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Abstract 

New crystallographic data prove that CaPb, and Sn,Ca-Lla compounds belong to the same 
single-phase Ca(Pb, Sn), domain in the ternary Pb-Sn-Ca equilibrium phase diagram. A 
tentative calculation of this diagram shows that about 2 wt.% Sn, introduced in the cu-Pb 
matrix, allows a decrease in the solubility of Ca at 400 K from lo-’ to lo-’ wt.%. 
Simultaneously, the LIZ compound, in equilibrium with the a-Pb matrix, crosses very rapidly 
the x, =0.25 line, continuously from the Pb-Ca border to near the Sn-Ca border, when 
increasing the Sn content in the (I matrix from zero to 8 wt.% Sn at 400 K. A very large 
triangle formed by the three phases a-Pb (8 wt.% Sn), &Sn (1.7 wt.% Pb), CauPbSSnrL1, 
appears in this diagram at 400 K. This triangle provides a ternary eutectic, calculated at 
424 K. This calculation brings to light some reasons for the process transition for the 
hardening of Pb-Ca grid-battery alloys, from discontinuous to continuous, when increasing 
the tin content. 

Literature surview of Pb-Ca and Pb-Sn-Ca age hardening 

Lead hardening by calcium is a very complicated phenomenon. A very small 
amount of Ca in a binary Pb-Ca matrix, (e.g., 0.06 wt.% Ca) is sufficient to obtain, 
after a rapid cooling of the alloy, an oversaturated matrix, suitable for rapid age 
hardening at room temperature. The hardening process of binary Pb-Ca alloys belongs 
to the so-called discontinuous reaction. This is linked to the rapid scanning of each 
grain, over time, by two successive reaction fronts that move with a very low activation 
energy (of about 11 to 20 kJ/mol [l, 21 for the first stage). By contrast, the hardening 
process of the ternary Pb-Sn-Ca alloys, with a weight ratio ws&vc,r9, belongs to 
the more classical continuous structural hardening by bulk precipitation of a LIZ phase, 
finely dispersed in the matrix. Technologically, the discrepancy between the binary 
Pb-Ca and ternary Pb-Sn-Ca behaviour can be used to choose either a fast hardening 
process (with low Sn content) or a delayed hardening process (with high Sn level). 
A two-fold hardening, in two separate stages, can also be obtained by using an 
intermediate Sn/Ca ratio. This fact is well known in the community of lead and battery 
producers. But, up to now, the scientific reasons for such a modification of the age 
hardening, by Sn, has been largely ignored. 

Scharfenberger and Henkel [3] have described the hardening process of binary 
Pb-Ca alloys containing up to 0.08 wt.% Ca in terms of two stages, and have attributed 
the hardening to an unobserved hypothetical coherent precipitation of a dispersed 
CaPbs-LIZ phase. Borchers and Assmann [4] have shown that ‘the discontinuous 
precipitated coherent CaPbs phase of the binary system changes by increasing Sn 
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addition into a more Sn-rich Ca(Pb, Sn), phase which also precipitates homogeneously’. 
We have claimed [5] that the high electronic microscopy resolution does not confirm 
any precipitation in binary Pb-Ca alloys, after the two rapid stages hardening, but 
only the organization of the whole matrix in small (about 10 nm wide) domains. Very 
recently, Tsubakino et al. [6] published a new transmission electron microscopy (TPM) 
study of the age-hardening process in the Pb-O.O8wt.%Ca alloy. Their observations 
lead to the same conclusion as our preceding publication [5], that no precipitation 
occurs during the rapid age hardening of the binary Pb-Ca alloys. From resistivity 
measurements, the same authors have determined a Tc line in the cy+ CaPb3 equilibrium 
domain. Below the Tc line, the discontinuous process is active. We consider this line 
as a spinodal border line. Above the Tc line, only the continuous precipitation of 
CaPbs-Liz is observed. 

Hilger et al. [7] provided an optical microscopic method to follow the front of 
the two first discontinuous reactions by using polishing at -50 “C and chemical attack 
at 20 “C after repeated isochronal hardening at room temperature. By this method, 
they have measured [l, 23 the mean rate of the moving of these reaction fronts at 
room temperature: about 3 to 10 pm min -’ for the first epitaxic rectilinear front and 
about 1 pm min-’ for the second reaction that provides the puzzle aspect of the 
grain boundaries. These two reactions do not imply any precipitation. The activation 
energy of the first hardening process was measured between 20 and 70 “C and the 
result was of the order of 11 to 20 kJ mol-‘; this is very small in comparison with 
the autodifision activation energy for Pb, i.e., about 104 kJ mol-‘. 

Adeva et al. [8] have investigated, by X-ray diffraction (XRD), the Pb-rich comer 
of the Pb-Sn-Ca phase diagram up to 0.2 wt.% Ca and 3.0 wt.% Sn. Their method 
consisted of measuring the lattice parameter of the cY-Pb-face-centred cubic (f.c.c.) 
matrix. The quantity of any other phase in equilibrium was too small to be analysed 
by XRD. The conclusion of this work (Fig. 1) was that three phases can be present, 
simultaneously, to provide a constant lattice parameter of the LY matrix. The other 
two are not clearly identified, but the authors suggested, without any real proof, that 
these two phases could be CaPb3 and CaSn3 and were present simultaneously. 
Prengaman [9] also described the Pb-rich corner of the ternary Pb-Sn-Ca phase 

Fig. 1. Isothermal cut of the Pb-Sn-Ca phase diagram at room temperature in the area surrounding 
the a-Pb matrix, taken from Adeva et al. [8]. 
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Fig. 2. A schematic isothermal cut, at room temperature, of the Pb-Sn-Ca phase diagram near 
the a-Ph matrix, according to the predictions of Prengaman [9]. 

diagram (Fig. 2) as a three-phase domain, connected with the a+CaPb3 border. In 
this opinion, the new phase in the triangle could be Ca(Pb, Sn),. 

Crystallographic and differential thermal aoalysis studies 

In our opinion, CaPb, and CaSn, belong to the same single-phase domain in the 
equilibrium phase-diagram and, for this reason, we decided to reinvestigate the 
crystallography of the xca= 0.25 at.% line in the ternary diagram. The aim of this 
work was to establish whether there is oniy_one Liz phase, starting from CaPb3 up 
to CaSn3, that follows every Ca(Pb, Sn), composition. 

Eleven Ca(Pb, Sn), mixtures were elaborated in an iron crucible and sealed under 
argon in a glove-box. The following Sn/Pb m&e ratios were chosen: O/10, l/9, 2/8, 
3/i’, 416, 515, 614, 713, 812, 911, 1010. The alloys were melted at 876 “C under purified 
argon. After low-rate cooling, each sample was separated into three parts. 

The first part was powdered under purified argon and sealed in a glass capillary 
tube for XRD analysis. These precautions are needed because of the high reactivity 
of the Liz phase with air, when powdered [lo]. Diamond powder was mixed in the 
capillary tube to calibrate the X-ray lattice parameters. The second part of the sample 
was analysed between! 20 and 900 “C under argon in a differential thermal- analytir 
(DTA method.) The third part was devoted to microprobe analysis. 

The results obtained with the three methods are consistent with the sole conclusion 
that C!aPb3 and CaSn3 form a continuous line of homogeneous solution in’the ter-hary 
phase diagram from one binary border up to the second one. The following observations 
were made. 

(i) Microprobe analyses of the samples are only semiquantitative blcause of the 
rapid decomposition of the Liz compound during polishing of the samples. Nevertheless, 
Table 1 indicates that the Ca mole fraction is not too far from 25 mol% and that 
the xsnl&, ratio varies continuously. 

(ii) In spite of the fact that all the DTA curves were not completely successful, 
because of the high reactivity of the Liz phase with traces of oxygen, the measuied 
liquidus points seem to follow a continuous curve with a minimum in the middle 
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TABLE 1 

Semiquantitative electron microprobe analysis of samples (mean values) 

xSn/xm goal 0 0.11 0.25 0.43 1 1.5 2.33 9 m 

~sJ..r.~ measured 0 0.25 0.30 0.53 2.5 2 1.18 14 x, measured 0.23 0.24 0.21 0.21 0.32 0.20 0.07 0.17 GO 
(goal =0.25) 

TABLE 2 

Semiquantitative liquidus line of Liz Ca(Pb, Sn), phase versus composition obtained by DTA 
and eutectic points 

%hPb o/10 l/9 2/g 3n 614 7l3 S/2 9/l m 

XX” 0 0.075 0.15 0.225 0.45 0.525 0.60 0.675 0.75 
*Pb 0.75 0.675 0.60 0.525 0.30 0.225 0.15 0.075 0 

Liquidus 6 “C 647 625 625 614 607 615 627 

Eutectic 0 “C 328 308 315 304 177 176 176 177 220 
ternary eutectic 

, _ , :=-? -.:.-.A...-_--5: -____; _z-_ 

Samnle 
XSnlxP _ ._. 

‘r-- 

‘_. .; 
607 “C 177 “C 

.._ ._... 
170 “C 565 “C 

Fig. 3. Second heating/cooling DTA/x curve with xs,,/xrb= 6/4, Ll, sample. The liquidus line is 
observed at 607 “C. Due to loss of calcium, a small eutectic peak is observed at 177 “C on 
heating. This corresponds to the ternary eutectic invariant. The peak is absent on the first 
heating curve. 

region of the xc.=0.2S plane, see Table 2. Some eutectic points were also detected 
(Figs. 3 and 4) in the first or second heating (after a Ca loss). 

The values proposed in Table 2 cannot be considered as quantitative determinations 
of the liquidus temperatures, but indicate the direction of the slope. Only the first 
and last values have been well established by Bouirden [lo]. 

(iii) The more significant proof of the continuity of the Ca(Pb, Sn), phase was 
provided by the XRD analysis of its cubic-lattice parameter. Table 3 gives the measured 
values: a loss of Ca is always observed during the synthesis process. For this reason, 
one or two other phases are simultaneously preseut in the XRD pattern, together 
with the main Liz phase. Table 3 shows the subsidiary phases that were observed 
with each sample. It appears that only pure Pb* with a constant parameter of 
0.4955 & 0.005 nm is detected for_+&, zz 8/2. This fact is consistent with the isothermal 
cut of the phase diagram at low temperature (see, for example, the 400 K cut on 
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Fig. 4. First heating/cooling DTA/x curve with xsn/xrt,= 2/8, Llr sample. The liquidus line is 
observed at 625 “C. The eutectic valley (Ll,+Pb +liquid) is also detected at 308 “C on heating, 
linked to a loss of Ca. 

TABLE 3 

Lattice parameter of the Ca(Pb, Sn)s-Llr phase vs. composition 

XSnjxPb O/IO l/9 218 3l7 416 515 614 7/3 8l2 9/l 10/o 
XF% 0.75 0.675 0.60 0.525 0.45 0.375 0.30 0.225 0.15 0.075 0 
XS” 0 0.075 0.15 0.225 0.30 0.375 0.45 0.525 0.60 0.675 0.75 
u(nm) 0.4916 0.4890 0.4880 0.4844 0.4826 0.4804 0.4803 0.4789 0.4765 0.4763 0.4745 

f 0.001 
Subsidiary Pb* Pb* Pb* Pb* Pb* Pb* Pb* Pb* Pb* Pb* Sn* 

phases +Sn*? +Sn* 

*Pure component. 
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Fig. 5. Variation of cubic lattice parameter of Ca(Pb, Sn)s-Ll, phase vs. Sn content. Experimental 
uncertainty is of the order of f0.001 nm. 

Fig. 9). Only when xsnlxrr,= 9/l and = 00, is pure Sn* present on the X-ray pattern. 
Perhaps, some traces are also present for xsn/xpb= 8/2. 

Figure 5 shows that the variation of the lattice parameter in the Llr phase can 
be fitted by a rectilinear curve versus x sn or xr.,, with the following equations: 

a = (0.4736 + 0.02Zkr.rJ k 0.001 nm 
a = (0.4905 -0.0225x,,) * 0.001 nm 
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Recently, Tsubakino et al. [ll] observed, by TEM, the precipitates in a ternary 
alloy Pb-O.O4wt.%Ca-1.2wt.%Sn. By microdiffraction, they measured a lattice parameter 
of 0.485 & 0.02 nm for the precipitates. According to our XRD measurements, the Sn 
content of such precipitates cannot be readily evaluated with such uncertainty. Never- 
theless, by TEM-EDS (energy dispersion spectroscopy) the above authors proved that 
precipitates were ternary ones. 

Tentative thermodynamic calculation of the ternary Ph-Sn-Ca phase diagram for 
Xca IO.25 

Using the Thermo-talc poly-3 program [12], we optimized a phase diagram in 
the ternary Pb-Sn-Ca system for x, 5 0.25. The Pb-Sn binary system was well assessed 
in the Thermo-talc data bank. For the binary Pb-Ca system, we used our previous 
assessment and calculation of the Pb-Ca system [13]. The mixing enthalpies of liquid 
Pb-Ca and Sn-Ca phases have been measured by Bouirden [lo], who also determined 
the enthalpies of formation and the enthalpies and temperatures of melting of the 
CaPb3 and CaSn,-Ll, compounds. The excess Gibbs energy of the liquid Pb-Ca and 
Sn-Ca phases was provided by Delcet et al. 1141. Nouri et al. [15] also measured the 
excess Gibbs energy for the same binaries, and obtained a good consistency with the 
previous work by Delcet et al. [14]. The solubility of Ca in the cu-f.c.c. Pb-Ca matrix 
was taken in the compilation of Hansen and Anderko [16]. Unfortunately, there is 
no thermodynamic knowledge of the mixing functions between CaPb3 and CaSn3 in 
the Ca(Pb, Sn)rL1l solution. Thus, an ideal model was adopted. 

A Redlich-Kister-Muggianu estimation of the Gibbs energy for the ternary liquid 
phase was used. Such a calculation allows a semiquantitative ternary equilibrium diagram 
to be obtained. 

Discussion of calculated phase diagram 

At first, it must be emphasized that the results are still only qualitative. The ideal 
assumption used for the L12 mixing functions provides important quantitative dis- 
crepancies with the DTA experiments described here. For example, Fig. 6 compares 
the calculated liquidus line of the Liz phase with the measured values (Table 2). It 
appears that the calculated liquidus surface exhibits an excessively deep basin in the 
xc. =0.25 cut, by comparison with DTA. 

The three eutectic valleys - (liquid + LIZ + cy-Pb) (liquid + LIZ + /3-Sn) (liquid + 
ry-Pb + /3-Sn) - are convergent in a ternary eutectic equilibrium calculated at 424 K 
(151 “C) and observed at 176 “C (Table 2). Figure 7 gives the calculated projection 
of the three valleys, together with the eutectic ternary triangle. The isothermal cut 
of the ternary phase diagram at 400 K (Fig. 8) shows that the cr-Pb matrix draws a 
curved boundary with the cu+Ll, domain, and that about 2 wt.% Sn in the CY matrix 
is sufficient to decrease the solubility of Ca from lo-* to lo-’ wt.%. Simultaneously, 
when increasing the Sn content, the cu+LIZ tie line crosses very rapidly the Liz solid 
liqe from the CaPb3 border to near the CaSn3 border (Fig. 9). Figure 10 shows the 
calculated Pb ratio in the Pb-Sn sublattice of the Ca(Pb, Sn)3-L12 compound as 
calculated for x c,=O.O6 wt.%, versus the Sn content of the alloy. A very large three- 
phase triangle is present in this isothermal cut (400 K, Fig. 9) and has the following 
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Fig. 7. Projection of the eutectic valleys abstracted from a Thermo-talc: .calculation, overcharged 
by many metastable lines. Note the ternary eutectic invariant. 

corner phases: cy-f.c.c.Pb with 8 wt.% Sn solubility; @b.c.t.Sn with 1.7 wt.% Pb solubility; 
CazsPb5Sn,(rLlz solid solution (mol%). This triangle is not the three-phase domain 
detected by Adeva et al. [8] at low temperature. Indeed, the present results differ 
from those of Adeva by the fact that increasing the Sn content in the triangle domain 
does not cross a biphase boundary at low temperature, but only near the Sn-Ca border. 
Increasing the temperature in the triangle domain provides the ,eutectic,, invari- 
ant calculated at 424 K (or 151 “C) and measured at 176 “C (Figs. 6 and 7 and 
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Fig. 8. 127 “c/400 K isothermal cut of Pb-Sn-Ca phase diagram, near the pure-lead comer. 
Solvus line of o-Pb matrix in equilibrium with Ca(Pb, Sn)rLl, phase. Solubility of Ca in the 
a matrix decreases strongly from lo-* to lo-’ wt.% when adding 2 wt.% Sn. 

0 0.2 0.4 0.6 0.0 1.0 

MOLE_FRRCTION Sn 

Fig. 9. 127 “C/4f!IJ K isothermal cut of Pb-Sn-Ca phase diagram for xti ~~0.25. Note the a-Ll, 
tie lines crossing the Llr plane from CarsPb,s to CauPb5Snm (in mol%). A large three-phase 
triangle exhibits an equilibrium between Pb (16 mol% Sn), Sn (3.4 mol% Pb) and CauPb5Sn70-Llz 
phase (at 400 K). 
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Fig. 10. Calculated Y=x~&~+x~~) ratio vs. Sn mass fraction at 127 “C/400 K in the (Pb, Sn) 
sublattice of the LIZ phase. The mass fraction of Ca is maintained constant and equal to 
w,%=O.O6. For wsn increasing from 0 to l%, the Liz phase composition varies from CauPby5 
to CauPb5Sn,,. 

Table 2). Figure 11 shows the isothermal cut of the diagram at 575 K (or 302 “C). 
Above 176 “C, the three-phase triangle observed by Adeva et al. could be the Ll,+ 
a-Pb + liquid equilibrium. 

Discussion of hardening process 

According to our calculation the equilibrium solubility of Ca in the a-Pb matrix 
strongly decreases when increasing the Sn content and when decreasing the temperature. 
Figures 8 and 12 give the a matrix solvus line calculated at 127 “C (400 K) and 
302 “C (575 K). The solubility of Ca is ten times less at 127 “C than at 302 “C, and 
provides the oversaturated matrix during the quenching process. The 300 “C temperature 
is often used as rehomogenization treatment before quenching the (Y phase. It can 
be observed in Fig. 12 that the two alloys B: Pb-O.6wt.%Sn-O.llwt.%Ca and C: 
Pb-O.6wt.%Sn-O.O6wt.%Ca are on the same a+Llz tie line and provide the same 
(M) (Y matrix during rehomogenization at 300 “C!. For this reason, these two alloys 
have to exhibit about the same hardening process during the ageing period after 
rehomogenization at 300 “C. This is quite true, according to the results of Bouirden 
[lo], as shown in Fig. 13. 

For rehomogenized alloys, the Sn/Ca significant ratio is the ratio of the solvus 
line and not the absolute ratio of the composition. According to many of Bouirden’s 
[lo] results for the rehomogenized alloys, the threshold composition between discon- 
tinuous and continuous hardening process can be fixed on the solvus line at about 
0.5 wt.% Sn and 0.037 wt.% Ca, point r in Fig. 11. In the industrial alloys, the Ca 
and Sn contents are generally higher than the maximum solubility in the (Y matrix at 
300 “C. With the as-cast products, a part of discontinuous process is always observed. 
This disappears in the rehomogenized alloys (see Fig. 13). 

A spinodal-like rapid hardening by the discontinuous reaction is observed with 
the Ca-rich a matrix. This corresponds to the upper part of the solvus line (above 
point I’, Fig. 11). By contrast, when increasing the Sn content above 0.4 wt.%, the 
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Fig. 11. Calculated 302 “C/575 K isothermal cut of the Pb-Sn-Ca phase diagram, near the pure 
Pb comer. Note the solvus line of the cy-Pb matrix in equilibrium with Lll phase. Alloys B: 
Pb-O.6wt.%Sn-O.llwt.%Ca and C: Pb-O.6wt.%Sn-O.O6wt.%Ca are on the same tie line corre- 
sponding to the same (M) (Y matrix. After rehomogenization (near 300 “C), these two alloys 
have the same oversaturated matrix and present quite similar hardening processes at room 
temperature (see B and C curve in Fig. 13). The threshold between discontinuous and continuous 
hardening of the LY matrix can be fbted on the solvus line at the r point. 

MOLE FRACTION Sn 

Fig. 12. 302 “C/S75 K isothermal cut of the Pb-Sn-Ca phase diagram for x,50.25 mot%, 
abstracted from an overcharged Thermo-cak diagram. 
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Fig. 13. Hardening curves, at room temperature, of B and C alloys described in Fig. 11. After 
rehomogenization treatment at 300 “C, these two alloys have the same a-Pb matrix. The two 
hardening curves look very similar: continuous hardening after an incubation period of 7 days. 
The richest Ca alloy (B) also shows a slight tendency for rapid discontinuous hardening. This 
tendency is greatly increased with the as-cast structure (curve A). Composition A: 
Pb-O.6wt.%Sn-O.O6wt.%Ca, and B: Pb-O.6wt.%Sn-O.llwt.%Ca. 

continuous bulk precipitation of the CauPb5Sn70-L12 compound is observed. This is 
linked to the fact that the a matrix cannot dissolve the Ca. In any case, the Llr 
precipitation hardening is much more efficient than the p-Sn precipitation in binary 
Pb-Sn alloys, by the fact that the L12 phase remains coherent with the ry matrix 
(apb = 0.495 nm, ati& = 0.490 nm, &&pb5sn~ = 0.475 nm). 
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