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Abstract 

Premature capacity loss is a severe problem observed in lead/acid batteries; it has been localised at the grid/positive active material interface 
(PAM) and in the PAM. In order to understand these phenomena, cycled batteries with Pb-Sb-Sn and Pb-Ca-Sn positive grid alloys were 
studied and compared with floated batteries with Pb-Ca-Sn positive grid alloys. The evolution of the crystallographic and morphological 
structure of the PAM and of the grid/PAM interface during the tests were investigated. Formation of isolated agglomerates of PAM by the 
phenomena assimilated to sintering was found to be the reason of the failure of cycled batteries, whereas the intergranular corrosion of the 
grid initiated the floated batteries’ end of life. The results and mechanisms of these phenomena are presented. 
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1. Introduction 

Premature capacity loss (PCL) is a severe problem for 
lead/acid batteries and has been the subject of many studies. 
Batteries in which PCL phenomena occur, show a life time 
which is reduced compared with the expected life. An early 
and rapid decrease of capacity occurs long before the natural 
ageing of the battery (active material shedding and grid cor- 
rosion which limit battery performance). PCL is particularly 
severe in batteries with positive plates that use antimony-free 
or low-antimony grid alloys. 

In this paper, PCL phenomena have been studied on bat- 
teries with Pb-Ca-Sn and Pb-Sb-Sn alloys at the positive 
grid. Cycled batteries with Pb-Sb-Sn alloys at the positive 
grid have been used as a reference and compared with cycled 
and floated batteries with Pb-Ca-Sn alloys positive grids. 

Positive active material (PAM) and grid/PAM interface 
analyses allow interpretation of the phenomena which occur 
in the positive plate. 

2. Experimental 

Table 1 provides a summary of the different groups of 2 V 
valve-regulated lead/acid (VRLA) cells with absorption 
glass mat ( AGM) construction which have been tested. 
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Table 1 
Composition of batteries tested 

Positive grid alloy Test 

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

Cycling 
Cycling 
Floating 

Each cell was composed of twelve positive plates, thirteen 
negative plates and twelve glass fiber separators. The plate 
dimensions were 136 mmX 136 mm X 2.5 mm. After for- 
mation, the cells contained a 1.29 sp. gr. sulfuric acid solution. 
All the plates had the same curing and all the batteries, the 
same assembly and active material formation procedure. The 
composition of the PAM is given in Fig. 1. The 5 h capacity 
(C,) of the batteries was 120 Ah. 

The cycling test consisted of a discharge during 3 h at 30A 
constant current (C,,,) followed by an ZU charge procedure 
which consists of a charge at a constant current ( C,,,) limited 
by a voltage of 2.35 V per cell. Capacity was measuredevery 
hundred cycles at the Cs,s rate until the tension reaches 1.7 
V per cell. The test was ended when the capacity of the cell 
was 25% lower than the initial one. 

The second test realised on the third group of batteries was 
a 2.27 V floating test at a temperature of 55 “C. Every 40 
days, performance was checked at a rate of C,,,,,, at room 
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Fig. 1. Rietveld profile refinement of a PAM X-ray diffraction pattern 
(comparaison between calculated and observed intensity). 

temperature. The test was stopped when the remaining capac- 
ity was less than the 80% of the initial C,,,,, capacity at 
room temperature. At different stages of the tests, some cells 
were taken off and dismantled. The central positive plates 
were washed and dried. Each stage was investigated using 
different structural and morphological methods. 

X-ray diffraction (XRD) analyses of PAM were per- 
formed with a Siemens D5OO diffractometer equipped with a 
cobalt anode. Samples were prepared from pellets taken off 
from the positive plate and which were ground to powder. 
Crystallographic phase identification was performed using 
the powder diffraction files (PDF) files [ 1 ] : a-PbO* [ 37- 
5171, /3-PbO, [41-14921 and PbSO, [36-14611 files. The 
Rietveld method [ 21 based on the background, atomic posi- 
tions, cell parameters, preferentiel orientation refinements, 
was used to quantify the different phases detected on each 
spectrum. 

The microscopic observations were performed with either 
an optical microscope and/or a Philips 525M scanning elec- 
tron microscope (SEM) Microprobe wavelength dispersion 
spectroscopy (WDS) analysis were carried out with a Came- 
bax system. The samples were taken off with a diamond- 
thread-saw from epoxy resin coated positive plates and 
polished up to 3 pm. 

Different stages of life were analysed: just after formation, 
after 100 and 200 cycles or 120 days of floating and at the 
end of life. 

3. Results 

3.1. PAM analysis 

3.1. I. Crystalline phase analysis of the PAM 
The qualitative and quantitative crystalline phase analysis 

were tested at different stages of the life of the batteries and 
at different places in the plates: at the top, middle and bottom. 
The crystalline phases found in the PAM are a-PbOz (ortho- 
rhombic system), /I-PbO, (tetragonal system) and some- 
times PbS04 (othorhombic system), After the identification 
of the phases, a refinement of the spectrum with the Rietveld 
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Fig. 2. Evolution of the crystalline phase PAM composition during life of 
the battery: (b) bottom; (t) top, and (m) middle. 

method is realised (Fig. 1). Fig. 2(a)-(c) illustrates the 
XRD quantitative analysis results. 

Fig. 2 shows that the crystalline phase composition of the 
PAM versus number of cycles or number of days of floating 
depends only on the initial composition of the PAM and not 
on the positive grid alloy. The evolution of this composition 
reveals that a-PbO* tends to disappear. On the other hand, 
the composition depends on the place in the plate where the 
PAM is taken off. The middle of the plate contains more (Y- 
PbOz than the top. The bottom of the plate has the lowest 
quantity of a-PbOz. Sometimes, some PbS04 is observed at 
the bottom part of the plate. 

3.1.2. Morphological structure of the PAM 
Analyses of the morphological structure of the PAM were 

carried out at the top and bottom of the plates at different 
stages of life of the battery. 

3.1.2.1. Cycling test 
The evolution of the morphology of the PAM for cycled 

batteries is the same whatever the positive grid alloy is; it is 
represented by Fig. 3. After the formation of active material, 
the PAM is composed of a network of Pb02 particles which 
are well connected to each other and to the grid/corrosion 
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Fig. 3. Morphological PAM evolution vs. ageing of a cycled battery. 

layer interface as well. After a few cycles, aggregates of PAM 
are found near the wire and near the external surface of the 
plate. These PAM islands are still connected to the rest of the 
active material. During ageing of the battery, the quantity of 
PAM aggregates increases. They become more and more 
isolated from the rest of the PAM. At the end of life, the 
presence of a lot of isolated PAM aggregates is observed. 

This evolution is the same for all the cycled batteries. 
However, the kinetics of these phenomena depend on the 
positive grid alloy composition: the kinetics are slower in Pb- 
Sb-Sn batteries than those observed in Pb-Ca-Sn batteries. 

3.1.2.2. Floating test 
After the formation of the active material of the floated 

batteries, the PAM is composed of a dense network of PbO, 
particles. These particles are often found in an island structure 
connected to each other by the PAM with a lamellar structure 
(Fig. 4). The morphological aspect of the PAM is always the 
same during the test. 

3.2. Grid/PAM interface analysis 

The interface between the positive grid and PAM is com- 
posed of a corrosion layer which is formed during curing and 
the formation of active material. Then, the corrosion is a 
monolayer of PbO, of which the thickness depends on the 

Fig. 4. PAM microstructure of a floated battery which consists of agglom- 
erates bonded to each other by thin strips of PAM (lamellar structure). 

positive grid alloy: the thickness of the corrosion layer for a 
Pb-Sb-Sn and for a Pb-Ca-Sn positive grid alloy is 24 and 
15 pm, respectivJy. 

At the end of life, the structure of the grid/PAM interface 
depends on the positive grid alloy and on the test (floating or 
cycling) which has been executed. 

For cycled batteries with Pb-Sb-Sn positive grid alloys 
[ 31, the thickness of the corrosion layer is about 450 to 500 
pm and presents a two-layer morphology (Fig. 5). The inter- 
nal sub-layer (adjacent to the grid wire) is dense, slightly 
cracked, and is 150 Frn thick. The cracks are parallel to the 

Fig. 5. Cycled Pb-Sb-Sn battery: SE and oxygen X-ray images. 
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Fig. 6. Cycled Pb-Ca-Sn battery: SE and oxygen X-ray images. 

Fig. 7. Floated PWa-Sn battery: SE and oxygen X-ray images. 

external surface of the wire. This sub-layer is composed of 
PbO. The external sublayer (adjacent to the PAM) is very 
cracked and has a thickness of 300 Frn. The cracks are parallel 
and perpendicular to the external surface of the wire. It is 
composed of PbO,. A de-cohesion between the PAM and the 
corrosion layer can be noted. 

For cycled batteries with a Pb-Ca-Sn positive grid alloy, 
the interface grid/PAM is a dense monolayer of PbOl 
(Fig. 6). It is about 40 p,m thick. There is a good cohesion 
between the PAM and the corrosion layer. 

The grid/PAM interface of the floated batteries with a Pb- 
Ca-Sn grid alloy is very different because the corrosion of 
the grid is intergranular. At the end of life, the wires are 
strongly corroded. The corrosion product is PbO:, (Fig. 7). 

4. Discussion 

4.1. Crystallographic structural evolution of the PAM 

During cycling, the ratio /3-PbOJa-PbO, increases. This 
confirms the transformation of a-PbOZ to /3-Pb02 via PbSO,. 
During charge, a part of PbS04 produced from a-PbO, is 
changed into P-Pb02 [ 4,5] 

a X a-pb(),! discharge *arge 
b x 

+ 
p-Pb02 

(a+b)PbSO, + (a-x) X a-Pb02 
(b +x) x P-Pb02 

(1) 
where a and b are the quantity of a- and P-Pb02 before 
discharge, and x the quantity of o-Pb02 which is converted 
into /?-PbO, after the charge. 

This plays an important part in the behaviour of the PAM. 
P-Pb02 is known to give a good capacity and a-PbOZ to 

improve the mechanical characteristics of the PAM. During 
cycling, the amount of o-Pb02 decreases and becomes neg- 
ligible at the end of life. The PAM mechanical integrity loss 
appears therefore to result from this reducing quantity of 
a-PbO,. 

Meanwhile, the fact that the composition of the PAM of 
the Pb-Sb-Sn batteries cycled 200 times is quite similar to 
that of cycled Pb-Ca-Sn batteries at the end of life seems to 
demonstrate that, in this case, the end of life is not due to the 
absence of a-PbOZ but more likely to the morphological 
structure of the PAM. 

4.2. Morphological evolution of the PAM 

The ageing of the PAM of a cycled battery is characterized 
by the development of agglomerates of PAM which are iso- 
lated from the rest of the PAM at the end of life. This phen- 
omon is assimilated to sintering. 

Sintering [ 6,7] is a sphere-assembling mechanism which 
occurs in a solid state. The spherical particles bond each other 
and create a jonction zone called ‘neck zone’. During sinter- 
ing, the system tends to minimize the superficial energy 
through different mechanisms: viscous flow, evaporation/ 
condensation and diffusion (surface, volume or grain bound- 
ary) . Each mechanism has its own law of growth. The sin- 
tered spheres are characterized by the radius of the spheres 
and of the neck zone. Measurements of these physical para- 
meters during the cycling test show that a volume diffusion 
mechanism takes place during sintering. 

The influence on the positive plate capacity of such a phe- 
nomenon has been studied by Winsel and co-workers [ 8,9]. 
They demonstrate that the electric resistance of the PAM 
depends on its physical structure [ 101: the smaller is the neck 
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Fig. 8. Mechanisms of (b) , (d) , ( f) isolation of PAM particles, or (c) , (e), (g) formation of aggregates of PAM particles during cycling. 

zone between two spheres of PbOP, the higher is the electric 
resistance and the smaller is the capacity. On a thermodyn- 
amical point of view, the difference of chemical potential A or. 
between the neck zone and the spheres is associated to an 
oxygen deviation 6 in the stoichiometric composition of the 
lead dioxide in each zone: PbOz - a. The chemical potential 
Ap depends also on the structural parameters of the sintered 
spheres such as the radius of the neck and the sphere. They 
assume that the potential of the neck zone is more negative 
than that of the sphere, which protects the neck from being 
electrochemically sliced off during passage of a discharge 
current. 

This phenomenon is quite similar to sintering. But as it 
occurs only during the cycling test, it means that it is not the 
only mechanism which takes place in the formation of the 
aggregates of spheres. Modelling the evolution of the PAM 
presented in Fig. 8 will try to explain the phenomenon during 
cycling. 

During cycling, after charge, the PAM may be assimilated 
to spherical particles of PbOZ which are connected to each 
other by a neck zone (Fig. 8 (a) ) . When discharging [ 111, 
PbO, is reduced to PbS04 via the dissolution of PbOZ into 
Pb4’ ions. These ions are reduced into Pb*+ ions and precip- 
itated as PbS04. If the potential of the neck zone is smaller 
than that of the sphere, the reduction occurs preferentially on 
the sphere surface (Fig. 8 (c) ) . In the other case, the reaction 
takes place in the neck zone (Fig. 8 (b) ) . The main conse- 
quence is the precipitation of PbSO, in the neck zone. During 
the charge, lead sulfate is oxidized into lead dioxide. If the 
potential of the neck zone is smaller than that of the sphere, 
oxidation occurs preferentially in the neck zone. In this case, 
the radius of the neck zone increases (Fig. 8 (e) ) . In the other 
case, a part of the Pb” ions, which are formed from the neck, 
are oxidized on the sphere (Fig. 8(d) ) and so the neck size 
decreases. After many cycles, if the potential of the neck zone 
is smaller than that of the sphere, the jonction zone grows 

and the distance between the centre of the spheres decreases 
(Fig. 8(g)): aggregates of PAM are created and sintering 
achieved. If the potential in the neck zone is higher than that 
of the sphere, the neck zone decreases which involves the 
separation of the particles (Fig. 8 ( f) ) . 

In our cycling test, micrographical observations of PAM 
sintering necessary establish that the chemical potential of 
the neck zone is smaller than that of the sphere. 

The development of the aggregates of spheres due to the 
increase of the neck zone implies a densification so that, when 
agglomerates of Pb02 are created, they are also more and 
more isolated from each other during cycling. This implies a 
decrease in capacity, as observed. 

Since the formation of isolated agglomerates of PAM is 
due to the cycles of charge/discharge, it cannot be observed 
in the floated batteries. This explains the reason of a good 
network of PAM for the floated batteries at the end of life. 

4.3. Zntegacial evolution during cycling 

The different morphologies and compositions of the inter- 
face can be explained by the kinetics of the oxidation reac- 
tions which take place on the grid/PAM interface or by 
mechanisms which occur during the storage of a battery. 

The oxidation of the lead of the grid during cycling is 
comprised of three steps [ 12-151: 

Pb --, cu-PbO (2) 

a-PbO + PbO, (3) 

PbO, + a-Pb02 (4) 

Kinetics are controlled by oxygen diffusion. It is well 
known that the slowest reaction imposes its kinetics. If the 
kinetics of the a-PbO formation are equal to that of a-PbO,, 
the corrosion layer will comprise two sublayers: one of (Y- 
PbO and another of a-Pb02, as observed in the case of cycled 
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Pb-Sb-Sn batteries. If the kinetics of the a-PbO formation 
are slower than that of a-PbO*, then the corrosion layer will 
comprise a layer of a-PbOZ, as shown by cycled Pb-Ca-Sn 
batteries. 

The cycled Pb-Sb-Sn battery on which the analysis were 
realised, has been stored during four months after its end of 
life, and before being dismantled. 

At the grid/PAM interface, the reaction between the lead 
of the grid which is oxidized and the lead dioxide of the 
corrosion layer which is reduced [ 131, is given by the fol- 
lowing equations: 

Pb+H20+PbO+2H+ +2e- (5) 

PbO,+2e- +2H’ +PbO+H*O (6) 

Pb + PbOZ + 2PbO (7) 

A grid/PAM interface which is comprised by a lead diox- 
ide layer after a cycling test, is converted into a two-layer 
structure: a PbO sub-layer and a PbOz one. This morphology 
is observed for the cycled Pb-Sb-Sn battery at the end of life 
after storage. The observations of the interface during cycling 
and before the end of life of Pb-Sb-Sn batteries show a dense 
layer of Pb02. So it can be supposed that the grid/PAM 
interface of the cycled Pb-Sb-Sn batteries is comprised by a 
monolayer of lead dioxide. Future observations of cycled Pb- 
Sb-Sn batteries at the end of life without storage will confirm 
this assumption. 

The grid/PAM interface of cycled batteries (Pb-Ca-Sn 
and Pb-Sb-Sn) is only composed of lead dioxide. 

4.4. Corrosion mechanism duringfioating 

For the floated PKa-Sn batteries, the corrosion of the 
grid is intergranular. During discharge of the positive plate, 
PbOz is reduced to PbSO,. During charge, PbS04 is oxidized 
to PbOz. During floating, the transformation of the PAM to 
Pb02 is followed by the oxidation of the lead of the grid. The 
grid lead does not correspond to the most oxidized form, this 
explains why it reacts during overcharge. The oxidation of 
the grid is so fast that it appears to be the reason for the failure 
of the batteries: electric current cannot be collectedandduring 
the oxidation, because of the increasing of the molar volume 
(the molar volume of PbOa is higher than that of Pb) the grid 
loses its shape and connections with the PAM. 

5. Conclusions 

The grid/PAM interface and the morphological structure 
of the PAM depend on the positive grid alloy and on the test 
procedure. The main conclusions of the study are: 

(i) For cycled ( PbXa-Sn and Pb-Sb-Sn) batteries, the 
corrosion layer is only comprised of a monolayer of PbOZ. 
The morphological structure of the PAM is the reason for the 
end of their life. The PAM is then composed of isolated 
aggregates of PAM which have been formed by a mechanism 
assimilated to sintering during the charge/discharge cycles. 

(ii) The storage of a cycled battery implies a two-layer 
structure for the grid/PAM interface (one sub-layer of PbO 
and another of PbOZ) . 

(iii) The corrosion of the positive grid for floated Pb-Ca- 
Sn batteries is intergranular and the corrosion product is 
PbOz. The PAM is composed of a network of Pb02 particles 
which are well connected together, even at the end of life. 
Meanwhile, the failure of the floated PKa-Sn batteries 
appears to result from the corrosion of the grid which becomes 
unable to collect the electric current and creates a de-cohesion 
between PAM and grid which then loses its shape. This con- 
tributes to the loss of capacity of such batteries. 
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