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Abstract

Thermodynamic modelling of the Ca—Pb system was carried out. The thermodynamic parameters were determined using available experi-
mental information: phase diagram data and thermodynamic quantities. For this system, the liquid phase was described from the association
model with the “CaPb” associated complex. The calculations well restore experimental values. All the results so-obtained (optimised ther-

modynamic parameters and calculated phase diagram) are reported in this paper and discussed.
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1. Introduction

[2—22] and proposed the phase diagram presentédgnl,

in 1992 [2]. It is mainly based on the thermal analy-

The Ca—Pb and Ca—Pb-Sn alloys are studied for manyses of Bruzzone and Merlf8] and can be described as
years for their industrial application as electrode material fgllows:

in lead acid batteries. For the Ca—Pb alloys, the introduc-
tion of calcium in lead leads to a structural hardening af-
ter quenching by precipitation of intermetallic compound.
The mechanical and electrochemical behaviour of the Ca—Pb
alloys is influenced by their metallurgical state. In conse-
guence, the knowledge of phase boundaries in the Ca—Phy
system will be crucial for predicting and increasing metal-
lurgical behaviour in the electrode materials. It will permit
us to explain the evolution of age-hardening mechanism in
the Ca—Pb and Ca—Pb-Sn systdftjs

The purpose of this study is the thermodynamic modelling
of the Ca—Pb system, the first step of the modelling of the
ternary Ca—Pb-Sn system, using the CALPHAD (CALcula-
tion of Phase Diagram) method and ThermoB4lsoftware.

2. Bibliographic review
2.1. Phase diagram information

The calcium-lead system was investigated by many
workers. Itkin and Alcock made an exhaustive review
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Four intermediate compounds exist (Table 1);R{3-5]

and CaPp [3,6—8] characterised by congruently melting,
and CaPH3,4,7] and CaPbs [3,9] formed by peritectic
reaction.

aCa andBCa solid solutions assumed to dissolve negli-
gible amounts of Pb.

The value of calcium solubility in the primary lead-solid
solution is not clearly defined at the invariant equilibrium
(599.35K). It depends on the kind of the invariant equilib-
rium (eutectic or peritectic). This fact has been discussed
by several authors: Vigdorovich and Nashel'dki0] as-
sumed the existence of an eutectic reaction from DTA and
microhardness measurements. It must be noted that this
latter conclusion was obtained by the extrapolation of the
solvus line. Contrarily, Shumacher and Boufa] found

by resistivity and hardness measurements a peritectic re-
action at 601.15 K. Recently, Notin et §.2] confirmed

the result given in Refl10]. They compared the thermal
behaviour of pure lead and of lead alloys weakly enriched
in calcium by DSC. It appeared that the invariant reac-
tion temperature in this domain of composition is about
1K higher than the lead melting temperature. The appara-
tus used in this study was a Calvet microcalorimeter well
known for its good sensitivity.
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Fig. 1. Ca—Pb phase diagram furnished by Itkin and Alcfik
Table 1
Crystallographic structure for the intermediate phases of the Ca—Pb system
Phase Composition (at.% Pb) Pearson symbol Space group Strukturbericht designation Prototype Reference
CaPb 333 oP12 Pnma Cc23 CopSi [5]
CaPhs 375 hP48 P6smc - CaPhs [9]
CaPb 50 tP4 P4/mmm L1y AuCu [3]
CaPh 75 cP4 Pm3m L1, AuCug [8]

e Bouirden and coworkerfl2,13] measured the liquidus for liquid alloys containing more than 60 at.% lead at 1073 K.
temperature of alloys for compositions close to that of Nouri et al.[17] measured (using a CaFelectrolyte) as
CaPh by calorimetry. The same authors have performed a function of temperature between 703 and 883K in the

a calculation of the Ca—Pb phase diagram. Pb—PBCa two-phase domain. Finally, Fray and Kurfies]

2.2. Thermodynamic data 0 ' ' ' II '
-5 L

Several thermodynamic information are available in the - Liquid | Liquid+
literature concerning the Ca—Pb systgi2—20]. Notin et al. g -104 | Capb,
[12] and Bouirderj13] measured by drop calorimetry at 910 =2 154 | L
and 1042 K the integral enthalpy of mixing as a function of % |
calcium content (0< x(Ca) < 0.5). The results are pre- £ 204 r
sented irFigs. 2 and 3. The variation of the integral enthalpy E‘ 25 [, i
of mixing in the liquid phase versus calcium molar fraction £ |
is linear which indicates the presence of an associated com- T 301 |\ r
plex [23]. Notin et al.[12] and Bouirden[13] determined = 5. | {ae N
the enthalpy of formation of the intermetallic compounds I
(CaPhy and CaPb) (Table 2) by dissolution calorimetry in a -40 T T . T T
pure lead-bath. 0 005 010 0I5 020 025 030

Several authors measured by an e.m.f. method the calcium Mole fraction Ca

activity for different composition ranges in Ca—Pb system. Fig. 2. Calculated integral mixing enthalpy in Ca—Pb system at 910K
Delcet et al[16] gave information (using a Cafelectrolyte) compared with data from Bouirdgn3] (reference state: Gg; Phy).
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Table 2
Comparison between experimental and calculated values of enthalpy of formation of Ca—Pb intermetallic compounds
Intermetallic compounds Reference state Experimental value determined T (K) Calculated value Relative
by Bouirden[13] (kJ mol 1) (kI mot1) discrepancy (%)
CaPh Ca(B); Pb(l) —35.0+ 0.3 900 —36.251 3.6
CaPb Ca(B); Pb(l) —57+2 1040 —58.664 2.9
CasPhs Ca(w); Pb(a) 56+ 1 300 —69.354 23.8
CaPb Ca(a); Pb(a) -59.0+ 1.5 300 —69.577 17.9
0 where™®G? is the contribution of the pure components of
the phase to the Gibbs enerdfyG¢ the ideal mixing con-
5 -107 tribution and®*G? the excess Gibbs energy corresponding
§ to the non-ideal interactions between the components.
T 207 These three terms are expressed by the following equa-
= tions:
W, -304 ref 09
% G’ =3 x°G! (3)
g 40- !
< :
8 dG? = RTY " x;Inx; (4)
- 1 1
2
-60 . o . &GP = xix;y LY (xi — x))" (5)

0 0.1
Mole fraction Ca

Fig. 3. Calculated integral mixing enthalpy in Ca—Pb system at 1042 K
compared with data from Bouirddi3] (reference state: Gg; Phy)).

reported calcium activity values at 1173 K (using a calcium
magnetoplumbite electrolyte) for calcium contents from 0
to 70 at.%.

3. Thermodynamic modelling

3.1. Pure elements

The Gibbs energy of pure elemerntsvith the structure

v=0

wherex; represents the molar fraction of componeiind
”ij a binary interaction parameter described with a linear
dependence:

LY =ay+b,T (6)

3.3. Liquid phase

The liquid phase was described using the association
model[23]. The Gibbs energy is given for 1 mol of formula
units and is expressed as the sum of four contributions:

Gliq _ HSER: refG +formG + idGqu + exGqu (7)

where the different contributions are the reference part

¢, referred to the enthalpy of its standard state element ref- ("'G), formation of the associated complex paf™G),

erence (SER) at 298.15 KJ>ER, is described as a function
of the temperature by the following equation:
0G?(T) — H?*R=0a 4+ bT 4+ cTINT + dT? + €T°

+fT 1 4 gT" + hT° (1)

This quantity is denoted GHSERihen the structure cor-
responds to SER. Values of the coefficiemtsh,. . ., h, are
taken from the SGTE databag24].

3.2. Primary solid solution

The solid face-centred cubic (FC®@)L(Pb) and (FCC)
Al(Ca), and body-centred cubic (BCBR(Ca) solid solu-

tions are described by a random substitutional model and

their molar Gibbs energy are given by the general formula:
G¢ — requ> + id G¢ + exG¢ (2)

an ideal part'#G'") and an excess pa®G'9).
The association model is based on the hypothesis that a
complex C is formed in the liquid phase:

PA +¢B < A,B, (A,B, corresponds to the complex C)

(8)
where A and B are pure elements initially present in the
mixing, andp andq are the stoichiometric coefficients. Thus,
the different parts of the Gibbs energy can be described by
Egs. (9)—(11):

’
16 = (xal°Gp'(D — HR™
y
+x8[°Gg (D — HST N (ya + (P + @)y + y8)
9)

oG = (ya%G\) + (8°GE) + (G (10)
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Table 3
Calculated and experimental (values in parentheses) temperatures and compositions of invariant reactions in the Ca—Pb system
Reaction Composition of the respective phases (at.% Pb) T (K) Type of equilibrium Reference
Lig < BCa 0 1115.00 Melting -
BCa <« aCa 0 (0) 716.03 (716.15) Allotropic [26]
Lig < BCa+ CaPb 9.74 (9.50) 00Q) 33.3(33.3) 1023.13 (1023.15) Eutectic [3]
Lig < CaPb 33.3(33.3) 1476.52 (1476.15) Congruent [3]
Lig + CaPb « CaPhs 40.78 (~40.00) 33.3 (33.3) 37.5 (37.5) 1403.23 (1400.15) Peritectic [3]
Lig + CaPh; < CaPb 50.02 (~50.50) 37.5 (37.5) 5@0) 1238.04 (1241.15) Peritectic [3]
Lig < CaPb+ CaPh 68.52 (~63.50) 50 §0) 75 (75) 896.79 (911.15) Eutectic [3]
Lig « CaPh 75 (75) 924.21 (939.15) Melting [3]
Lig < CaPBl + Pb 99.60 (~99.64) 7575) 99.61 (~99.49) 602.52 (601.90) Peritectic (Peritectic) [10,11]
Lig < Pb 1 600.65 Melting -
-80 1 1 1 1 1 1 1 00 1 1 1 | OI3I
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Fig. 4. Comparison between calculated and measured calcium activity by Fig. 6. Ca—
Delcet et al[16] at 1073 K and Fray and Kum§t8] at 1173 K (reference e
state: Ca)).

Pb calculated phase diagram and data issued from literature
in the lead-rich corner.

troduced in the solution, without considering the associated
species, normalised ten + xg = 1.

The excess Gibbs energy is expressed by the Redlich-Kister
polynomial:

_ i
G = yiyi Yy LG =)’
v=0

4G9 — RT(ya Inya + ygIn yg + ycIn yc) (11)

whereR is the perfect gas constari,the temperature; A,
B and C are the three species in the liquid sadys and
yc their molar fractions normalised tgn + yg + yc = 1,
respectively.xa andxg are the initial molar fractions in-

(12)

wherei andj are indexes which correspond to the A, B or
C species. The binary interaction parameter is described as

1500 ————————— o 3] a function of temperature biq. (6).
P z[11]
*[12]
1200 e L e[19]
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Fig. 5. Ca—Pb calculated phase diagram and data issued from literature. Fig. 7. Enlargement on calculated lead-rich side in Ca—Pb system.
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3.4. Intermetallic compounds 4. Results and discussion
The four compounds CaBhCaPhb, CgPls and CaPb are The optimisation of the interaction parameters was carried
considered as stoichiometric. The Gibbs energy of formation out using the Parrot module of Thermocafcsoftware[25].
of 1 mol of formula unit is expressed as The liquid phase description was performed using the as-
sociation model. This was suggested by the linear varia-
GCaPh _ P pSER_ 4 pSER tion of the enthalpy of mixing versus composition observed
p + g @ p+q ™ by Bouirden[13] (Figs. 2 and 3). These measurements do
not give any information concerning the associated com-
Ca,P Ca,P
= a“¥P 4 pCHPhT (13) plex composition. The liquid composition which generates
Table 4

Themodynamic database related to Ca—Pb system

Pure element constituents: Ca, Pb
GHSERPB
(298.14< T < 600.64)= —7650.085+ 101.715188T- 24.5242231Tn T — 0.00365895% — 2.439E-07%
(600.64< T < 1200) = —10531.115+ 154.258155T 32.4913959Tn T — 0.00154613% + 8.05644E+25T°
(1200 < T < 5000) = +4157.596+ 53.154045T- 18.96406371Tn T — 0.00282943% + 9.8144E—08Y — 2696755T + 8.05644E+25T°

GHSERCA
(298.14< T < 1115) = —4955.062+ 72.794266T- 16.3138TIn T — 0.01110455% — 133574T?
(1115 < T < 3000) = —107304.428+ 799.982066 T 114.292247Tn T + 0.023733814% — 1.2438E—06% — 18245540T

Liquid phase constituents: Ca, Pb and,Bla (associated complex in association mda@&l)
06 — HSER = GLIQPB
(298. 14< T < 600.64)= +4672.157 — 7.750257F — 6.0144E-197 + GHSERPB
(600.64< T < 5000) = +4853.112 — 8.066587F 8.05644E+25T° + GHSERPB

0GH — HSER = GLIQCA
(398.14= T < 500) = +10799.908 — 10.310466F GHSERCA
(500 < T < 1115)= +12793.918 — 54.496366F 7.3263213TIn T — 11.56082E-03T + 3.338303E-06T — 96619T" + GHSERCA
(1115 < T < 3000) = +104649.49 — 611.059766F 79.2922467Tn T — 23.733814E-0FT+ 1.2438E-06% — 18245540T + GHSERCA

liq
G & pp = —1.69862955E+05+ 9.49131559T

liq
OL Ghopp.pp= —65301.0497+ 8.88562411T

17 lig
Legpp,pb=

liq
OL Ghypb.ca= — 75990045+ 66.2967173T

—8774044328+ 30.1452214

L@, pp.ca= +41581.2797- 27.7941238T

FCC(Pb) constituents: Ca, Pb
0GESC — HSER = +GHSERPB

OGEEC — HEER = 1 GHSERCA
07 FCC
LESS, = —100506.392

BCC(Ca) constituents: Ca, Pb
GEC — HEER =
(298.14< T < 716) = —2065.79+ 70.175889T- 11.9403TIn T + 18.33715E-03% — 4.500217E-06T+ 194152T1 + GHSERCA
(1115 < T < 3000) = +6595.537 — 70.794572F 10.0378TIn T — 5.08755E—037 — 389426 Tt + GHSERCA
(1115 < T < 3000) = —35026.669+ 223.56698T- 29.58045121Tn T + 8.809313E-037 — 0.460278E—06 + 7108230T* + GHSERCA

0GBSC — HSER = 2400 1.17 + GHSERPB

CaPh constituents: Ca, Pb
GCaPB — 0.25HSER — 0.75 HSER = —32407.5309+ 0.845325728T

CaPb constituents: Ca, Pb
GCaPP_ 0.5 HSER — 0.5HSER = —55829.3261+ 2.10392189T

CaPhs constituents: Ca, Pb
G _ 0.625KEER — 0.375HSER = —693544942+ 8.93288086T

CaPb constituents: Ca, Pb
GC2PP _ 0.667 HEER — 0.333HSER = —69577.056+ 8.81587528T
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the more stable intermetallic compound (i.e. with a higher
and congruent melting point) is 66.67 mol% of calcium cor-
responding to G&b. Consequently, “G&b” is the most

Y. Cartigny et al./ Thermochimica Acta 414 (2004) 197-202

model which allows to calculate the parameters of the liquid
phase.
Considering the similarities between the Ca—Pb and

favourable composition and was chosen as associated com€a—-Sn systems, the latter will be studied in the same way

plex. In the present optimisation, thermodynamic data mea-
sured by Nouri et al[17] and Fray and Kumaf18] were

not used because they deviate from the experimental infor-
mation obtained by Delcet et dlL6], Notin et al.[12] and
Bouirden[13] which are consistenEigs. 2—4show that the
calculated enthalpy of mixing and chemical potential are in
good agreement with the experimental data.

Concerning the enthalpy of formation of the Ca—Pb in-
termetallic compounds measured by Bouirddd], the
accuracy obtained by this modelisation is good for the
two lead-rich phases (i.e. Cafand CaPb). In the case of
CaPhs and CaPb, a discrepancy between experimental
and calculated values is observed (Table 3). This is due to
the weak level of relevance attributed to these information
in the calculation in order to keep consistency with other
selected data.

The solvus curve in the lead-rich domain was determined
using the data of Shumacher and Boufdi] and Vig-
dorovich and Nashel’skij10]. As shown inFigs. 5 and 6
and inTable 3, all the phase diagram data are relatively well
reproduced by the present calculation.

The invariant equilibria in the lead-rich side was not
clearly defined: the hypothesis of a peritectic invariant has

in order to obtain the thermodynamic description of the
ternary system Ca—Pb-Sn. Its description will be interest-
ing in order to explain and optimise the hardening process
occurring in these alloys used in the acid batteries.
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