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Abstract 

During the past decade, the agglomerate-of-spheres (AOS) model has been developed to describe the behaviour of the PbO, electrode 
during cycling. In the model, the formation of the AOS is described as an electro-metasomatic process that creates the so-called 
‘electroformative’ force (EFF). This force causes an enlargement of the entire volume of the formed PbO,. PbO, electrodes are 
investigated in a special electrochemical cell that is integrated into a tension testing machine. With this arrangement, the positive 
electrode can be cycled with simultaneous measurement of the EFF and the solid-state resistance (SSR) between the grid and the active 
material during formation, charge and discharge. From a technological point of view, it is of interest to investigate the influence of the 
grid alloy on the AOS parameters of the PbO, electrode. Investigations have been performed on pure lead and Pb-Sb, F’b-Ca-Sn and 
Pb-Ca-Sn-Ag alloys. A very small amount of additive can greatly influence the mechanical, corrosive and electrochemical properties. 
The corrosion behaviour depends mainly on the properties of the corrosion layer (i.e., on its mechanical, electronic, and electrochemical 
characteristics) rather than on the properties of the alloy itself. The components of the grid alloys appear to influence the E.FF, the highest 
values are observed for the Pb-Sb alloy. This alloy exhibits the smallest corrosion region of the tested materials. The rupture plane after 
15 cycles for all four materials is located in the active material close to the ‘grid’. The tensile strength differs markedly between the 
different materials. A very high tensile strength is displayed by the Pb-Ca-Sn-Ag alloy. This demonstrates the influence of silver on the 
behaviour of the active material, although the tin content is about 35% larger, too. Theoretical consideration is given to the formation of 
the corrosion layer. It is concluded that no significant layer of PbO exists between grid metal and the active material. Q 1997 Elsevier 
Science S.A. 
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1. Introduction 

During cycling in electric vehicles, the PbO, electrodes 
of lead/acid batteries show very often a disastrous and 
unexpected diminution in capacity that is relaxable. Its 
symptoms and therapies are described as ‘reversible insuf- 
ficient mass utilization’ (RIMU) [ 1,l 1,121. The behaviour 
can be explained by the ‘agglomerate-of-spheres model’ 
(AOS model). The formation of the AOS is considered to 
be an electro-metasomatic process that creates the so-called 
electroformative force (EFF) [2]. PbO, electrodes are stud- 
ied in a special electrochemical cell, that is integrated into 
a tension testing machine. With this arrangement, the 
positive electrode can be cycled with simultaneous mea- 
surement of the EFF and the solid-state resistance (SSR) 
between the grid and the active material during formation, 
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charge and discharge [3]. From a technological point of 
view, it is of interest to investigate the influence of the grid 
material on the AOS parameters of the PbO, electrode. An 
influence is expected since materials, such as antimony 
and tin, have been shown [4] to effect the ‘RIMU’ when 
added to the electrolyte. 

2. Experimental 

2. I. Alloys 

Many different lead alloys for use in negative and 
positive electrodes have been developed during the one- 
hundred years of lead/acid battery technology. Antimony, 
calcium, tin, tellurium and silver are commo’n components 
in present technology. Even very small amounts of such 
components can influence markedly the mechanical, corro- 
sive and electrochemical properties of the alloys [ 151. The 
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Table 1 
Test electrode materials 
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Alloy I 2 3 4 

Specification Pure lead Pb- 1.6 wt.%Sb Pb-0.095 wt.%Ca-0.335 wt.%Sn Pb-0.045 wt.%Ca-0.495 wt.%Sn-0.042 wt.%Ag 

corrosion behaviour depends mainly on the properties of 
the corrosion layer (i.e., on its mechanical, electronic and 
electrochemical behaviour), rather than on the properties of 
the alloy itself. In co-operation with the VARTA R&D 
Center, pure lead and three alloys of technical importance 
have been prepared at VARTA’s smelter plant in 
Krautscheid (see Table 1). From these materials, bowls 
and rods have been constructed; these are the special 
components of the test cells [3], Fig. 1. The bowls were 
constructed from lead-alloy sheet that was made from cast 
pig lead by calandering. The rods were gravity cast in a 
brass mould. The bowls were pasted with one batch of 
tribasic lead sulfate (3BS) active material. 

2.2. Pasting and formation of the electrodes 

Experiments were performed under the following condi- 
tions: paste density: 3.8 g cmm3; weight of the unformed 
tablet: about 3.8 g; curing at room temperature; formation 
current density: 28.6 mA g-l; time of formation: 24 h. 

Studies were made as follows: (i) after formation, the 
electrode was ruptured, and (ii) the electrode was formed, 
cycled and then ruptured. As in former experiments, a 
‘good’ charge current of 1.5 mA g-l (60 mA) was fed to 
the PbO, electrode through the rod and the bowl alter- 
nately. A discharge current of 12.5 mA g-’ was taken 
from the bowl solely until the electrode potential reached 
800 mV against the hydrogen electrode in the same solu- 
tion. After about 15 cycles, the rod was ruptured from the 
tablet. Rods, bowls and tablets were subjected to scanning 
electron miroscopy @ME) analysis. 

- Holder 

-L- MIcrometer ecrew 

Fig. 1. Schematic view of the electrochemical cell with a bowl and a rod 
as the ‘grid’. 

3. Results 

3.1. Formation 

The formation process initiates the EFF. In the begin- 
ning, the zones of positive active-material (PAM) near to 
the rod and near to the bowl are treated by different 
current densities. After an electronic network of PbO, has 
been created throughout the tablet, the applied current acts 
more and more homogeneously on the P.AM. The increase 
in force, d K, caused by charging an amount dQ to the 
electrode, can be represented by d K/dQ, This relationship 
is termed ‘specific strengthening’; its dimension is 
d K/dQ =p per Ah. The specific strengthening is a pre- 
liminary measure of the change in the int.rinsic mechanical 
energy of the tablet, caused by the formation of the PbO,. 
Indeed, the value of d K/dQ changes during the formation 
process. It often exhibits a maximum at the beginning of 
the formation process, so long as the P‘bO, network has 
not been established throughout the tablet, because in this 
period, 50% of the applied charge is concentrated in the 
neighbourhood of the rod, as mentioned before. Later on, 
the formation process continues homogeneously through- 
out the whole tablet. For comparison of the different 
samples, the maximum of dK/dQ after 5 h of formation 
was taken and defined as (d K/de>,. A detailed theoreti- 
cal investigation of this topic will be published soon. The 
values are listed in Table 2. 

The development of the EEF during formation is differ- 
ent for the four materials. This can be ‘explained by the 
action of the different alloy constituents. The action ap- 
pears to be greatest in the first 2 h and is attributed to the 
corrosion of the grid, both during the curing process and in 
the dry state before formation. 

The data given in Fig. 2 show that the behaviour of the 
electrodes is different. The volume of the PAM in a 
45”-cylinder beneath the rod is 0.155 cm’ or 14% of 1.07 
cm3, which is the total volume of the tablet. Its capacity is 
about 0.76 Ah. If the current of formation (100 mA) is fed 

Table 2 
In situ mechanical and resistance data of active material on different 
alloys after formation 

Alloy 1 2 3 4 

Specification pure lead Pb-Sb Pb-Ca-Sn Pb-Ca-Sn-Ag 

EFF (PI -800 - 1600 - 550 - 1000 
SSR (0) 0.69 0.86 0.13 0.048 

dK/dQ), - 1450 - 1450 -59 -55 
(p/Ah) 
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Fig. 2. Change in EFF during formation (25 mA g-’ ) of four electrodes 
with different grid materials. 

only through the rod, the time for bridging of the rod and 
the bowl should be about 1 h. In the present case, 50% of 
the charge is fed through the rod and 50% through the 
bowl. From this, a bridging time of about 2 h can be 
expected. During the formation time (> 6 h), the EFF in 
Fig. 2 develops in nearly a parallel manner for both 
electrodes containing calcium and tin, and likewise for the 
antimony-containing and pure-lead electrodes. 

3.2. Cycling 

The development of the EFF and the solid-state resis- 
tance (SSR) was monitored during cycling. The capacity 
values of all electrodes during the first 15 cycles lie in a 
narrow range of about 0.11 Ah gg ’ (Fig. 3). This value 
corresponds to about 4.18 Ah per electrode. This is the 8-h 
discharge for a discharge current of 50 mA and about 55% 
material utilization. 

3.2.1. Electroformatiue force measurement 

The change in EFF of the charged electrodes during 
cycling is given in Fig. 4. The electrode with the Pb-Sb 
‘grid’ displays the largest absolute value of the EFF during 
cycling. After 10 cycles, the EFF remains constant. The 
change in EFF with cycle number for the pure-lead and the 
Pb-Ca-Sn electrodes is very similar, but the absolute 
values of the EFF are significantly smaller than that for the 

Fig. 3. Capacity of electrodes during 15 cycles. Fig. 5. Change in SSR during discharge on 15th cycle. 

CYCLE -ER 

Fig. 4. EFF in charged electrodes during 15 cycles. 

Pb-Sb electrode. The variation in the EFF of the Pb-Ca- 
Sn-Ag electrode with cycle number is negligible. From 
these experiments, it is concluded that the EFF does not 
depend on the increasing thickness of the developing 
corrosion layers on the different grid alloys, but is influ- 
enced by the different corroding components, although a 
complete understanding of the observed behaviour has still 
to be found. 

3.2.2. Solid-state resistance measurements 
The variation of the SSR of the electrodes during 

discharge is shown in Fig. 5. The behaviour is similar for 
all electrodes. The Pb-Sb alloy exhibits larger average 
values of the resistance compared with others. The resis- 
tance of an electrode remains nearly constant during about 
60% of the discharge, after that it increases gradually and 
at the end of discharge it rises rapidly. 

The SSR measurements of the recharged electrodes 
during the first 15 cycles are summarized in Fig. 6. The 
electrodes with Pb-Ca-Sn and Pb-Ca-Sn-Ag alloys have 
a small resistance immediately after formation and the 
value remains constant during cycling. The electrode with 
the pure-lead ‘grid’ has a relatively high resistance after 
formation, but it decreases quickly and after 2-3 cycles 
has values similar to those shown by the Pb-Ca-Sn and 
Pb-Ca-Sn-Ag electrodes. In the case of the Pb-Sb ‘grid’, 
the resistance increases after the first cycle, passes through 
a maximum, and then decreases slowly algain with a 
tendency to smaller values in the following cycles. 
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Fig. 6. Variation of SSR of charged electrodes. Fig. 7. Variation of EFF as a function of the dilatation during the rupture 
procedure after formation 

It is assumed that the differences between the samples 
are due to the different contributions of the ‘corrosion 
regions’ to the SSR. The reason may be the contamination 
of the neighbouring PAM by the corrosion products of the 
different alloys and its influence on the SSR, which for 
pure-lead is minimal. It is concluded that the behaviour 
during the first few cycles is determined by the forming, 
cracking and peeling of the growing corrosion layer. 

3.3. Tensile strength measurements 

function of the dilatation. The behaviour of the four elec- 
trodes is shown in Fig. 8. The values of the tensile strength 
vary with the alloy. The Pb-Ca-Sn-Ag alloy exhibits the 
highest value. Pure lead and Pb-Sb behave very similarly 
to each other. It should be noted that in the rupture 
experiments, the distance between the bowl and the rod is 
changed and the force exerted on the rod is measured. The 
force as a function of the dilatation (in mm> after 15 cycles 
for the four different grids is shown in Fig. 8. 

After formation or after 15 cycles, the rods were rup- 
tured from the tablets and the force between the rods and 
the tablets was measured as a function of the dilatation. 
Table 3 summarises all the measured data of the electrodes 
after cycling. 

3.3.1. Rupture after formation 
Changes in the EFF as a function of the dilatation 

during the rupture procedure after formation are given in 
Fig. 7. The electrode with the Pb-Ca-Sn alloy shows a 
remarkable tensile strength, see Table 2. In the pressure 
range, the curves of all electrodes are nearly parallel to 
each other. Therefore, the elastic behaviour of the PAM is 
nearly independent of the alloy constituents. 

The different curves are almost parallel. except the 
curve for the Pb-Sb alloy. Its unusual lbehaviour may be 
due to an uneven plane in the rotating parts of the screw 
that results in a periodical deviation from the linear change. 
The dilatation variable is linearly transformed in such a 
way that the new value is equal to zero when the force is 
equal to the weight of the rod of about 54 p. In this form, 
all curves converge to the point: 0 mm, 54 p. This is 
shown in Fig. 9. The transformation makes it obvious that 
the AOS exhibits Hook’s law in its elastic behaviour. The 
constant is very similar for the different alloys although 
the tensile strength differs markedly. To analyze the elastic 
behaviour, quadratic regressions were formed for elastic 
parts of the rupture curves, see Fig. 10. These curves were 
calculated with the set of values shown in Table 4. 

3.3.2. Rupture after cycling 
After about 15 cycles, the rods were ruptured from the 

tablets and the force between rod and tablet measured as a 
3.3.2.1. Interpretation of the regression terms. The linear 
term b is the Hook’s constant. There seems to be a 

Table 3 
In situ mechanical and resistance data of active material on different grid alloys and thickness of the corrosion regions after 15 cycles 

Alloy 1 2 3 4 

Specification pure lead Pb-Sb Pb-Ca-Sn Pb-Ca--Sn-Ag 

EFF, 1 st cycle (p) - 1050 - 1235 - 660 - 1338 

SSR, 1st cycle (a) 0.20 0.54 0.08 0.035 

EFF, 15th cycle (p) - 1785 - 2447 - 1950 - 1510 

SSR (0) 0.036 0.39 0.055 0.0247 

15th cycle 
Tensile strength (p) 1013 914 1264 1714 

Thickness of the corrosion region (km) about 35 about 18 about 55 about 30 
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Fig. 8. Rupture curves for alloys after 15 cycles. 

correlation between this elastic constant and the rupture 
force of the four different grid variants. Alloy 4 displays 
the highest value for both the elastic constant and the 
rupture force, while alloy 2 gives the lowest values for 
both parameters. The constant a gives the offset of the 
dilatation. It is not yet clear if there is a physical meaning 
of this term. The quadratic term c is related to non-linear- 
ity of elasticity due to the cross (transversal) contraction of 
the mass body (‘bottling’). For details see Ref. [51. 

3.3.3. Structure of the s&aces of ruptured corroded grid 
material 

As an example for all alloys, Fig. 11 shows the ruptured 
plane on the Pb-Ca-Sn rod after formation. The AOS is 
formed on the very dense layer of lead dioxide and, after 
rupture, the remaining parts of the AOS structure are 
distributed like islands on the dioxide surface. It is con- 
cluded that a dense layer of lead dioxide is formed first on 
a smooth surface. After a first layer of particles has been 
formed, a second and third layer grow on the first one, 
mechanically and electronically connected to each other. 
Thus, the AOS is formed on the dense boundary layer of 
the grid. In the cycled electrode, the island-like distributed 
AOS parts cover the surface more and more. After 15 
cycles, the electrodes show parts of different size covered 
with strongly connected AOS structures of varying thick- 
ness on the dense corrosion layers of the ruptured planes. 

Fig. 9. Transformed rupture curves after 15 cycles. 

Fig. 10. Quadratic regression of rupture curves. 

These parts exhibit different porosity and particle size. In 
this case, the rupture plane is located in the active material 
near to the surface of the grid. 

The rupture experiment after cycling of tlhe electrodes 
allows the tensile strength of the necks to be calculated 
because, if an AOS body is ruptured into two pieces, the 
resulting surface is the weakest plane through the body. 
This plane contains the cross sections of ruptured necks 
only. The highest strength value is equivalent to the tensile 
strength of all the necks in this weakest plane. 

Therefore, the tensile strength data allow a calculation 
of total surface area, A,, of the necks per cm* and their 
average radius, h. The tensile strength, E, in these experi- 
ments is defined as the quotient of the (positive) traction 
force F on the rod divided by the cross section of the total 
rupture plane, A, in the moment before rupture, i.e. 

e=F/A (1) 

The number of spheres per cm’, N, can be counted 
from SEM pictures. Further, each sphere (identified by a 
closed line in the SEM) can be expected to have had one 
neck to a second sphere in the pulled-off part of the 
electrode body. A’ is identified as the total cross section of 
all necks within A. According to Gmelin, the tensile 
strength of PbO, is corn = 3 X lo5 p cm-* (+2 X lo5 p 
cm-‘). If corn is now taken as the tensile strength of the 
material in the necks, then 

A,, = Al/A = E/Q,,, = Nn-h* (2) 

E = NT h2EG, *h=J[E/(rNq&] (3) 

The number, N, of spheres per cm2 has been deter- 

Table 4 
Quadratic regression parameters of the elastic parts of the rupture curves 

Dilatation = X a b c Rupture force 

(P) 

Force = Y a+ bX+ cX* 
Alloy 1 100.52 34820 - 187328 1012.7 

Alloy 2 - 108.35 28042 - 250733 965.4 

Alloy 3 83.74 30443 -81373 1445 

Alloy 4 106.48 41610 - 227 102 1768 



E. Bashtaueloua. A. Winsel/ Journal of Power Sources 67 (1997) 93-103 

Fig. 11. Rupture plane after formation, Pb-Ca-Sn alloy. 

mined and their radius R measured by counting of the 
ball-like particles in the rupture plane with the aid of a 
special stereo SEM photograph, Table 5. The calculated 
values of the quotient R/h have to be compared with the 
critical value R/h < 5.9, as calculated by Winsel et al. [l]. 
The stoichiometric deficiency, S, of PbO,_ s has an upper 
limit; this marks the existence limit of the PbO,-, in the 
neck zone. The deficiency in the neck zone is determined 
by the equilibrium between sphere and neck. Above this 
critical value, the neck is no longer stable. 

The distribution of the number of counted spheres as a 
function of the sphere radius, R,, is given in Fig. 12. C(R) 
is taken as the accumulated cross sections of all spheres 
with radii smaller than R. The quotient Z,(R)/ZM) is 
placed on the ordinate as a function of the sphere radius R. 
All electrodes behave similarly, except for the silver-con- 
taining one. The latter is characterized by a very large 
number of very small particles. 

The SSR under charge conditions for the four alloys 
and the sum of the cross sections of the spheres are given 
in Table 6. This sum, LSspheres, is almost the solid-state 
part of the electrode, whereas 1 - XSlpheres is the porosity. 
The SSR is best for the silver-containing alloy, followed 
by pure lead, the Pb-Ca-Sn alloy, and the Pb-Sb alloy. 
Fig. 13 presents some SEM photographs to show the way 
in which these counting results were obtained. 

Fig. 12. Sum of the cross sections of all spheres with radii smaller than 
the radius on the abscissa. 

3.4. Corrosion layer behaviour 

3.4.1. Purpose of the grid 
It is the objective of the grid in both the positive and the 

negative electrode of a lead/acid cell to hold the active 
material in position and to supply it with the electrons 
needed for the reaction. The grid design is governed by the 
self-protection of the lead metal in an amount required to 
supply current to the active material. A second purpose is 
to minimize the voltage drop. The composition of the grid 
from lead, antimony, calcium and other Ncomponents gives 
it the hardness to overcome the stresses 8during fabrication 
and use of the battery. All these components may influence 
the adhesive strength of the active material to the grid. 

3.4.2. Preparation and formation of the boundar?, layer 
After a rest time for hardening the <alloy, the grid is 

pasted with the active material, cured, and put into the 
sulfuric acid. Then, the formation process takes place and 
establishes the boundary layer. On electrodes of both 
polarities, the formation process starts with the develop- 
ment of an electrocrystallization layer of lead or lead 
dioxide crystals on the surface of the grid. 

Vetter [6] has calculated the range of transport of the 
lead ions during charge and discharge reactions based on 
the saturation concentration and the diffusion coefficients 
of the lead ions. This idea was extended at VARTA [7,8] 
to a ‘transformation model’ that is applicable to the lead 

Table 5 
Data for AOS 

Alloy 

Pure lead 

Pb-Sb 
Pb-Ca-Sn 
Pb-Ca-Sn-Ag 

Tensile strength Spheres radius. R Necks radius, h 

(p/cm2 1 (pd Ct.4 
2016 0.4 0.12 

1828 0.9 0.19 
2528 0.6 0.173 
3428 0.18 0.056 

R/h 

3.33 

4.74 
3.47 
3.12 

Wphq:rea R < 1 km CYqheres X IO6 
(cm-) (%I 

46.12 92.06 

16.03 64.08 
26.89 89 

339.12 100 



E. Bashtaueloua, A. Winsel/Joumal of Power Sources 67 (1997) 93-103 99 

Table 6 
SSR under charge conditions and sum of cross sections of soheres 

Alloy SSR charge 

(0) 

Pure lead 0.036 0.470 

Pb-Sb 0.39 0.579 
Pb-Ca-Sn 0.055 0.455 

Pb-Ca-Sn-Ag 0.024 0.46 I 

sulfate and ice passivation that occur during the discharge 
of negative and positive electrodes. Due to the small 
concentration of lead ions in the electrolyte solution, the 
so-called ‘solution-precipitation mechanism’ can move 
solid particles of the active materials over small distances 
only. Therefore, it must be considered that small particles 
are formed first on a ‘smooth’ surface of the grid by 
electrocrystallization. After a first layer of particles has 
been formed, a second and third layer grow on the first and 
have mechanical and electronic connection to each other. 
In the positive electrode, the grid metal and the positive 
material form a short-circuit cell. Therefore, in a thermo- 
dynamic sense, the boundary layer is a region of a ‘frozen 
non-equilibrium state’, Fig. 14. 

3.4.3. Thermodynamic view of the boundary layer 
The frozen-in state causes the phenomenon of thermo- 

passivation that occurs if a charged positive electrode is 
washed and dried at elevated temperatures. By reaction 
between Pb and PbO,, a PbO layer is formed and creates a 
Pb/PbO/PbO, rectifier element [9], see Refs. [lo- 131. In 
the path of the electrons during discharge, an additional 
voltage drop is created that vanishes after the PbO layer 
has disappeared by the action of the sulfuric acid. The 
boundary layer contributes an electronic and an electrolytic 
reaction path in the positive electrode and, therefore, a 
corresponding contribution to its resistance. The electronic 
path has to carry the whole current during the charge and 
discharge reactions. Thus, it must be very small. The 

Fig. 13. SEM graphs for counting the spheres 

Fig. 14. Grid-layer composition at the PbO, potential. 

electrolytic part determines the corrosion current, about 1 
FA cm-*. Consequently, it has to be very large. If the 
corrosion current is identified as the limiting current of the 
electrodialysis in the diaphragm formed by thle pores of the 
boundary layer, the electrolytic resistance has to be in the 
order of 35 000 klR cm’. If the resistance is calculated on 
the assumption that the voltage drop of lthe corrosion 
current would consume the driving force of 2 V, the 
diaphragm resistance had to be in the order of 2 Ma cm2, 
i.e. 30 times as high as the former value. The corrosion 
current is flowing steadily within the boundary layer. The 
layer can be considered to be a membrane that exhibits in 
its pores a large range of pH values caused by electrodialy- 
sis of the pore electrolyte [14]. 

The passivating boundary layer can only originate from 
the lead atoms of the grid itself. Thin and tight layers must 
have a very small porosity, due to the transformation 
model. This can only occur by transforming a dense layer 
of lead to a dense layer of lead sulfate or lead hydroxide, 
which the charge current transforms to PbO,. By contrast, 
the PbO, within the active material retains the porosity of 
about 50% of the paste. 

3.4.4. Boundary layer on the negative grid 
During the discharge of a lead electrode, protecting 

layers of PbSO, are formed by a solution/precipitation 
mechanism. It is evident from the SEM pattern that these 
layers form a diaphragm that consists of an accumulation 
of mostly well-defined PbSO, crystals. This diaphragm is 
a transport barrier and has the following effects. 
. The diaphragm contributes to the internal resistance. 
* The diaphragm inhibits the diffusion of H[SO, .- species 

to the surface of the lead electrode where they are used 
for the formation of additional PbSO,. 

. The PbSO, formed at the surface must pass through the 
diaphragm away from the surface. The concentration of 
PbSO, is highest at the surface and lowest outside the 
diaphragm. Consequently, there is a tendency for PbSO, 
(Pb*+ species) to migrate through the diaphragm and to 
crystallize at the diaphragm/electrolyte interface. The 
driving force is the supersaturation of Pb2+ species. 
By simple considerations, it can be shown that the 

contribution of the diaphragm to the internal resistance is 
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insignificant. The resistance R, of a diaphragm of thick- 
ness 6 L and porosity P is given by 

R, = EL/( daP*) (4) 

The following data are assumed to be correct: diffusion 
coefficient, D = 10m5 cm2 s-l; solubility, ca = 2 mg 
PbSO, per dm3 = 6.6 X low9 mol cme3; porosity, P = 
50%; layer thickness, 6L = 10M4 cm; stoichiometric num- 
ber, z = 2; Faraday constant, F = 9600 A s. Thus, the 
limiting current density of lead sulfate diffusion with 
supersaturation c0 is 

j=2FD~,P~/6L=32kAccm-~ (5) 

To reduce this value to 3 pA cm-‘, the porosity of an 
underlying layer of 0.1 pm thickness has to be reduced to 
5%. This will occur by the corrosion process itself. The 
above-mentioned diaphragm, with a diffusion current den- 
sity of 32 pA cmM2, represents an ohmic resistance 
corresponding to 

R = 6L/aP2 = 4 X low4 fi cm2 (6) 

which, with U = 2 V as the driving voltage, represents a 
current density of 

j = UP2u/SL = 5 X lo3 Acmm2 (7) 

if the electrolytic conductivity within the diaphragm pores 
is u = 1 (fl cm)-‘. Therefore, the diaphragm resistance 
cannot be the limiting factor. 

Equally, the diffusion of H 2 SO, species to the electrode 
surface cannot be rate limiting if compared with the PbSO, 
(Pb”) diffusion away from the surface. There is a factor 
in the concentrations of these two species of about 106, i.e. 
the H,SO, concentration is, under the conditions usually 
prevailing in a lead/acid cell, lo6 times higher than the 
PbSO, concentration. Correspondingly, the H, SO, 
(HSO, -) diffusion current is a million times larger than 
the PbSO, diffusion current. Therefore, it is assumed that 
the diffusion of PbSO, (Pb*‘) species away from the 
electrode surface through the PbSO, diaphragm is the rate- 
and capacity-determining process during corrosion. The 
thickness of this diaphragm increases to such an extent that 
finally, due to a high supersaturation at the surface, sponta- 
neous precipitation of a PbSO, two-dimensional layer 
occurs. This produces a rapid voltage decay that indicates 
the end of discharge. The steady-state corrosion is charac- 
terized by pealing off of lead sulfate chips due to internal 
stress caused by the lack of volume at the surface. 

3.4.5. Boundary layer as an active material 
Even today, Plant6 positive plates (GrO) are still pro- 

duced by corroding the lead surface of a filigree lead grid. 
After 10 cycles, the active layer is 200 pm thick and has a 
porosity of about 50% and a BET surface of 3 m2 g- ‘. 
The layer consists, typically, of 88.5 wt.% PbO,, 6.9 wt.% 
PbO and 3.1 wt.% PbSO,. Such a layer - as a homoge- 
neous one - would exhibit a diaphragm resistance of 0.1 

0 cm2 and would corrode very quickly. Therefore, it is 
concluded that the PbO, forms the porous outer layer on 
the top of a surface layer on the lead grid, from which it 
has originated. At first, the surface layer is dense and 
consists of lead hydroxide, lead sulfate and electrochemi- 
tally created PbO,. This layer causes a ;mechanical crack- 
ing deformation. In connection with the discharge/re- 
charge reaction, the total porosity of the layer develops to 
50%. Thus, under float conditions, lead oxide and lead 
sulfate can only exist in a layer of steady-state composition 
that is thinner than 0.1 pm with a porosity smaller than 
0.5 x 10-5. 

3.4.6. Binding of the AOS to the grid 
It has to be determined which layer does exist immedi- 

ately on the lead surface of the grid. On the surface of an 
anodic polarized grid (negative electrode), a passivation 
layer of lead sulfate protects the metal. This consists of a 
porous layer on top of a two-dimensional layer of lead 
sulfate on the metal surface. At the PbO, potential, the 
lead sulfate is converted to PbO, that can grow through 
electronic conducting paths that emanate from the lead 
surface only. 

The question is: Does a divalent layer of lead oxide 
exist between the lead surface and the PbO, particles? If 
the answer were ‘Yes’, this layer is too small to contribute 
to the internal resistance of the electrode and could only 
exist in those pores in which the electrodialysis controls 
the pH value. The acid that diffuses into this layer deter- 
mines the corrosion process that is taking place all the 
time. Therefore, the answer should be ‘No’. It should be 
remembered that a layer of PbO must show the X-ray 
pattern of lead oxide, Fig. 15. 

3.4.7. Capacity of the corrosion layer in the test cell [IO] 
The corrosion layer holds the position between the grid 

and the active material. The electrons, taking part in the 
electrochemical reaction during charge as well as during 
discharge, must pass through it. Therefore, it is important 
that the corrosion layer consists of PbO, as a good elec- 
tron-conducting material during all phases of charge and 
discharge. The corrosion layer does contribute to the ca- 
pacity of the electrode in the test cell used here. 

Fig. 15. PbO, AOS on a lead grid with a dense protecting layer of PbO,. 
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Pb-pure (1) PbSb (2) PbCaSn (3) PbCaSnAg (4) 

Fig. 16. Photographs of the corrosion regions of the bowls, magnification X 200. 

3.4.8. Calculations 
The grid surface A: ARoD = TRY = 3.1418 X 0.4’ = 

0.5027 cm* 
A bowl = 277R, D + TR, 2 = 13.33 cm2 
Abow,/Arod = 26.52 
Volume of the tablet: Vtab = TR, 2D = 2.628 cm3 
Weight of the tablet: Gtab = 3.2 g 
Capacity of the tablet: Ctab = 9 h X 0.05 A = 0.45 Ah 
Specific values: 
- capacity per unit volume: Ctab/Vtab = 0.45 Ah/2.628 

cm3 = 0.1712 Ah cme3 
- capacity per unit weight: Ctab/GLab = 0.45 Ah/3.2 

g=O.141 Ahg-’ 
Capacity of the ‘corrosion layer’ 
- thickness per unit capacity: D/C,,, = 0.22 cm/O.45 

Ah = 0.489 cm Ah-’ 
- capacity per unit thickness: C,,,/D = l/O.489 Ah 

cm -’ = 2.045 Ah cm-’ = 736.2 mA s pm-’ 
The capacity of a ‘ 1 pm corrosion layer’ on the bowl: 

C,, = 736.2 mA s; this capacity holds 50 mA for t,, = 
14.72 s. 

The capacity of a ‘1 pm corrosion layer on the rod: 
C,, = 27.76 mA s; this capacity holds 50 mA for rip = 
0.56 s. 

A float current, established for a PbO, electrode to 
conserve its charge, converts PbSO, to PbO, as quickly as 
it is formed by corrosion. Therefore, we can consider this 
layer to be a dense one. In a GrO electrode, the self-dis- 
charge under open-voltage conditions proceeds with about 
3 pA cm--‘. This current density corresponds to a corro- 
sion current limited by a diaphragm layer of 0.1 pm 
thickness and 5% porosity. 

3.4.9. Experimental results 

3.4.9.1. Thickness of the corrosion region of dcperent 
alloys. After cycling 15 times and breaking of the PbO, 
tablets, the different bowls were cast in epoxy-resin and 

Pb-pure (1) PbSb (2) 

Fig. 17. SEM graphs c ,f ‘the corrosion layers. 

PbCaSDAg (4) 
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microtom-cuts made perpendicular to the corrosion layers. 
The thickness of the corrosion region was determined by 
SEM analysis. These values are shown in the last row of 
Table 3 which, as a summary, contains the other measured 
parameters, too. Fig. 16 presents photographic pictures of 
the corrosion regions of the bowls of the four alloys at a 
relatively small magnification of 200. The sample of the 
bowl made from the Pb-Sb alloy shows the smallest 
thickness of the corrosion region compared with the others. 
The corrosion layer is dense and is distributed regularly on 
the metal surface. The corrosion region of the Pb-Ca-Sn- 
Ag alloy is similar to that of Pb-Sb, but it is more porous 
and thicker. The largest corrosion region is shown by the 
Pb-Ca-Sn ‘grid’. It is porous and not distributed regularly 
on the metal surface. In the case of the pure-lead grid, 
many large cracks occur close to the metal surface and 
within the corrosion region, that is distributed not very 
regularly on the metal surface. 

Interesting information about the structure of the corro- 
sion regions of the different alloys is provided by the 
electron micrographs in Fig. 17(a)-(d). The pure-lead 
sample, as well as the Pb-Sb sample, has dense corrosion 
zones with cracks close to the metal surface. The pure-lead 
sample exhibits the largest cracks (Fig. 17(a)). The front of 
the corrosion zone of the Pb-Sb sample advances, wedge- 
like, deep into the metal (Fig. 17(b)). The development of 
the cracks causes strong internal stress. The corrosion 
zones of the Pb-Ca-Sn and Pb-Ca-Sn-Ag samples are 
comparatively more porous with better developed crystal 
structures (Fig. 17(c), (d)). An important difference is 
found in the transition layer metal/corrosion zone. The 
addition of silver to the alloy disperses probably the 
structure of the lead alloy and increases the adhesion to the 
metal surface and the compactness of the corrosion layer 
close to the grid (a well developed, dense, AOS structure, 
see Fig. 17(d)). 

By applying the WDX (wavelength dispersive X-ray 
spectroscopy system) method of SEM analysis, the appear- 
ance of lead sulfate as a component of the different 
charged corrosion regions has been examined. No lead 
sulfate was detected in the corrosion regions. 

3.4.9.2. Structure of the corrosion region of di@erent 
alloys. The alloying components must not adversely affect 
the mechanical and electronic contact between the active 
material and the grid. The oxidized components of the 
alloy must not increase the electric resistance of the PAM 
and must not passivate the active material. The adhesion of 
the corrosion region in both directions to the grid, as well 
as to the active material, must also not be adversely 
affected. 

4. Conclusions 

Several different lead alloys for use in negative and 
positive electrodes have been developed during the one- 

hundred years of battery technology. Antimony, calcium, 
tin, tellurium and silver are the common constituents in 
present technology. Even very small amounts of the consti- 
tutents can greatly influence the mechanical, corrosive and 
electrochemical properties [ 15,161. The corrosion be- 
haviour depends mainly on the properties of the corrosion 
layer, i.e., on its mechanical, electronic and electrochemi- 
cal characteristics. 

The EFF, as a property of the PAM, exists for all tested 
grid materials. The constituents of the grid alloys appear to 
influence the EFF. There is a good correlation between the 
thickness of the corroded grid material and the develop- 
ment of the EEF, except for the Pb-Sb alloy. The tensile 
strength after 15 cycles differs markedly (by a factor of 
two) between the tested alloys, although the rupture plane 
is not identical with the corrosion zone, but is located in 
the active material close to the surface of the rod. The very 
high tensile strength of the electrode with the Pb-Ca-Sn- 
Ag alloy, compared with the alloy without silver, appears 
to confirm the influence of silver on the behaviour of the 
PAM, although the tin content is about 35% larger, too. 
The same can be deduced from the SSR of the charged 
electrodes; the lowest values were observed for the silver- 
containing grid. Theoretical considerations about the cre- 
ation of the corrosion layer are reported. It is concluded 
that no real layer of PbO exists between the grid metal and 
the PAM. 
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