the matrix is the site of lamellar precipitation, which starts at the grain boundaries.
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Figure 6. Scanning electron microscopy of alloy Pb0.058%Ca0.12%Sr1.09%Sn microstructure after
aging at 20 ◦C temperature for 9 months at different magnifications (a) at 400 µm; (b) at 10 µm.
(c) lamellar texture located near grain boundary.
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Microhardness testing (Figure 7) performed on this alloy in areas transformed by
the precipitates lamellars (about 13% ± 5% HV) and those non-transformed show that
they are more hardened (about 18% ± 5% HV) and confirm that they are the seat of the
continuous reaction.
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Figure 7. Visualization of the microhardness impressions performed on the Pb0.058%Ca0.12%Sr1.09%Sn
alloy. Aged 70 days at 80 ◦C.

The analyses carried out via EDAX on precipitates lamellars characterizing overaging
show that these precipitates are due to the simultaneous presence of Pb, Sr and Sn (not
traces of calcium), which shows that calcium segregates in the center while strontium and
tin segregate at the grain boundaries in accordance with the work of RAND 2002 [45] in the
case of PbCaSn alloys (see Figure 8).
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Once the origin of the overaging step was established, we studied the degree of
advancement of this reaction. The calculation of the degree of advancement (x) of discontin-
uous lamellar precipitation of overaging softening can be obtained by replacing the values
of original HV(0) = 20.96 ± 5% HV and final hardness HV(f) = HVmin = 16.41 ± 5% HV
(Figure 1) in Equation (3).

By using the obtained values of x, we can plot the variation in Log(−Log(1−x)) as a
function of Log(t−τ) in Figure 9, where τ is 172933 min and 1507 min, representing the
start times of the over aging transformation for temperatures 20 and 80 ◦C (Figure 1),
respectively. Figure 9 shows that for each temperature, the points are placed on straight
lines, which is in conformity with the Johnson–Mehl–Avrami equation.
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Figure 9. Log(−Log(1−x)) as a function of Log(t−τ) relative to the overaging transformation of
Pb0.058%Ca0.12%Sr1.09%Sn as-cast alloy studied through isothermal hardness variations.

Table 3 provides the values of the exponent n calculated from the slopes of the straight
lines shown in Figure 9 and the rate constants K for different temperatures. The value of n
is close to 0.38 for both temperatures, 20 and 80 ◦C. According to the calculation method
represented by Equation (8), it can be said that the alloy transformations require a value of
28.59 kJ/mol, which is the apparent activation energy of the overaging transformation.

Table 3. Coefficients of the equation of Johnson–Mehl–Avrami at different temperatures during
overaging of the as-cast crude casting alloy of Pb0.058%Ca0.12%Sr1.09%Sn.

Temperature (◦C) n K (s−1)

20 ◦C 0.37 1.33 × 10−9

80 ◦C 0.38 1.31 × 10−7

To ensure this result, we used the Burke method. For that, Figure 10 shows the Log(tx)
variation for different degrees of advancement values (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8 and 0.9) as a function of 1000/T. The straights are almost parallel, which gives almost
constant energies as shown in Table 4 (≈28 kJ/mol).
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Figure 10. Variation in Log(tx) as function of 1000/T relative to the overaging transformation of
Pb0.058%Ca0.12%Sr1.09%Sn as-cast alloy.

Table 4. The apparent activation energies of overaging transformation of Pb0.058%Ca0.12%Sr1.09%Sn
quenched as-cast alloy for different advancement degrees x.

x 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Q (kJ/mol) 28.11 27.97 28.12 28.40 28.40 28.11 28.12 27.83 28.54

4. Conclusions

The as-cast sample of the Pb0.058%Ca0.12%Sr1.09%Sn alloy presents a dendritic sub-
structure with segregation in the sub-boundaries at the time of solidification.

The aging mechanism of Pb0.058%Ca0.12%Sr1.09%Sn supersaturated alloys proceeds
via a discontinuous reaction and was detected vis hardness measurement and optical
microscopy. After aging, overaging occurs, characterized by a drop in hardness. It is ob-
servable through electron microscopy that it corresponds to a discontinuous transformation
of reprecipitation of a lamellar phase located near grain boundaries. Qualitative microanal-
yses through EDAX on several lamellar precipitates show the simultaneous presence of
lead, strontium and tin. All the mechanisms are thermally activated.

The activation energies of strengthening (aging) and weakening (overaging) of alloy
Pb0.058%Ca0.12%Sr1.09%Sn are 25 and 28 kJ/mole, respectively. By comparing those
values with lead auto-diffusion, which is 104 kJ/mol, it can be said that the reactions are
isokinetic and the addition of Ca, Sr and Sn amplifies the hardness from 5 ± 5% HV to
21 ± 5% HV and accelerates the transformation hardening process responsible for aging.
In the case of overaging transformation, there is the formation of precipitates enriched in
strontium and tin near to the grain boundary, which must be taken into account during the
analysis of the battery condition.
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