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Abstract  

The  corrosion behaviour of  lead-ca lc ium-t in  alloys has been examined at two anodization potentials that correspond, 
respectively, to overcharge and to passivation by PbO conditions. The role of tin on the passivation phenomenon is examined 
in detail, while the evolution of hardening and microstructure is followed on the same samples, namely, grids (expanded and 
gravity cast) with different tin levels and strips, manufactured from primary or secondary lead. 
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1. Introduction $8 have been prepared in the form of small strips (13 
cm x 7 cm x 0.7 cm and 13 cm × 7 cm X 0.3 cm) at Trappes 

Most manufacturers of lead/acid batteries for ap- Research Center of Metaleurop. Two moulds made of 
plications such as the starting, lighting and ignition copper (one for the 0.7 cm thick strips, and a second 
(SLI) of vehicleshaveoptedforlead-calcium-tin ternary for the thinner strips) were used to reproduce on a 
alloys. In this case, the tin content must be controlled laboratory scale, as close as possible, the high cooling 
at a level that is sufficient to avoid the development rates experienced in the industrial manufacture of 
of a high impedance 'passivation' layer of lead monoxide battery grids (gravity casting only). The dimensions of 
at the grid/active-material interface. It is known, for the moulds were evaluated by taking into account only 
example, that an addition of 0.2-0.4 wt.% Sn is effective the conductive heat transfer from liquid metal to the 
in preventing the formation of a-PbO [1]. walls. A maximum cooling rate of about 60-70 °C per 

The work reported here relates some experiences second was anticipated but, in practice, experimental 
carried out on alloys with different amounts of tin (up 
to 2 wt.%) in order to determine the 'active element' cooling rates were nearer to 40 °C s-I than 70 °C s-1. 

Four different alloy configurations were prepared limit from which the passivation phenomenon is sup- 
pressed, in relation also with the substrate structure. (composition: Pb-0.1wt.%Ca-0.6wt.%Sn-0.01 to 0.02 
On the other hand, accelerated tests have been de- wt.%Al), namely: (i) a basaltic structure with electrolytic 
veloped to measure the influence of  both the purity primary lead; (ii) equiaxed grains structure with elec- 
and the metallurgical treatment of the lead on the trolytic primary lead; (iii) a basaltic structure with 
corrosion due to the overcharge, secondary lead; (iv) equiaxed grains structure with 

secondary lead. The basaltic structure was obtained by 
pouring the liquid mixture at 600 °C into a mould that 

2. Experimental was maintained at ambient temperature and by quench- 
ing the strip into water just after solidification. By 

2.1. Preparation of samples contrast, the equiaxed structure was obtained by pouring 
at the same temperature into a mould preheated to 

The lead-calcium-tin (Pb--Ca-Sn) alloys selected for 200 °C, then cooling the strips in ambient air immediately 
this study are listed in Table 1. Alloys denoted $1 to after solidification. 

0378-7753/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved 
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Samples denoted Ga-Glo in Table 1 were produced closely on the conductivity of the PbO layer. At the 
under industrial conditions. Ga-G5 grids were cast by end of the first cycle, all the lead contained in the 
gravity in a small industrial book-mould that was as- corrosion product is transformed into a metallic form. 
signed specifically to these experiments. The mould was Thus, during the next scan, both the water-oxidation 
a TBS design located at the Florival CEAC Plant current and the peak area associated with the reduction 
(Belgium). The grids were traditional SLI types and of PbO2 to PbSO4 increase. Scans 2 and 3 result in 
were produced at a rate of 13-14 (in a double form) voltammograms that are very similar. 
per minute. Investigations showed that appropriate Two passivation criteria have been investigated. These 
temperatures were: (i) furnace, 520 °C; (ii) foundry are denoted by R and C. Namely: R is the intensity 
ladle, 545 °C; (iii) mould, 180 °C. The furnace capacity ratio of the water oxidation peak according to: 
was 700 kg of lead alloy. 

G6--Glo alloys were rolled to 90% and expanded on R = 13 (mA) for the third scan at 1400 mV 
an industrial machine (Properzi, Romano CEAC Plant Ia (mA) for the first scan at 1400 mV 

in Italy). C is the peak area (P) ratio corresponding to PbO2 
Vickers tests were carried out on both the S series reduction to PbSO4 

samples and the G grids (G1-Gs), after ageing, whereas 
ultimate strength and elongation were followed during C = P3 for the third scan 
90 days on the Gr-Glo grids. P~ for the first scan 

Consequently, when R and C values are close to 1, 
2.2. Electrochemical tests the corrosion layer, mainly constituted by PbO, is 

supposed to be more conductive, and the passivation 
The following two types of experiments were carried is suppressed. 

out on the alloys. On the other hand, three expanded gridswith different 
(i) Accelerated corrosion tests performed in 5 M tin contents (0.23, 0.71 and 1.24 wt.%), as well as the 

H2SO4 (50 °C) at an applied potential of 1.5 V in order S-series samples, were anodized for 5-7 days. The 
to study the overcharge over a maximum period of one superficial phases were characterized by X-ray diffrac- 
week. All the potentials were measured and are reported tion, while the metallographical cross sections were 
versus an Hg/ng2SO4, K2504 saturated reference elec- prepared for analysis by EPMA by applying the following 
trode. At regular intervals, grids (G~-Glo) were weighed conditions: 
(after complete dissolution of the corrosion products • primary voltage 15 kV 
in a mixture that contained CHaCOOH and N2H4). • beam current 10 nA 
The plots of weight loss versus time, associated with • matrix correction: PAP programme [2] 
microscope observations, allowed measurement of the • standards: Pb (PbSO4), Sn (pure metal), Ca (CaSiO3), 
degree of corrosion. After accelerated corrosion tests, S (PbSO4) 
samples of the S series were embedded in holders, • counting time (s): 10< t<30  
polished with SiC paper (1000 grade), diamond paste • sample preparation: polishing and metallization (C) 
(6 and 1/~m) and alumina (0.05 ~m). Then, they were 
chemically attacked with a mixture of CHaCOOH and 
H202 (in a volume of 3 to 1, respectively). They were 
also analyzed by electron-probe microanalysis (EPMA) 3. Results 
using a CAMECA SX50 instrument. 

(ii) Corrosion tests performed in 0.5 M H2SO 4 (20 3.1. Microstructure, hardening processes and 
°C), in the dark, at an applied potential of 0.7 V for mechanical properties 
passivation studies. After the grids were anodized for 
24 h, voltammograms were run for scans carried out The metallographical cross sections of the eight alloys 
at a sweep rate of 1 mV s-~ and limited by the potential of the S series are presented in the Figs. 1 and 2. 
values: They show a casting structure that nearly depends on 

the solidification rate. This parameter is related to the 
(+  0.7 , + 1.6 ) - 1.6 V) , thickness of the strip and more strongly to the mould 

scan 1 temperature. 
( + 1.6 > - 1.6 V) ~ ( + 1.6 ) - 1.6 V) All the cast samples harden according to a mechanism 

scan 2 scan 3 of discontinuous transformation. Thus, in some cases, 
two structures (casting and transformed) can be ob- 

During the first scan, the oxidation current of water served. For example, Fig. l(d) shows a 'memory' of 
at 1.4 V and the amount of PbO2 reduced to PbSO4 the as-cast dentritic structure that is superimposed on 
(measured by the corresponding peak area) depended the puzzled structure that results from the successive 
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Fig. 1. Metallographicai cross sections of Pb-Ca--Sn alloys (primary lead). Mag. ×236: (a) S~; (b) $2; (c) $3; (d) $4. 

discontinuous transformations. With a hot mould, the By comparison, expanded grids are corroded uniformly, 
hardening process starts during cooling and continues even at the grid junctions, but the relative weight losses 
immediately after quenching. In this case, an increase are more important (Fig. 5) and decrease with the 
in the number of initiation sites of discontinuous trans- level of tin. 
formation is obtained and leads to a refining of the With the strips of the S series, containing the same 
transformed structure, see Fig. 2(d). amount of tin (0.6 wt.%), the corrosion is inter-granular 

The hardness values of the gravity-cast grids (G1-Gs), and is linked closely to the alloy structure. Thus, with 
reported in Table 1, indicate a weak increase between samples having equiaxial grains and a great puzzling 
G1 and G2. For higher tin contents, the values remain (mould at 200 °C), the corrosion appears more regular 
constant. Concurrently, the puzzling of the structure ($8). By contrast, for the sample with a basaltic structure 
decreases progressively. ($5) (Fig. 2(a)) a deep penetration along the grain 

Figs. 3 and 4 show clearly the influence of tin content boundaries can be observed. This region was charac- 
on the mechanical properties of rolled alloys before terized by microprobe analysis and a high enrichment 
expansion. The following is observed: of tin (1.5 wt.%) was detected in the grain boundaries. 

(i) for less than 0.3 wt.% Sn, the ultimate strengths A compact layer of PbO is systematically observed 
are low (<  40 MPa) and the elongations are high and on the alloy surface and, from an analysis performed 
do not evolve with time; on the alloy $5, it appears that the stoichiometry is 

(ii) when the tin content exceeds 0.7 wt.%, the almost perfectly related to PbO with an homogeneous 
mechanical properties are improved, with strengths concentration of tin. From the analysis of ten different 
higher than 50 MPa and weak elongations, points of the layer, the stoichiometric formula obtained 

for the oxide is Pb1+o.o701+o.07. Concerning the tin 
3.2. Corrosion behaviour of  Pb-Ca-Sn alloys at 1.5 V content, it was found that in the bulk of the oxide 

layer (far from the grain boundaries), the concentration 
For cast grids (G1-Gs), the corrosion tests reveal a is similar to that found for the alloy itself, viz., 0.70 5:0.14 

minimum of weight loss at about 1.2-1.3 wt.% Sn. wt.%. Finally, in the regions of the oxide closer to the 
Corrosion is mainly localized along the grain boundaries, grain boundaries, an intermediary concentration 
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(a) t • . . . . . . . . .  . . . . . .  i -." b ) ~  ~ ~ ~ ~ 

~2 

Fig. 2. Me ta l l og raph i ca l  cross sec t ions  of  P b - C a - S n  alloys ( secondary  lead)  af ter  the acce l e r a t ed  cor ros ion  test.  Mag.  × 236: ( a ) =  Ss; ( b ) =  S~; 

(c) = $7; (d) = Ss. 
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Fig. 3. U l t i m a t e  s t r eng th  of  ro l l ed  al loys wi th  t ime  (G6-Glo).  

of tin is present (=  1 wt.%). This suggests that a compact as PbO. The adhesion of the PbO2 layer is 
certain enrichment was already occurred in these lower by comparison with that of PbO since an ap- 
regions, preciable quantity of PbO2 is found in the experimental 

An outer and thick PbO2 layer is formed on the cell. The oxide contains mostly the polymorph a-PbO2; 
inner PbO lead oxide. This layer is, however, not as fl-PbO2 is rarely observed and PbSO4 is detected only 
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Fig. 4. Elongation of rolled alloys during traction tests with time. 
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Fig. 5. Accelerated corrosion test on Pb-Ca~Sn grids (Gr-Gzo) in 5 M H2SO4 at 50 °C and at an applied potential of 1.5 V during 7 days. 

when the samples are not rinsed and dried quickly For  longer time tests, corrosion gives rise to the 
after the anodization treatment,  growth of a duplex oxide coating that consists of an 

outer  and thin PbSO4 film and a regular inner layer 
3.3. Corrosion behaviour o f  P b - C a - S n  alloys at O. 7 V 

of tetragonal PbO (a-PbO). The metallographical cross 
Results of tests performed on the grids reveal the section in Fig. 8 is representative of these samples, all 

role of tin on the interface passivation. The R and C characterized by remarkably regular interfaces (Pb/PbO, 
values of both cast and expanded grids decrease when PbO/PbSO4), without defaults such as cracks, holes. 
the tin content is increased and reach minima for tin On the other hand, PbO is systematically doped by 
contents close to 1 and 2, respectively (Figs. 6 and 7). tin. The tin content in the PbO layer appears to be 
It should be pointed out that these thresholds are the homogeneous and is closely related to the one in the 
same as those detected in the accelerated corrosion alloy. Nevertheless, it weakly increases at the Pb/PbO 
tests (Fig. 5). interface (Fig. 9). Finally, the thickness of the PbO 
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Fig. 6. Development  of  R and C values for gravity-cast grids with tin content. 

25 

G7 
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10 

5 

~ G l o  
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0 0.5 1 1.5 2 2.5 
Tin content (Wt %) 

Fig. 7. Development  of  R and C values for rolled grids with tin content. 

layer is continuously reduced by increasing the tin level. Category 1. For low values of the tin:calcium 
A sample with 5 wt.% of Sn was also anodized at 0.7 ratio, smaller than 3, the alloys exhibit the same behav- 
V during 7 days. In this case, a PbO layer was not iour as that observed in binary Pb-Ca alloys with 
detected, three successive discontinuous transformation stages, 

i.e., 
4. Discussion (i) an initial fast transformation with regular motion 

of a rectilinear reaction front achieved in 30 min; 
The evolution of microstructures and mechanical (ii) a second tranformation with an irregular motion 

properties depends on the weight ratio of tin:calcium of the grain boundaries (called 'puzzling'), and achieved 
[3-6]. After rapid cooling of the lead alloys, the matrix in 24 h; 
is over saturated, and this is suitable for age hardening (iii) a third incomplete reaction, occurring between 
at room temperature. 48 h and one month, and characterized by a lamellar 
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Pu 

0.0 
-1 1 2 3 4 5 6 7 8 9 10 

pm 

2.0 

10 / 

0.0 ' ' ' ' ' ' ' ' ' ~ ' ' ~"~-: ' 
-1 0 1 2 3 4 5 6 7 8 9 10 

-1 0 1 2 3 4 5 6 7 8 9 10 

Fig. 9. Tin profiles, determined by EPMA, in PbO layers developed 
on rolled alloys after 5 days at 0.7 V in 0.5 M H2SO4 at 20 °C: 
(a) G7 (Pb-0.075wt.%Ca-0.23wt.%Sn); (b) G8 (Pb-0 .075wt .%ea-  
0.71wt.%Sn); (c) G9 (Pb-0.075wt.%ea-l .18wt.%Sn).  

~ - 2 0  ~ 0 0 ~  W D S / W ~  1 5 .  O k v  i ~ n n  
Category 3. For intermediate values of the tin:calcium 

Fig. 8. (a) Metallographical cross section; (b) X image of sulfur, ratio, four successive transformations (often incomplete) 
Pb--Ca-Sn alloy after a corrosion test in 0.5 M H2SO4 at 20 °C and 
an applied potential of 0.7 V during 5 days. take place, namely: 

(i) a linear discontinuous transformation; .- 
(ii) a 'puzzling' transformation; 

precipitation of the Pb3fa phase (L12) in the vicinity (iii) a continuous precipitation of (Pbl_xSnx)3Ca in 
of the grain boundaries (overageing), the bulk; 

Category 2. With a high tin:calcium ratio, better than (iv) a discontinuous reprecipitation of lamellar 
9, there is only continuous bulk precipitation of the (Pbl_xSnx)aCa limited to the neighbourhood of the 
(Pbl _xSnx)3Ca phase, with the L12 structural type, which grain boundaries. 
starts after an incubation period. During this period, According to the above three classifications, G alloys 
the metal can be rolled and expanded before hardening (G1, G6 and G 7 excepted) belong to the second group 
[7,8]. Finally, a very high level of tin (>  2 wt.%) can (high Sn/Ca ratio), and are hardened by a continuous 
induce a new discontinuous transformation (overageing) coherent bulk micro-precipitation after an incubation 
related to the following reaction: period of a few days at 20 °C. In this case, rolling does 

not hinder hardening and the mechanical properties 
otPb + [(Pbl _xSnx)3Ca -I- Sn] of the two types of alloys (cast or expanded) are similar; 

there are only changes in the microstructure. (finely dispersed precipitates) 
The G1 alloy has an intermediate Sn/Ca ratio (category 

a_Pb + [(Pbl_xSnx)aCa + Sn] 3), but its hardness reaches a relatively high value. The 
(large and lamellar precipitates) G6 and G7 alloys, with low Sn/Ca ratio, are less hardened. 

These latter two alloys have been cold worked im- 
The presence of three phases is consistent with the mediately after casting. During rolling and after, the 
Pb-Sn--Ca solid phase equilibria diagram [9] and mi- oversaturated matrix becomes unstable. Thus, two mech- 
croprobe analysis, anisms can occur: precipitation and recrystallization. 
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The former increases the hardness while the latter concluded that tin enrichment at the grain boundaries 
decreases it. In the present case, recrystallization is in the cast alloys induces, during the anodization treat- 
predominant due to an important deformation (90%) ment, a local high level of tin in the lead monoxide. 
and both hardness and the ultimate strength are low. As a consequence, the amount of tin that is able to 
As a consequence, for a same Sn/Ca ratio, cast and suppress the passivation is slightly decreased. In all 
expanded grids present very different metallographic cases under these passivation conditions, the only prod- 
structures and mechanical properties and this prohibits ucts detected by XRD are PbSO4 (external) and a- 
the use of such expanded grids. They are too sensitive PbO (inner). 
to creep. Thermodynamically tin is incorporated into the PbO 

Concerning alloys of the S series, that all possess an layer as  S n  4+ [12], either in fine tin oxide precipitates 
intermediate Sn/Ca ratio (category 3), the lack of any (binary or ternary), or in the PbO lattice. In the former, 
influence of lead purity on hardness or microstructure alternative oxides (such as SnO2) could improve the 
can be explained if it is remembered that fundamental electronic conductivity of the corrosion layer by con- 
mechanisms of ageing and recrystallization are not stituting short-circuits while, in the latter, the PbO 
modified by impurities present in secondary lead [3-6]. electronic properties should be modified by doping [13]. 
For this alloy series, it was also observed that the Supplementary experiments, using 1198n M6ssbauer 
metallographic structure could be influenced greatly by spectrometry, are in progress to determine which form 
the mould temperature, of tin is present in the PbO layer. The decrease in the 

Corrosion at 1.5 V, essentially intergranular under a-PbO thickness when the tin content is increased may 
overvoltage conditions, will be also dependent on the be linked to the high acidity of Sn 4+ that is incompatible 
initial thermal treatment. It is deeper in S alloys with with the stability of the lead monoxide, according to 
great basaltic grains, but more regular in those with the mechanism advanced by Riietschi [14]. 
equiaxial grains and significant puzzling (mould at 200 
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