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bstract

Lead–calcium–tin alloys are extensively used as electrodes in acid batteries. They are synthesised by casting/hardening and subject to microstruc-
ural evolution during use. The change from an “aged” metallurgic structure to an “over-aged” structure is associated, in particular, with a
eterioration of mechanical properties.

The determination of the Pb–Ca–Sn ternary phase diagram, and in particular the evolution of the limits of solubility of calcium and tin in a lead
atrix as a function of the temperature, is essential to appreciate the oversaturation degree after hardening and to optimise the necessary thermal

reatment to obtain the stabilisation of the aged state.

Some experimental measurements were carried out (radiocrystallography, differential thermal analyses, microprobe, . . .) for the x(Ca) ≤ 0.25

omposition domain. They have allowed putting in light the inconsistencies between experimental data provided by the literature. Phase boundaries
nformation was used to model the Pb–Ca–Sn system with a CALPHAD approach. Related thermodynamic databank is presented in this paper.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Lead–calcium–tin alloys are usually used as electrode mate-
ials in maintenance-free batteries application. Indeed, they have
emonstrated very interesting mechanical and electrochemical
roperties [1].

The industrial synthesis of these alloys is based on the
tructural hardening process. Quenching of liquid alloy causes
versaturated lead solid solution. This one reaches its aged state
y a succession of metallurgical transformation following gen-
ral Eq. (1), which the nature depends on the Sn/Ca weight ratio
2]:

�′Pb)oversaturated → (�′′Pb)oversaturated
+ + Ca(Pb1−xSnx)3 fine dispersion (1)

his latest metallurgical state (“aged” state) is very interesting
ecause of its good efficiency for mechanical and electrochemi-
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al behaviour [1]. An adapted thermal treatment (determined by
he TTT diagrams [3]) permits to stabilise it. These properties
re altered by the ultimate metallurgical transformation, called
ver-ageing, which can take place during use and which follows
q. (2):

�′′Pb)oversaturated → (�Pb)equilibrium

+ Ca(Pb1−xSnx)3 coarsened precipitates (2)

So, the knowledge of phase boundaries in the Pb–Ca–Sn
ernary system will be crucial for predicting and increasing the

echanical and electrochemical properties of these alloys. In
articular, the effect of the tin content on the calcium solubility
n lead matrix must be refined in order to optimise the structural
ardening step and the thermal treatment stabilizing the aged

tate.

This present paper consists on experimental investigations
f the Pb–Ca–Sn ternary system for x(Ca) ≤ 0.25 composition
omain followed by a thermodynamic calculation using the
ALPHAD (CALculation of PHAse Diagram) method.

mailto:yohann.cartigny@univ-rouen.fr
dx.doi.org/10.1016/j.jpowsour.2007.06.259
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ig. 1. Experimental isothermal section of the Pb–Ca–Sn system at 393 K char-
cterised by Maı̂tre et al. [5] (labels details in Table 1).

. State of art

Three important works can be cited concerning the exper-
mental phase boundaries investigation in the x(Ca) ≤ 0.25
omposition domain.

Firstly, Adeva et al. [4] have investigated, by X-ray diffrac-
ion, the Pb-rich corner up to 0.2 wt% Ca and 3 wt% Sn. Their

ethod consisted of measuring the lattice parameter of the (�Pb)
ace-centred cubic matrix in function of the tin and calcium
omposition. These authors claimed that three phases could be
resent simultaneously, to justify a constant lattice parameter of
he lead matrix. The two others phases associated with (�Pb)
re assimilated by the authors as CaPb3 and CaSn3 without any
roofs.

Maı̂tre et al. [5], by TEM microscopy and EDX
easurements, indicated the chemical composition of inter-
etallic phases in over-aged PbCa0.08 wt%Sn0.6 and 2 wt% alloys

Tover-ageing = 393 K). In a same alloy, they found different com-
osition for the Ca(Pb1−xSnx)3 components which have L12
tructure. These results can be expressed as three-phase domains
hich associate the (�Pb) matrix and two specific composi-

ions of the Ca(Pb1−xSnx)3 isoplethal section. The experimental
sotherm section (T = 393 K) and compositions of phases in
riphasic equilibrium are shown in Fig. 1 and Table 1, respec-

ively.

Hertz et al. [6] have investigated by X-ray diffraction the
attice parameter behaviour of the L12 structure Ca(Pb1−xSnx)3
lloys versus tin composition. These measurements indicate that

able 1
omposition of phases labelled in Fig. 1 (limits of triphasic domains)

hase label Phases composition in atomic percent

Pb Ca Sn

68.25 25 6.76
62.25 25 12.75
98.919 0.041 1.05
35.25 25 39.75
23.25 25 51.75
96.529 0.041 3.43
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here is an extended solid solution between CaPb3 and CaSn3.
hese results are not consistent with the presence of a three-
hase domains determined by Adeva et al. [4] and by Maı̂tre et
l. [5]. Otherwise, by ATD measurements, Hertz et al. determine
he presence of a ternary eutectic equilibrium at 449.15 K for
he composition Ca(Pb1−xSnx)3 around x ≈ 0.8. Moreover, this
uthor published a thermodynamic calculation concerning only
he lead-rich corner. On the experimental results obtained by
ertz, present authors published a first overall calculation of

he Pb–Ca–Sn ternary system, and were presented during the
hermodynamic OF Alloys Conference held in Rome in 2002

7].
In order to lift the inconsistency between results claimed by

ifferent authors, new experimental investigations were carried
ut. They will permit to determine accurately phases domains for
(Ca) ≤ 0.25 in order to improve the thermodynamic description
f the system.

. Experimental procedure

Pb–Ca–Sn alloys were synthesised by using 99.999% lead
Goodfellow), 99.91% tin (Merck) and 99.9% calcium (Ven-
ron) as starting materials. Preparation of Pb–Ca–Sn alloys
as carried out in an argon-controlled atmosphere, to avoid

alcium losses due to the high reactivity of this element
ith oxygen. The melting of these alloys was done under

rgon in a vacuum-controlled atmosphere high frequency fur-
ace. Samples were treated at different temperature to reach
quilibrium state and were air-quenched before characterisa-
ion.

The identification of phases in equilibrium was carried
ut by means of electron microprobe examination (with
ameca SX100 apparatus) of metallographical samples. X-

ay diffraction (Phillips X’Pert Pro (θ − 2θ), 20◦ < 2θ < 100◦,
Cu) was carried out to determine the extension of the solid
olution Ca(Pb1−xSnx)3 (with L12 structure) between CaPb3
nd CaSn3. Thirteen samples with x(Ca) ≈ 0.25 and vari-
ble tin composition were synthesised and homogenised at
73 K before air-quenching. The diffraction analyses were
one on powder samples in capillary tubes prepared under
rgon atmosphere with silicon powder as reference. DTA
easurements were carried out on these alloys under argon

tmosphere on a ATD-TG Setaram 92-type calorimeter (accu-
acy of the transformation points was ±2 K). Moreover, some
iffusion couples were carried out in order to observe the
uccession of different phases domains in x(Ca) ≤ 0.25 com-
osition domain. These ones result from the association of
aPb3 and CaSn3 compounds with pure tin and lead, respec-

ively. The diffusion temperature was 438 K under vacuum
uring 5 and 19 days. Moreover, a series of alloys with
(Ca) < 0.25 composition were synthesised and homogenised
n the same way as previously described. Fig. 2 recapitu-
ates the type of investigations in the studied composition

omain.

Lastly, the thermodynamic modelling was done using the
ALPHAD method with the help of the Parrot module contained

n Thermocalc software.
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DTA measurements were carried out on the alloys charac-
ig. 2. Type of experimental investigation carried out during the present study.

. Results of experimental investigation

.1. X-ray diffraction

The cubic-lattice parameters of the L12 structure components
Ca(Pb1−xSnx)3) were determined by XRD analyses and are
ignificant to the crystallographic situation encountered at 573 K
homogenisation temperature). It can be noticed that a loss of
alcium is always observed during the synthesis process. For
his reason, one or two phases (lead or tin solid solution) are
imultaneously present in XRD patterns with the main L12 phase
Fig. 3). Fig. 4 shows the variation of Ca(Pb1−xSnx)3 lattice
arameters versus tin composition. On this representation, three
omains can be observed: two rectilinear variations (noticed 1
nd 3) and a third one (noticed 2). This latest is not well defined
ith inconsistent L12 phase parameters in a narrow range of

omposition.

The parameter behaviour in the domains 1 and 3 can be fitted

y two rectilinear curves with the following Eqs. (3) and (4),

ig. 3. Typical XRPD pattern recorded on alloys with general composition
a(Pb1−xSnx) (L12 structure) and compared to theoretical diffractograms of
n, CaSn3 (i.e. Ca(Pb1−xSnx), x = 1), CaPb3 (i.e. Ca(Pb1−xSnx), x = 0) and the

nternal reference Si. The presented pattern was obtained on alloy synthesised
or x = 2/3 (domain 3 in Fig. 4).

t
p
u

F
t

ig. 4. Lattice parameter behaviour of the Ca(Pb1−xSnx)3 compounds (L12

tructure) vs. tin composition after thermal treatment at 573 K and air quenching.

espectively:

(nm) = −0.1583x + 0.48976 (R2 = 0.9976) (3)

(nm) = −0.2110x + 0.48979 (R2 = 0.9989) (4)

In each domain, the lattice behaviour is in accordance with
Vegard’s law. However, the difference observed between the

lope of these two rectilinear domains clearly indicates that the
a(Pb1−xSnx)3 solid solution was not extended from CaPb3 up

o CaSn3 contrarily to conclusions made by Hertz et al. [6]. So, at
73 K, two solid solutions must be considered: one issued from
aPb3 and extended up to nearly Ca(Pb0.68Sn0.32)3 composition
nd a second one issued from CaSn3 and extended up to nearly
a(Pb0.53Sn0.47)3 composition. Limits of extensions of these
omains were not clearly defined and cannot be considered as
uantitative information.

.2. DTA measurements
erised by X-ray diffraction. Associated thermograms (Fig. 5)
resent two different transformations: invariant reaction and liq-
idus point. Only invariant reaction temperature is quantitative

ig. 5. Thermogram obtained on the Ca(Pb11/12Sn1/12)3 compounds (scanning
emperature 5 K min−1).
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Table 2
Composition of phases belonging to the isoplethal section x(Ca) = 25% in tripha-
sic equilibrium with lead or/and tin solid solutions (as labelled in Fig. 6)

Domain label Phase label Phases composition in atomic percent

Pb Ca Sn

A 1 72 25 3
2 61.3 25 13.7

B 3 34.4 25 40.6
4 26.3 25 48.7
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ecause it does not depend on the proportion of each phase
ontrarily to liquidus points. For alloys with composition near
aPb3 (Ca(Pb1−xSnx)3 with 0.0642 < x < 0.2658), the detected

nvariant reaction temperature is nearly 589 K (±2 K) (Fig. 5).
t can be noticed that this transformation was not identified pre-
iously in literature. For Ca(Pb1−xSnx)3 which contain more tin
0.5752 < x < 0.6875), the invariant temperature (Tinv = 453 K)
eaction seems to be similar than those identified by Hertz in
his domain (Tinv = 449 K). This ternary eutectic takes place
etween a particular composition of the isopleth composition
x(Ca) = 0.25), lead solid solution and tin solid solution.

So, these DTA measurements show the presence of new
ernary invariant reactions and confirm the existent one.

.3. Metallographic analyses

Some metallographic investigations were carried out on
lloys with x(Ca) < 0.25 composition as well as on diffusion cou-
les. These analyses clearly indicate the presence of three ternary
quilibrium; their typical microstructures are shown in Fig. 6.

first three-phase domain associates Ca(Pb1−xSnx)3, �Pb and
Sn lead and tin solid solution, respectively. The nature as well
s the characteristics of this three-phase domain was also deter-
ined by previous studies, notably by Hertz et al. [6]. The two

thers three-phase domains associate two specific composition
f the Ca(Pb1−xSnx)3 isopleth section and the �Pb lead solid
olution. Chemical compositions of each phase in equilibrium

re reported in Table 2.

The nature and the composition of the three-phase domain
eem to be similar to those obtained by Maı̂tre et al. [5] at 393 K
Fig. 1).

t
m
t
b

Fig. 6. Typical microstructures at 438 K of th
5 68.3 25 68.3

.4. Consistencies between experimental information

The lattice parameter behaviour of the Ca(Pb1−xSnx)3 are
ot in accordance with the presence of an extended solid solu-
ion between CaPb3 and CaSn3 claimed by Hertz et al. These
resent crystallographic studies for x(Ca) = 0.25 alloys carried
ut at 573 K allows us to consider the presence of two distinct
hases with an L12 structure (Fig. 4). It implicates the pres-
nce of only one three-phase domain associating two particular
omposition of the Ca(Pb1−xSnx)3 isopleth section at this tem-
erature (limits of the two distinct solid solution). In order to
e consistent with the metallographic studies provided by this
ork and by Maı̂tre et al., we must consider that the L12 solid

olution issued from CaSn3 present a miscibility gap when the
emperature decrease from 573 to 438 K. Thus, overall experi-
ental information is consistent between them and can be used
o improve the ternary phase description. Experimental phase
oundaries for x(Ca) ≤ 0.25 composition described as below

e three-phase domains for x(Ca) < 0.25.
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re the starting point of the thermodynamic modelling attained
hanks to the CALPHAD method.

. Principles of thermodynamic modelling

.1. Pure elements

Following the S.G.T.E. formalism, the Gibbs energy of pure
lements i with the structure φ is referred to the enthalpy of its
tandard state element reference (SER) at 298.15 K and is noted:

G
φ
i (T ) − HSER

i = a + bT + cT ln(T ) + dT 2 + eT 3

+ fT−1 + gT 7 + hT−9 (5)

.2. Primary solid solution

The solid face-centred cubic (FCC) A1(Pb), and
FCC) A1(Ca), body-centred cubic (BCC) A5(Ca), body-
entred tetragonal (BCT) A2(Sn) phases are described by

random substitutional model. The excess part of the
ibbs energy in the ternary system is represented using the
edlich–Kister–Muggianu description:

xGφ =
∑

i

∑

j>1

xixj

∑

ν=0

νL
φ
i,j(xi − xj)ν + 0L

φ
i,j,kxixjxk (6)

ere, the binary interaction parameters νL
φ
i,j are described with

inear temperature dependence:

L
φ
i,j = aν + bνT (7)

ernary interaction 0L
φ
i,j,k was not necessary in our calculation

o fit experimental values.

.3. Liquid phase

In the calcium–lead and calcium–tin systems, the binary liq-
id phase has been described using the association model [8–10]
ecause of the linear variation of integral enthalpy of mixing ver-
us composition in liquid [11]. In this case, the Gibbs energy of
he ternary liquid is given for one mole of formula units and is
xpressed as the sum of four contributions:

liq = refG + formG + idGliq + exGliq (8)

here the different contributions are the reference part (refG),
ormation of the associated complex part (formG), an ideal part
idGliq) and excess part (exGliq).

The association model is based on the hypothesis that two
omplexes A and B, issued from the binary borders Ca–Pb
nd Ca–Sn, respectively, are formed in the ternary liquid phase
ollowing Eqs. (9) and (10):

Ca + Pb ↔ Ca2Pb
where Ca2Pb corresponds to the A complex) (9)

Ca + Sn ↔ Ca2Sn

where Ca2Sn corresponds to the B complex) (10)
o
t

Sources 172 (2007) 925–932 929

here Ca, Pb and Sn are pure elements initially present in
he mix. Thus, the different parts of the Gibbs energy can be
escribed by Eq. (11)–(13):

efG = {xCa[0G
Liq
Ca − HSER

Ca ] + xSn[0G
Liq
Sn − HSER

Sn ]

+ xPb[0G
Liq
Pb − HSER

Pb ]}(yCa + 3yA + yPb + 3yB + ySn)

(11)

ormG = yA
0�GA + yB

0�GB (12)

dG = RT

B∑

i=Ca

yi ln yi (13)

here R is the perfect gas constant, T the temperature; A, B the
wo associated species in the liquid, yCa, yPb, ySn, yA and yB
he site fraction of each liquid species after association reaction
9) and (10) and normalised to yCa + yPb + ySn + yA + yB = 1. xCa,
Sn and xPb are the initial mole fraction introduced in the solu-
ion, without considering the associated species, normalised to
Ca + xSn + xPb = 1. 0�GA and 0�GB are enthalpies of formation
f associated species A and B.

The excess Gibbs energy is expressed by the Redlich–Kister–
uggianu description:

xGLiq =
∑

i

∑

j>i

xixj

∑

ν=0

νL
Liq
i,j (xi − xj)ν + 0L

Liq
i,j,kxixjxk (14)

here i, j and k are three possible species among the five exist-
ng in ternary liquid and 0L

Liq
i,j describes interaction between

wo species of the mix and are defined like Eq. (7). Among the
0 interactions generated between species, Table 3 shows those
sed in the calculation. The excess ternary interaction parameter
L

Liq
i,j,k was omitted in the modelling because it was not necessary

o fit experimental values in our case.

.4. Intermetallic compounds

The Gibbs energy of overall binary intermetallic compounds,
pBq, considered as stoichiometric, is expressed by the fol-

owing equation referring to the pure elements in their SER
tate:

ApBq = p

p + q
[0GSER

A − HSER
A (298.15)]

+ q

p + q
[0GSER

B − HSER
B (298.15)] + �GApBq

(15)

ith �GApBq = a + bT representing the formation Gibbs
nergy of the compound referenced to the standard state of pure
lements.

.5. Line compounds
No ternary phase is present in the Pb–Ca–Sn system. More-
ver, binary compounds CaPb3 and CaSn3 are extended in the
ernary system. So, the sub-lattice model was used to describe
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Table 3
Binary interactions used for the ternary liquid calculation (notched boxes)
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Table 5
Phases in equilibrium on the isoplethal section x(Ca) = 0.24999 drawn in Fig. 7

Phase domain Phases in equilibrium

1 Liquid
2 Liquid + CaPb3

3 Liquid + CaPb3 + CaSn3

4 Liquid + CaSn3

5 CaPb3 + �Pb
6 CaPb3 + CaSn3 + �Pb
7 CaSn3 + �Pb
8 CaSn3#1 + CaSn3#2 + �Pb

1

e
n
r
n

x
r

hese phases. For CaPb3 and CaSn3, calcium content is constant
nd the substitution of lead and tin on the first sub-lattice is
escribed as following:

= (PbyPb SnySn )3Ca (16)

here yPb and ySn represent the molar fraction of lead and tin
n the first sub-lattice.

The Gibbs energy of the phase φ is described as the sum of
he three following contributions expressed as:

efGφ = yPbG
CaPb3 + ySnG

CaSn3 (17)

dGφ = 3RT (yPb ln yPb + ySn ln ySn) (18)

xGφ = yPbySn

∑

ν=0

νL
φ
Pb,Sn(yPb − ySn)ν (19)

here GCaPb3 and GCaSn3 are the free enthalpies of formation
f CaPb3 and CaSn3 compounds.

. Optimisation

Binary interaction parameters, optimised during previous

tudies and related to the Pb–Sn [12], Ca–Pb [9] and Ca–Sn
10] binary borders, were integrated in the ternary databank.
ptimised parameters related to the ternary system are shown

n Table 4.

able 4
ptimised set of parameters related to the ternary Pb–Ca–Sn system

hase Parameter Value (J (mol of atoms)−1)

iquid L
0,L
Ca2Pb1,Sn −99720.62

L
0,L
Ca2Sn1,Pb −7853.96

aPb3 G0,CaPb3
Ca:Pb 0.25 GHSERCA + 0.75

GHSERPB − 32407.5 + 0.8453T
G0,CaPb3

Ca:Sn 0.25 GHSERCA + 0.75
GHSERSN + 1404401.57 − 166.5748T

G0,CaPb3
Ca:Pb,Sn −2364288.51 + 526.5265T

G1,CaPb3
Ca:Pb,Sn 926445.99 − 366.6736T

aSn3 G0,CaSn3
Ca:Sn 0.25 GHSERCA + 0.75

GHSERSN − 37722.5 + 0.1.2394T
G0,CaSn3

Ca:Pb 0.25 GHSERCA + 0.75
GHSERPB − 31409.5948 + 0.8477T

G0,CaSn3
Ca:Sn,Pb −8564.8544 + 15.1933T

G1,CaSn3
Ca:Sn,Pb −8217.7861 + 5.6663T

G2,CaSn3
Ca:Sn,Pb −7926.74642 + 5.1728T

w
a

b
c
c

F
i

9 CaSn3 + �Sn
0 �Pb + �Sn + CaSn3

In the liquid phase, the nature of binary interaction param-
ters used in the optimisation are listed in Table 2. It must be
oticed that ternary interaction parameter was not necessary to
estore experimental available information. Moreover, there is
o ternary compound in this system.

The modelling can be used to draw isoplethal section at
(Ca) = 0.2499 (Fig. 7 and Table 5) which shows the good
estoration of overall experimental data. New phase domains as
ell as the invariant reactions provided by the different authors

re consistent.

The demixtion of the Ca(Pb1−xSnx)3 L12 phase, suggested

y our experimental investigations, is well restored by the cal-
ulation too and appears from 467 K to lower temperature. It
an be noticed that the critical demixtion temperature was cal-

ig. 7. Calculated isoplethal section at x(Ca) = 0.2499 in comparison with exper-
mental data.
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[2] L. Bouirden, J.P. Hilger, J. Hertz, J. Power Sources 33 (1991) 27–50.
ig. 8. Calculated isothermal section at 393 K (a) and 438 K (b) in comparison
ith experimental data.

ulated without experimental information and must be certainly
efined.

Solid solutions between CaPb3 and CaSn3 are claimed in
he calculation as two different phases with the same structure.
owever, it appears more realistic to describe these phases as one
ith a narrow miscibility gap at 573 K (Fig. 4) and a second one,
hich appears with the temperature decrease (Fig. 6). Present

uthors attempt to calculate the phase diagram with considering
a(Pb1−xSnx) solid solution as one phase but the calculation of

he related Gibbs energy was not possible with Thermocalc soft-
are which showed its calculation limits. So, the consideration
f two distinct phases with the same structure was chosen as the
est description of the solid solution between CaPb3 and CaSn3.

Isothermal sections presented in Fig. 8 confirm the good

ccordance between calculated and experimental phase domain
t 393 and 438 K.

For the manufacturing of lead alloys (like PbCa0.08wt%
n0.6–2wt%, in battery industry), the calculated ternary phase
Sources 172 (2007) 925–932 931

oundaries are primordial because they enable to define the
ingle-phase domain required to the re-homogenisation process.

oreover, the knowledge of the tin solubility in lead–calcium
olid solution is crucial to develop any alloy compositions for
cid battery applications. In particular, the tin content in �Pb
fter ageing process increases the corrosion resistance in sulfuric
cid of these ternary alloys [1]. Otherwise, it must be noticed that
he Ca solubility in �Pb drops drastically with the temperature
ecrease: the calcium solubility is 300 times less at 300 K than
t 573 K. According to this present calculation, the calcium sol-
bility in the �Pb matrix strongly decreases with the increase of
n content: for example, after an introduction of 1 wt% of tin, the
alcium solubility is divided by 2 at 573 K and by 300 at 300 K.
imultaneously, when increasing the Sn content, �Pb + L12 tie-

ine crosses very rapidly the L12 solid line from the CaPb3 border
o near the CaSn3 border (Fig. 8). This latter result confirms the
xperimental information provided by literature [5]. Indeed, the
in content of the hardened precipitates Ca(Pb1−xSnx)3 of L12-
ype increases during the over-ageing process as it is predicted by
he tie-line evolution on the isothermal section drawn at 300 K.

. Conclusions

The knowledge of phase boundaries in the Pb–Ca–Sn ternary
ystem is primordial to adapt thermal treatments in order to reach
heir optimal properties in battery applications.

Experimental investigations carried out during this study in a
(Ca) ≤ 0.25 composition domain provide two important results;

the solid solution between CaPb3 and CaSn3 (Ca(Pb1−xSnx)3)
seems to be non-extended at 573 K,
the presence of three three-phase domain for x(Ca) ≤ 0.25 at
lower temperature (T ≤ 438 K) is confirmed and refined.

The calculation restore overall experimental information on
he ternary system. However, further investigations must be car-
ied out to confirm the phases repartition in Pb–Ca–Sn system.
n particular the critical demixtion temperature of the L12 phase
Ca(Pb1−xSnx)3) must be refined.

The present thermodynamic modelling restore overall exper-
mental information related to the ternary system and furnishes

precise description of the Pb–Ca–Sn system in function of
omposition and temperature. Moreover, the industrial process
pplied on the lead–calcium–tin alloys for battery applications
nd some justifications in this calculated phase diagram. So,

his thermodynamic calculation can be used to improve the
lloy composition and the thermal treatment applied to lead acid
atteries electrodes in order to stabilise the aged state.
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