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The thermodynamic properties and phase diagram of the Fb(0-Zr0), system have been critically assessed using the
Thermo-Calc program. Excess Gibbs energies were expressed hy Redlich-Kister polynomials for the solid phases, by
the two-sublattice ionic liquid model for the liquid phase and by the compound energy model for the selid solution
phase. All solid phases were treated as stoichiometric compounds
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I. Introduction

ceurate experimental thermodynamic information

forms the basis of the CALPHAD method.” The cur-
rent use of this method consists of evaluating a small num-
ber of thermodynamic parameters required to describe
binary systems and derive the description of a ternary sys-
tem from the properiies of its eonstituent binary cnes. ™™

Recently the thermodynamic modelling of PbO-bearing
system has received considerable atiention because of the
difficulties in constructing PbO-based phase diagrams and
evaluating thermodynamic properties by means of experi-
mental methods, and modelling has been justified by its
ability to reproduce experimental data in binary systems
and to predict experimental result in ternary systems with
high certainty.*®

The perovskites of solid sclution series PbZr Ti, O, have
been of considerable interest for many years for their tech-
nological application, which result from their piezoelectric,
ferroelectric and pyroelectric properties.” Lead zircon-
ate(PbZrQ,) is an end member of the technologically impor-
tant lead zirconate-titanate(PZT) saolid solution system. At
room temperature, PbZr0,, has an antiferroelectric orthor-
hombic perovskite structure with an antipolar arrange-
ment along the [110] direction.”

Phase diagrams of Pb0-ZrO, system have been published
by several authors,®® but the phase relationships in this
system were subject to disputes. And the thermodynamic
data of PbO-ZrQ, system are not enough.*™®

The purpose of the present study is to ohtain a consistent
thermadynamic description of the PbO-ZrQ, system at 107
Pa(lbar), which can be used for calculations of phase equi-
libria and thermodynamic properties of the PbO-ZrO,-
TiO,(PZT) sysiem. The phase diagrams and thermody-
namic properties are recalculated and compared with
experimental data.

205

II. Experimental Data

1, PbO

Lead monoxide(PhQ)) has two stable modifications: tet-
ragonal PbO-L{litharge, red PbQ, «-Pb(Q) stable at the
lower temperatures, and orthorhombic PhO-M(massicot,
yellow FbO, B-Pb0) stable at the higher ones.** The transi-
tion temperature between PbO-L and PbO-M has heen
studied by several authors and large differences were
observed as can be seen from Table 1.%%%

Experimental data of the melting point of PhO-M are
summarized in Table 2.5'%%27 All data range between
1143-1159 K which probably cover the temperature range
of the L, (liquid}+Pb0-M liquids from the monotectic tem-
perature (1143 K) to the congruent melting point of PhO-
M(1159 K).

Table 1. Temperature of the PhO-L <3 PbO-M Transformation

at 1 bar +

TTE] Method Ref.

860 optical [9]
762 optical [16]
803 dilatometry [17]

763 optical [18]

TH9-762 optical [19]

816 XRD [20]

763 HTXRD [21]

802-825 XRD (22]

Table 2. Melting Temperatura of PhO-M

TIK] Ref,
1161 23]
1150-1152 [15]
1157 [16]
1159 [24]
1170 [25]
1158 [26]
1143 [27]
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2, Zr0,

There exist in three polymerphic modifications in ZrO,;
monoclinic (m), tetragonal (t), and cubic (¢} symmetry.
ZrQ,(m) transforms to the tetragonal form, ZrQ,(t}, at 1273
K and then to the cubic form having the fluorite-type struc-
ture at 2643 K*® The high temperature forms cannot be
retained at room temperature because these transforma-
tions are reversible.

3. PbZrO,

The pure PbZrQ, is known to exhibit three phases: an
antiferroelectric, orthorhombic phase between room tem-
perature and from 504 K, a farroelectric, rhombohedral
phase from 504 K to 507 X and a paraelectric, cubic phase
above this temperaturs.” The space group of cubic PbZrQ,
is P, .*" Schmahl et al? reported a keat of formation of
PbZr0, from solid PhO and Zr0, (monoclinic) ta be +5240
Jmol™ based on emf measurements on a cell using CaO-
Zr0, and PbF, electrolytes, Jacob et al.” reported that the
differential thermal analysis(DTA) gives an endothermic
peak starting around 1073 K, when an equimolar mixture
of solid yellow PbO and ZrQ,(monoclinic) is heated.

The phase diagram by Fushimi and Tkeda® for PhO-ZrO,
suggests the decomposition of cubic PbZr(, to tetragonal
Zr0Q, and a liquid phase containing 93 mol% PbO at 1843
K. Assuming that the activity of PbO in ihe liquid phase
cheys Raoult's law, the Gibbs energy change for the
reaetion”,

PbOlliguid) + ZrO{tetragonal) —  PbZrQ, (cubic)
is given by
AGP(1843K) = RTIn(ay, .} = RTIn0.93 = -1112.0 J - Mol * (1)

The Gibbs energy for monoclinic-to-tetragonal transfor-
mation of Zr0, and of fusion of Pb( at 1843 K can be esti-
mated from the enthalpy change for these transforma-
tions™ as

ZrQ,im) = ZrOy(t)

AG°=6880-4.767 J - Mol™ (2)
PhO-M = PhO{)
AG'=26190-22.58 T J - Mol™ (3

From equations (1) to (3), the standard Gibbs energy of
formation of PbZrQ, from solid PbO and the monoclinic
form of ZrQ, al 1843 K is obtained as -18429.6 J - Mol ™.

The XRD analysis of an equimolar mixture of PhO and
Zr0, heated to 1223 K indicated the presence of PbZrQ,,
PbO(ss), and Zr0,(ss).” The PbO solid solution had a tet-
ragonal structure(PLO_tss), rather than the orthorhombic
structure of yellow PbhO. These ohservations are not in
accordance with the phase diagram by Fushimi and Tkeda .*

II1. Thermodynamic Models

The liguid phase is described hy the two-sublattice model
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for ionie liquids.® The tetragonal solid-solution phase
PhQ_tss is described by the compound energy model. The
lead monoxide and zirconium oxide and PbZr(, phases are
treated as stoichiometric compounds.™™

1. Liquid Phase

The two-sublaitice model for an ionic liquid provides a
continuous description from a metal liquid to an oxide lig-
uid. In the ionic liguid model, cation and anions are
assumed to mix in their respective sublattice. The liguid
can then be represented by the formula (Ph'?, Zr*") p(0'2, V.
where p and g are the number of sites on the cation and
anion sublattices, respectively, and vary with composition,
to maintain electroneutrality. That sublattice will thus con-
tain ions, denoted by a, vacancies denoted by V_, and neu-
tral atoms denoted by b. Hypothetical vacancies with an
mmduced charge are introduced in the second sublattice to
make the model continucus to the metal liguid. In this
case, p and g are given by the equation:

P =2y, +q¥y, (4)
g =2ypet 4V, (5]

where y, is the site fraciion, i.e., the fraction of the species
s in a particular sublatiice.
The molar (ibbs energy of the liquid is given by™
G, =ypeyo 2 Gritz o8+t Yoo 'O o
+q(Fe, PEYVHDGz%g? o2 1z ¥y, OG;:E'?VU )
+pRT(yp -y, 2+ 4y 0)
+qRT(ylnyo+yy Iny, ) + "G, (6

where the excess Gibbs energy, "G, ™9, is given hy

E Teg _ Lg Ly
G, =¥n, *EyO-ﬂvaL 2 oty T Yard¥o iy, L o2V,

FY ¥y Yo, Liniz zrva v, + YoptVae i, orLirita gt (7

A comma is used 1o separate species on the same suhlat-
tice, and a colon is used to separate species on different
sublattices. The terms L;%», 2, and Li%5ey, Tepresent
interactions in the hinary Pb-O and Zr-0 systems and were
taken from Risold” and coworkers™, respectively. The term
L;E;EQJZ’AJ o2 Tepresents the interaction between PbO and
ZrQ,, and ragular interaction parameter is estimated.”

2. PbO _tss Phase

As previously mentioned the PbO solid solution contain-
ing a few mole percent of Zr(Q, has a tetragonal structure
rather than an orthorhombic structure of yellow PbO. The
small solubility of Zr0, on PbO can be modeled with the
compound solution model. The model is then represented
by the formula {Pb*z,Zr*4)p(O'2,Va)q. The molar Gibbs
energy of the PbO_tfss is given by

G =Ye¥ o Gay ot ¥enYos Gy vt ¥a¥o On 0t ¥u¥vn G
+RTYp ey Y74 VoY oty 0y G, (8)

The RT term comes from the entropy of mixing under the
assumption of random mixing within each sublattice. The
Tour firgt terms ean also be justified on the assumption of
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random mixing if it is assuvied that all the nearest neigh-
bora are situated on the other sublattice and furthermore,
that the nearest neighbour bond energies are constant.
Finally, the last term is an excess Gibbs energy which to
the first approximation may depend upon the interactions
hetween atoms in the same sublattice,

where

E
G =Y onY 2oy 2o vt YonY zelops ze ot Y ouYvaY olipy ve,0
+¥va¥oliz van (9)

Here y, denotes the site fraction of component i on the rel-
evant sublattice. And the parameter °G,, is the Gibbs
energy of a hypothetical state where all the interstitial
sites are filled with oxygen. I. parameters represent the
interaction energy between components. I. parameters can
be expressed as a function of composition using a Redlich-
Kister polynomial. Each coefficient in the polynomial may
have a linear temperature dependence.”

3. Stoichiometric Phase

The only ternary oxide, PhZrQ,, is described as a stoichio-
metric compound. The Gibbs energy of PbZrQ, is given rel-
ative to Pb0, ZrO, and O,(1bar):

G = Gy + Gy 4540 - 676 T - Mol (10)
where G %% {5 the molar Gibbs energy of the PbZrO,
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phase. Gy, and Gy o, are the Gibbs energy of PhO and Zr0O,
regpectively, And the last two terms are ihe Gibbs forma-
tion energy of PbZrQ,.”

IV. Data Assessment and Parameter
Optimization

Optimization of thermodynamic parameter , as well as all
calculations was performed with the Thermo-Cale data-
bank system.” Thermodynamic description of pure ele-
ments used in the present work is from the SGTE(Scientific
Group Thermodata Europe) databank.*® The binary
description of Ph-O and Zr-O systems were adopted, as has
been already mentioned by Risold et al. ¥ and Liang et al,*¥
respectively. For the stoichiometric phases PbZrQ, and the
two solution phases, including the ionic liquid, the parame-
ters were tested by trial and error to see if they could fit to
experimental data of the PhO-Zr0, system. The thermody-
namic parameter set of the PbO-Zr(, system is listed in
Table 3.

V. Results and Discussion

1. Thermoadynamic Properties of PbZrO,
In Fig. 1, the caleulated heat capacity of PbZrQ, cubic
phase is compared with the estimated values.'" The caleu-

Table 8. Thermodynamic Parameters for the PbO-ZrQ, System Estimated in the Preseni Work

IONIC_LIG
(Pb™) (O5V, %),

@OV, ),
oL Baget (2 Va=75000

LAz 0% Va=-80000

LigZr™, Or*,0+50000
(Pb™Zr*) (07V, 7,
PhQO_tss
(Ph . Zr )07 Va)

LYAPh* Zr*t, 072-30000+20T

GH PL*?, O7=2G7, =—43R420+720T-150TLa(T)
"LPh?, 0%V, =168750-61T

'L5Ph 7,07V, =28510-20T

Gz, 02=—1931250.34+272.527%2G", +AGHSEROOQ

G{PhO_tss, Ph0;0)=—235043+250.4T—46.2TLn( T0.008T2-225000T

G(PbO_tss, Zr02;0)=41l43377+247.ET—B.O'T’GTLH(T)
L{FPRO_tss, PhO, Zr},;0)=—30000 (estimated)

PbZr0, CUB

G(PbZr0Q,_CUB,Ph:Zr:0;0) = CPbOYEL"+GZr0, MONO*-4540-6.76T

1) GHSEROO

9088, 15<T<1000~3490.87—25 50T—11.136 TLn{T)-0.005 1 T+6.62X 10 "T"—38365T"
1000<T<2300-6568.76+12.66T—16.81TLa(T)-5.96X 107" T3+6. 78X 10T +262905T"
3300<T<6000—3986.7+31.26T-18.95TLn{T)-4.255107T* - 1.07X107*T" +4383200T ™"

2) GZr0), MONO

208,15<T<6000-1103376.9+247 58T-8.07TLn{T)+GHSERZr*+2GHSEROQ”

3) GPbOYEL

298.15<T'<3000-232910+244.7T—45.9TLn(T0—0.006 7T+ 178000T

4) GHSERZr

208.15<T<2128—7827 6+505.125T-24. 18 TLOG(T)—4.3779X107°T"+ 34971T"
2128<T<B000—-26085.9+262.7T-42.144TLOG(T)—1342 9X1028T
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Fig. !. Comparison of the calealated with estimated'® heat
capacities of PbZr0,.
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Fig. 2. Caleulated enthalpy increment of PbZrO,,.

lated value is lower than estimated values at below 1400 K,
but higher above 1400 K. We deduced the heat capacity of
PbZr0, as follows;

€, (PbZrO,~Cub)
=110.6+2.5x 102 T-7.8 X 10°7** J - K - Mol™ (11

The calculated molar enthalpy and entropy for PhZrO,
are presented in Fig. 2 and Fig. 3, respectively. Since the heat
content and entropy of PbZrQ, are not known, we are not
able to compare the present work with experimental values.

In Fig. 4, the calculated PbO pressure with temperature
is compared with the several experimenial data. All of the
experimental data can be reproduced by the caleulation.

2. Phase Diagram of PbO-Zr0, System

Calculated phase diagram of the PhO-Zr(Q, system is
shown in Fig. 5. Here, the experimental data by Fushimi et
al are also included.®” In our assessed phase diagram of
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Fig. 3. Calculated entropy of PhZrO,.
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Fig. 5. Caleulated PbOQ-ZrO
mental phase diagram data.

% phase diagram with the experi-

PbO-Zr0, system, PbZrO, melts incongruently at 1811 K.
This ineongruent melting point is lower than the experi-
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Fig. 6. PbO-ZrQ, phase diagram of Fushima and Ikeda.”
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Fig. 7. Schematic phase diagram for PbO-rich side of the PbO-
ZrQ, system."”

mental one (1843K), but the difference is very small.

In the PbO-rich side of the phase diagram, there are some
differences from experimental information (Fig.6), but it is
very similar to the estimated phase diagram(Fig.7) except
for the orthorhombic solid solution phase.

VI. Conclusion

Thermodynamic properties and the phase diagram of the
Pb0-ZrQ, system have been critically assessed using the
Thermo-Cale program, The heat capacity of PhZr0O, was
estimated to he 110.6+2.5X107° T-7.8 X 10°T2 J - Mol - K.
Experimental data on PbQ vapor pressure with tempera-
ture are reasonably well reproducible. The incongruent
melting temperature of PbZr0, was estimated to be 1811
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K. In the PbO-rich side, the tetragonal phase PhO solid
solution appeared , but the phase equiliblia at high PbO
contents were determined not accurately enough.
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