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1. Introduction

PbZrxTi1�xO3 �PZT� or modified PZT solid solutions are
of interest for many years for technological applications,
which result from their piezoelectric, ferroelectric and pyro-
electric properties. Although extensive experimental studies
of the PZT system have been carried out in the past attention
was paid mainly to physical properties, kinetics and device
characterisation, while a little to phase equilibria and thermo-
dynamic considerations. Knowledge of phase equilibria and
thermodynamics of the quaternary O–Pb–Ti–Zr system is
important for the optimization of manufacturing and sinter-
ing conditions of the PZT ceramics as well as for tailoring
their physical properties.

A review of the literature data on the O–Pb–Zr system has
been presented by Cancarevic et al..1� Experimental studies
of the O–Pb–Zr and O–Pb–Ti systems are confined to the
investigation of lead zirconate and lead titanate, and the
quasi–binary systems �PbO–ZrO2 and PbO–TiO2�. The
modelling of quasibinary PbO–ZrO2 and PbO–TiO2 systems
was done by Koo et al.2� and Soh et al.,3� respectively.
Thermodynamic assessments of ZrO2–TiO2 system were
published by several authors.4�–6� However, they differ mar-
kedly from each other. Thermodynamic modelling of the
quasiternary PbO–ZrO2–TiO2 system has not been done so
far.

It is easy to accept that the combination of thermodynamics
and visualized phase diagrams can be an efficient tool to
described and analyze the phase equilibria and phase transfor-
mations under both, equilibrium and non-equilibrium condi-
tions. The CALPHAD �CALculation of PHAse Diagrams�
approach7�,8� is a method to assess thermodynamic parameters
using the diverse type of experimental information: phase
diagrams, calorimetry, vapor pressure data, electrochemical
measurements, etc. The optimal values of the unknown para-
meters providing the best match between calculated quantities
and their experimental counterparts are usually obtained by
the weighted non-linear last squares minimization or fitting
procedure �thermodynamic optimization�. The selection of
the model for a phase must be based on its physical and chemi-
cal properties of such as crystallographic structure, type of
bonding, ordering, and defect structure. The CALPHAD
method is implemented in several commercial software pack-
ages based on the different mathematical methods and com-
puter languages �Thermo-Calc, Pandat, MTDATA, Fact
Sage...� In the present work, all computations were done
using Thermo-Calc software package.9� Thermo-Calc is gener-

al and flexible software for the thermodynamic properties and
phase diagram calculations based on the minimization of
Gibbs energy of the system. Thermo-Calc is for example the
only software that allows explicit condition of individual
phase compositions or configuration whereas most software
can handle condition on the overall composition only. Ther-
mo-Calc software consists of several basis modules, i.e., TDB
for database retrieval and management, TAB for thermo-
dynamic property tabulation of phases and reactions, POLY3
for calculations of individual equilibria and phase diagrams,
PARROT for parameter optimizations, etc.

The purpose of this work is to revise three boundary systems
using the most recent experimental information to obtain a
self-consistent thermodynamic description of the PbO–ZrO2–
TiO2 system based on the available data on phase equilibria
and thermodynamic properties.

2. Survey of the literature information

2.1 PbO–ZrO2

Literature information mainly belongs to investigations of
the crystallographic and dielectric properties of the lead zir-
conate with only few phase diagram and thermodynamic stu-
dies. Three stable perovskite-type phases have been found at
the PbZrO3 composition: the orthorhombic low-temperature
�a,10� up to 504 K� phase is antiferroelectric, the intermediate
�g,11� from 504 to 507 K� is ferroelectric and cubic high-
temperature �b,12� up to the melting point Tm�1843 K� phase
is paraelectric �Table 1�. The paraelectric�ferroelectric�
antiferroelectric phase transition temperatures depend on the
oxygen nonstoichiometry and on the compositional deviations
caused by the sublimation of PbO.13� Until now, the basic
structure parameters have mainly been investigated for the
antiferroelectric phase. The questions regarding the existence
of polarization and the true crystal structure of lead zirconate
are still open. The crystallographic data for lead oxides14�,15�

and zirconia16�,17� are also shown in Table 1.
Quasibinary section of the PbO–ZrO2 system was published

by Fushimi and Ikeda.18� Cubic PbZrO3 decomposes to
tetragonal ZrO2 and a liquid phase containing �90 mol.�
PbO at 1843 K.18� A few investigations have been performed
in the PbO-rich part of the PbO–ZrO2 system

18�–20� but results
are contradictory. Harris20� reported that X-ray analysis of the
samples PbO	ZrO2 in 1
1 molar ratio heated to 1563 K
indicated the presence of bPbZrO3, monoclinic ZrO2, and
tetragonal PbO. The latter had a tetragonal structure rather
than the orthorhombic structure of yellow bPbO. This finding
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was confirmed by Jacob and Shim19� by heating an equimolar
mixture of bPbO and aZrO2 up to 1228 K, followed by cooling
in air and X-ray analysis. This observation is not in accord
with the phase diagram of Fushimi and Ikeda,18� but consis-
tent with the assessed phase diagram.2� A detailed study of the
PbO-rich side of the PbO–ZrO2 phase diagram is required to

check the temperature and composition of the various phase
fields.

Thermodynamic properties of PbZrO3 were investigated by
several groups.19�,21�–26� The experimental investigations were
mainly performed on the high-temperature cubic modifica-
tion, aPbZrO3, except the study of21� on the low-temperature
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orthorhombic, aPbZrO3, modification. Onodera et al.22�

measured the heat capacity of single crystals of antiferro-
electric aPbZrO3 in a wide temperature region �from room
temperature to 650 K� by AC calorimetry, but has drawn the
curve in arbitrary units. Heat capacity curve showed a sharp
change at 504.5 K, due to transformation into the high tem-
perature modification bPbZrO3. The transition entropy was
reported to be DS�1.65 J�mol�1�K�1. Gospodinov and
Marchev21� reported the thermodynamic functions �Cp, S, HT

�H298� of the low-temperature orthorhombic modification
�a� from room temperature to 504 K. The low-temperature
heat capacity data of aPbZrO3 are missing, while the results of
Gospodinov and Marchev21� are not in agreement with the
PbO–ZrO2 phase diagram reported by Fushimi and Ikeda.18�

The Gibbs energy of formation of lead zirconate calculated
from earlier vapor pressure studies �assuming that the vapor
phase consists entirely of monomeric PbO molecules�23�–25� is
inconsistent with the EMF �electromotive force� measure-
ments reported by Jacob and Shim19� and the calculated PbO–
ZrO2 quasibinary phase diagram, which suggests decomposi-
tion of lead zirconate to tetragonal ZrO2 and a liquid phase
containing �90 mol.� PbO at 1843 K. Since the vapor phase
over pure solid and liquid PbO consist of polymeric species of
type PbnOn �1 
n
6� results based on the vapor pressure
measurements differ significantly from those obtained by
EMF measurements.19� At the same time, most recent data
from the vapor pressure measurement reported by Popovic et
al.26� �existence of PbO� and Pb2O

2� ions was experimentally
detected� show good agreement with results of Jacob and
Shim.19� Recently, the enthalpy of formation of PbZrO3 was
measured by drop solution calorimetry.27� The heat content
and entropy of bPbZrO3 are not known, while thermodynam-
ic data for the other phases �liquid, PbO solid solutions� are
completely missing.

2.2 PbO–TiO2

The experimental phase diagram of this system has been
reported by several authors.28�,29� However, there is no agree-
ment about the existence of intermediate compounds and their
homogeneity ranges. The equilibrium phases in the PbO–TiO2

system are PbO solid solution �tetragonal and orthorhombic�,
liquid, rutile and PbTiO3 with a perovskite-type structure,
while the existence of Pb2TiO4 and Pb2Ti2O8 is doubtful. Only
one intermediate compound, PbTiO3, was reported in the
PbO–TiO2 quasi–binary system by Rase et al.,28� while the
previously reported Pb2TiO4

30�,31� was not observed. PbTiO3

exists in two polymorphic forms, tetragonal �a�,32� up to
763 K� and cubic �b, 763–1558 K� �Table 1�. The ternary
PbTi3O7 compound was found in the TiO2-rich side29�,33� and it
was included in the isobaric section PbOx–TiO2 in air.29� The
upper limit of stability of PbTi3O7 was supposed to be 813 K
as confirmed by X-ray diffraction results. The crystallo-
graphic data for TiO2

34�–36� and PbTi3O7
37� are also listed in

Table 1.
Thermodynamic properties of PbTiO3 were investigated by

several groups.23�–27�,38�–40� The enthalpy of formation of
PbTiO3 using the drop solution calorimetry was measured by
Rane and Navrotsky,27� while the Mehrotra et al.38� as well as
Shim and Jacob39� measured the free energy of formation. The
specific heat of pure lead titanate �PbTiO3� in the tempera-
ture range from 325 to 1250 K was studied by Rossetti and
Maffei.40� Vapour pressure measurements using the Knudsen
technique were done by many authors.23�–26� Results of Schmal
et al.,23� Haerdtl and Rau24� and Holman and Fulrath25� are in
a good agreement, while the data reported by Popovic et al.26�

shows significant deviations.

Soh et al.3� published the thermodynamic calculation of the
PbO–TiO2 system using a quasi-regular model to express the
Gibbs energy of all solution phases. The Gibbs energy of
PbTiO3 compound was evaluated on the base of estimated
thermodynamic properties �heat capacity� compiled by
Barin.41�

2.3 ZrO2–TiO2

The solid solutions with Zr
Ti molar ratio ranging from
1
1 to 1
2 are the only stable compounds in the ZrO2–TiO2

system. Two structural modifications are known: high temper-
ature disordered and low temperature ordered phase42�–48�

�Table 1�. Two types of ordered structures with different
stoichiometries were reported by Park et al..49� ZrTiO4 is
known to undergo a successive ordering transition between
1400 and 1100 K.49�,50� Above 1400 K it crystallizes in an
orthorhombic aPbO2 type structure, with the random distri-
bution of Zr and Ti over the octahedral site46�,51� �Table 1�.
Slow cooling of the disordered polymorph below 1400 K
results in distinct shortening of the crystallographic b-axis,
which is due to increasing order of Zr and Ti, as evident by the
formation of superstructure reflections.49� Park et al.49� sug-
gested that the ordering transition occurs in several steps from
the normal phase �disordered bZr1�xTixO4, T�1400 K� via an
incommensurate state �partially ordered aZrTiO4, 1400�T�

1100 K� to the commensurate phase �ordered a�ZrTiO4,�.
The fully ordered phase a�ZrTiO4 has composition close to
ZrTi2O6

43� but the same structure also occurs for Zr5Ti7O24.
46�

The ZrO2–TiO2 phase diagram has been studied intensively
over many years.43�,44�,50�,52�–61� However, no general agree-
ment among the proposed phase diagrams exists. While
detailed phase diagrams are available for the high temperature
regions above 1473 K,50�,56�,59� where reactions proceed
rapidly, the low temperature phase relations are not well
established. Experimental studies disagree significantly on the
location of the two phase field tetragonal-monoclinic ZrO2

solid solutions53�,55�,57�,58�,61� because heating and cooling
experiments are characterised by a hysteresis effect. Another
problem is caused by sluggish kinetics and difficulty in
performing experiments at relatively low temperatures
��1473 K�. Discrepancies are mainly concerned with the
existence of intermediate compounds and its homogeneity
range. Three intermediate compounds were reported by
Troitzsch et al.61� and McHale et al.,43� while earlier studies
indicated the absence of any compounds in the system and the
presence of partial solid solutions.52�,58�,62� Both, McHale and
Roth43� and Troitzsch et al.44�,61� reported the existence of the
disordered high-temperature bZr1�xTixO4 phase with a wide
homogeneity range, while its stability range and adjacent
phase field with the ordered low-temperature phases aZrTiO4

and ZrTi2O6 differ significantly. The low-temperature tech-
nique of solid solution formation via coprecipitation from
alkoxides solution was used as an alternative method of prepa-
ration for a wider range of compositions in the system
ZrO2–TiO2,

43� to enable determination of the low-temperature
solid solution region and structure without the influence of
prior high-temperature heat treatment. Although, there is an
agreement between different authors43�,61� about the existence
of intermediate compounds and solid solution of the end-
members �titania, monoclinic and tetragonal zirconia�, the
solubility ranges markedly differ, particularly in the ZrO2-rich
range, close to monoclinic-tetragonal transformation. In
addition, experimental data on the homogeneity range of
the cubic zirconia are missing and it has been drawn
tentatively.53�,57�,59�,60� Liquidus and solidus were studied by
Shevchenko et al.,59� Coughanour et al.50� and Noguchi and
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Mizuno.56� Liquidus of the system has two inflections, which
correspond to 35 and 60 mole� TiO2,

59� and eutectic point at
73 mole� and 1993 K59� or 80 mole� TiO2 and 2033 K.50�

High temperature bZrTiO4 phase melts incongruently at
209350� or 2103 K.59�

The thermodynamic data of formation and molar heat
capacity from 5 to 380 K of ZrTiO4 compound were measured
by Hom et al..63� No other works concerning the thermo-
dynamics of the phases in this system are available.

2.4 PbO–ZrO2–TiO2 system

The perovskite-structured ferroelectrics in the Pb�Zrx
Ti1�x�O3 �PZT� system provide an unusual example of a
complete solid solution between the end-members compounds
PbTiO3 and PbZrO3.

25�,26�,28�,55�,64� At high temperatures, Pb
�ZrxTi1�x�O3 crystallises as disordered substitutional solid
solutions to a cubic perovskite prototype phase of symmetry
Pm3m for all values of x. Intermediate solid solutions compo-
sitions with different Zr�Ti ratio adopt orthorhombic,
tetragonal and rhombohedral symmetries at temperatures
between 273 and 763 K due to a variety of cation shifts, octa-
hedral tilts and deformations65�–68� �Table 1�. Recent litera-
ture data indicate also the existence of monoclinic modifica-
tion at low temperatures.69�–72� At room temperature these
include the lower–symmetry antiferroelectric, orthorhombic
structure �aPbZrxTi1�xO3 phase� of PbZrO3.

73� All its solid
solutions with more than 10 mol� of PbTiO3 are ferro-
electric. With increasing Ti content, two ferroelectric rhombo-
hedral phases are observed up to around x�0.5 where there is
transition into a ferroelectric tetragonal phase �a�PbZrx
Ti1�xO3� continuing to the end member PbTiO3.

66� At
room temperature, the rhombohedral low-temperature phase
�g�PbZrxTi1�xO3� has space group R3̃c and exhibits both
cation shifts and octahedral tilting.74� As temperature increase
the octahedral tilts are known to disappear66� leading to the
phase transformation to high temperature rhombohedral
phase �dPbZrxTi1�xO3� and space group R3̃m. A further
increase in temperature diminishes the cation shifts until the
final phase transition into the cubic perovskite structure
�bPbZrxTi1�xO3 phase� occurs. Monoclinic-tetragonal phase
transition was observed at low temperature in PbZrxTi1�xO3

solid solutions in the vicinity of the morphotropic phase boun-
dary �MPB� �x�0.5–0.55�.69�,70�,72�,75�–77�

The experimental phase diagram of the PZT system at
higher temperatures was investigated by few groups18�,55�,64�

�Table 2�, while there were many studies concerning the low
temperature phase relations.65�,75�–83� Webster et al.55� pub-
lished the isothermal section at 1373 K for the titania and
zirconia rich part of ZrO2–TiO2–PbO system �ZrO2–TiO2–
PbTiO3–PbZrO3�, while the isothermal sections at 1373, 1473
and 1573 K of the PbO-rich part of the system were studied by
Fushimi and Ikeda.18� Pseudobinary section PbZrO3–PbTiO3

was reported by Fushimi and Ikeda18� and Moon et al..64�

Temperature of peritectic reaction, L	bZrO2 �tetragonal��
bPbZrxTi1�xO3 �x�0.4�, was found to be 161318� or 1633
K,64� while somewhat lower solidus and liquidus temperatures
were measured in.64� Results of these studies are in satisfactory
agreement and differences are within the uncertainty of meas-
urements. Work of Holman et al.25� was mainly concerned
with the width of the homogeneity range of bPb1�y�y�Zrx
Ti1�x�O3�y solid solutions at 1373 K.

Thermodynamics properties of the bPbZrxTi1�xO3 solid
solutions are mainly derived from the PbO–vapor pressure
measurements using the Knudsen technique.23�–26� Rane et
al.27� reported the standard enthalpies and heat of mixing in
the cubic lead zirconate titanate solid solutions using drop

solution calorimetry �Table 3�.

3. Thermodynamic modelling

Gibbs energy functions of the end members PbO and ZrO2

are adopted from the assessments of the corresponding binary
systems,84�,85� while the thermodynamic properties of TiO2 are
evaluated by Cancarevic et al..86� The Gibbs energy functions
of the stoichiometric solid phases and end-members of solu-
tions are given by

�G�T��G�T��H SER�a	bT	cT ln �T�	dT 2

	eT 3	f�T	�
n

gnT
n �1�

where H SER is the molar enthalpy of the stable element refer-
ence �SER� at 298.15 K, a to f and gn are coefficients and n

stands for a set of integers. The stoichiometric compounds
PbTiO3, PbZrO3, aZrTiO4 and ZrTi2O6 �a�ZrTiO4� are
represented by the formula �Pb2��1�Ti

4��1�O
2��3, �Pb

2��1
�Zr4��1�O

2��3, �Zr4��1�Ti
4��1�O

2��4 and �Zr4��1�Ti
4��2

�O2��6, respectively. The heat capacity of ZrTi2O6, aZrTiO4

and PbZrO3 compounds is described by using Neumann–
Kopp rule, i.e. as an average of the heat capacities of PbO,
TiO2 and ZrO2.

The gas phase is described as an ideal mixture containing the
species Ti, TiO, TiO2, O, Zr, Zr2, ZrO2, O2, O3, Pb, Pb2,
PbO, Pb2O2, Pb3O3, Pb4O4, Pb5O5, and Pb6O6. The Gibbs
energy of the gas phase is given as

G gas��
i

xi�G
gas

i
	RT�

i

xi ln xi	RT ln
P

P0

, �2�

where xi is the mole fraction of the specie i in the gas phase,
�G

gas

i is the standard Gibbs energy of the gaseous specie i,84�,87�

R is the gas constant, and P0 is the standard pressure of 1 bar.
The Gibbs energy of the liquid and PbO solid solution is

described by substitutional solution model �PbO, TiO2, ZrO2�

as

G f�xPbO��G
f

PbO	xTiO2
��G

f

TiO2
	xZrO2

��G
f

ZrO2

	R�T�xPbO�ln xPbO	xTiO2
�ln xTiO2

	xZrO2
�ln xZrO2

�	EGf, �3�

where the parameters�G f

PbO,�G
f

TiO2
,�G f

ZrO2
represent the lattice

stabilities of pure components and are given relative to the
enthalpy of selected reference state of pure element at 298.15
K. The excess Gibbs free energy is expressed by the Redlich–
Kister–Muggianu88� polynomial

EGf�xPbOxTiO2

n

�
[�0

[LPbO, TiO2
�xPbO�xTiO2

�[

	xPbOxZrO2

n

�
[�0

[LPbO, ZrO2
�xPbO�xZrO2

�[

	xTiO2
xZrO2

n

�
[�0

[LTiO2, ZrO2
�xTiO2

�xZrO2
�[

	xPbOxTiO2
xZrO2

LPbO, TiO2, ZrO2
, �4�

where [Li, j �i and j are indexes which correspond to the
species PbO, TiO2 or ZrO2� and LPbO, TiO2, ZrO2

are the binary
and ternary interaction parameters, respectively. [�0, 1,
2...n is degree of interactions between the constituents or
species, i.e., between first-, second-neighbours, etc. Increasing
[indicates the increase of non-ideality of the system and
usually it does not exceed 2. The ternary interaction term has
the following composition dependence: LPbO, TiO2, ZrO2

�xPbO
0LPbO, TiO2, ZrO2

	xTiO2

1LPbO, TiO2, ZrO2
	xZrO2

2LPbO, TiO2, ZrO2
. In this

work 0LPbO, TiO2, ZrO2
, 1LPbO, TiO2, ZrO2

and 2LPbO, TiO2, ZrO2
are

equal, i.e. only a single parameter with a degree of zero is
optimized.
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The compound bZrxTi1�xO4 shows the homogeneity range
in the quasibinary ZrO2–TiO2 section toward both the
titania and zirconia solid solutions. In the present work, it is
treated as a non-stoichiometric phase. According to the crystal
structure,46� there is only one crystallographic position for the
metal atoms, which is shared by Ti and Zr. This phase is
modelled using the substitutional solution model �TiO2,
ZrO2�. The same model is adopted for the description of
titania and zirconia solid solutions. The Gibbs energy of
bZrxTi1�xO4, titania and zirconia solid solutions is represented
by Eqs.�3� and �4�.

The cubic high temperature form of PbZrxTi1�xO3, solid
solution is described using the substitutional model �PbTiO3,
PbZrO3�. Similar to bZrxTi1�xO4, titania and zirconia solid

solutions, in PbZrxTi1�xO3 solid solutions one crystallogra-
phic position is shared by Ti and Zr.66� The Gibbs energy of
the end-members is expressed by Eq.�1� and for the solid solu-
tions is given by following:

G�xPbTiO3
�G

b-PbZrxTi1�xO3

PbTiO3 3�xPbZrO3
�G

b-PbZrxTi1�xO3

PbZrO3

�R�T�xPbTiO3
ln xPbTiO3

�xPbZrO3
ln xPbZrO3

�

�E
G

b-PbZrxTi1�xO3 �5�

E
G

b-PbZrxTi1�xO3 is the excess term:

E
G

b-PbZrxTi1�xO3�xPbTiO3
xPbZrO3

n

�
[�0

[
LPbTiO3, PbZrO3

��xPbTiO3
�xPbZrO3

�[ �6�

Phase equilibria in the PbO–TiO2 system are accepted from
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the work of Rase et al.,28� except the PbO-rich side. The Gibbs
energy of the tetragonal and cubic lead titanate is based on the
most recent experimental information. Similarly to the previ-
ous work2� only high-temperature PbZrO3 phase is included in
the assessment of PbO–ZrO2 system. The present assessment
of ZrO2–TiO2 system is mainly based on the most recent and
extensively investigated phase diagram published by Troitzsch
et al..61� The thermodynamic data for the ZrTiO4 compound
are used together with the determined phase boundaries of the
two phase regions zirconium titanate�zirconia solid solutions
and zirconium titanate�titania solid solutions. Both, low-
and high-temperature ZrTiO4 phases are included in the
assessment and in view of insufficient experimental informa-
tion, they are modelled as separate phases. In addition, the
solubility of titania in the monoclinic zirconia is based on the
carefully selected experimental data, while the homogeneity
range of the cubic zirconia is estimated.

4. Results and discussion

The optimization is done using the module PARROT
included in the software package for thermodynamic calcula-
tions	Thermo-Calc.
9� The resulting set of parameters is
shown in Table 4. By expanding the interaction parameters
to higher order terms a better fit might be obtained with
experimental data. However, the experimental data them-
selves are not conclusive enough and, therefore, the introduc-
tion of higher order terms �particularly for the liquid phase,
1L and 2L� was not considered.

The calculated phase diagrams of the binary PbO–TiO2,

PbO–ZrO2 and ZrO2–TiO2 systems are presented on the
Figs. 1, 2 and 3 �a, b and c�, respectively.

The Gibbs energy of both, tetragonal aPbTiO3 and cubic
bPbTiO3 modifications are evaluated in the present work
�Table 5�. The thermodynamic properties of lead titanate
differ significantly from those reported in the modelling
work of Soh et al.3� based on the estimated values of heat
capacity. Figure 4 shows the comparison of the calculated and
experimentally measured heat capacity of lead titanate
reported by Rossetti et al..40� Due to insufficient number of
experimental data points at temperatures below the phase
transformation aPbTiO3�bPbTiO3, the heat capacities of
both phases are taken to be equal. Calculated and experimen-
tally measured thermodynamic properties of lead zirconate are
also shown in Table 5. Since the heat content of bPbZrO3 is
not known, it is described using the Neumann–Kopp rule,
while good agreement between calculated and measured
enthalpy of formation27� is obtained. Enthalpy of formation
and entropy of bZrxTi1�xO4 at 298 K are in good agreement
with data reported by Hom et al..63� Heat capacity was meas-
ured up to 400 K, while the data above this temperature up to
1800 K were extrapolated.63� Since extrapolated data are not
considered in this work and there are only few measured
points above 298 K, the heat capacity of bZrxTi1�xO4 is
described by the Neumann–Kopp rule that shows good fit with
the measured data up to 400 K �Fig. 5�. Calculated partial
pressure of lead oxide over bPbTiO3 is in good agreement with
data reported by Schmahl et al.,23� Haerdtl and Rau24� and
Holman and Fulrath25� �Fig. 6�, while the data of Popovic et
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Table 4. Summary of the Thermodynamic Parameters Describing the PbO–TiO2–ZrO2 System Referred to Stable Element Reference H
SER

Fig. 1. Calculated PbO–TiO2 phase diagram in comparison with the
experimental data.28�

Fig. 2. Calculated PbO–ZrO2 phase diagram compared with experi-
mental measurements.18�
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Fig. 3. Calculated ZrO2–TiO2 phase diagram with the corresponding
experimental points �a� and enlarged view of the central part of
diagram �b, c�.

Table 5. Calculated and Experimentally Measured Thermodynamics Functions �DfH�, DS�and DfG�are the enthalpy, entropy and Gibbs
energy of formation, respectively� of a�PbTiO3, b PbZrO3 and b ZrxTi1�xO4 compounds at 298.15 K

Fig. 4. Comparison of the calculated and measured heat capacity of
lead titanate.

Fig. 5. Comparison of the calculated and measured heat capacity of
bZrxTi1–xO4.
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al.26� are inconsistent with the selected experimental informa-
tion in PbO–TiO2 system. The calculated partial pressure
of lead oxide over bPbZrO3 fits well the data reported by
Popovic et al.26� and Jacob and Shim,19� while the results of
other authors23�–25� are inconsistent with the phase diagram
reported by Fushimi and Ikeda.18� The agreement between
calculated and measured values for the bPbZrxTi1�xO3 solid
solutions23�–26� is quite satisfactory. The data obtained by
Knudsen technique23�–26� have been partially used in optimiza-
tion �the partial pressure reported by Popovic et al.26� was
measured over the nonequilibrated phases for the most of
investigated compositions�.

The calculated invariant equilibria in the PbO–TiO2 system
compared with the experimental ones are presented in Table 6.
The peritectic reaction Liquid�bPbO�aPbO occurs at
1145 K and 2.75 mol.� TiO2 dissolved in tetragonal aPbO
solid solution �Table 6�. Matsuo and Sasaki89� reported that
orthorhombic bPbO dissolves some TiO2 and converted itself
to tetragonal aPbO. This finding is in accordance with the ten-
tatively drawn solubility of TiO2 �less than 2 mol.�� in bPbO
by Rase et al..28� Since, the solubility of TiO2 in bPbO phase is

probably very small, it is not taken in account in the present
work. In addition, the thermodynamic and phase boundary
data for aPbO and bPbO are missing.

bPbZrO3 compound melts incongruently at 1842.54 K and
88.14 mol.� PbO �Table 7�. The calculated maximal solubil-
ity of zirconia in tetragonal, aPbO, solid solution is 6.98
mol.� at temperature 1180 K of peritectic reaction Liquid�
bPbZrO3�aPbO, while the experimentally measured one at
1125 K is about 4 mol.� ZrO2.

90� PbO-rich side of PbO–ZrO2

phase diagram �Fig. 2� differs from the one reported by
Fushimi and Ikeda,18� but it is similar to the assessed phase
relations by Koo et al..2� Predicted eutectic reaction, Liquid�
aPbO�bPbO take place at 0.033 mol.� ZrO2 and tempera-
ture at 1158.70 K, what is just below the melting point of
bPbO at 1158.84 K.

The calculated invariant equilibria in the ZrO2–TiO2 system
are compared with the experimental ones in Table 8. Agree-
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Fig. 6. Calculated and measured partial pressure of lead-oxide over
the end members, bPbZrO3, bPbTiO3 and bPbZrxTi1–xO3 solid solu-
tions superimposed with experimental measurements.

Table 6. Invariant Equilibria in the PbO–TiO2 System

Table 7. Invariant Equilibria in the PbO–ZrO2 System

Table 8. Invariant Equilibria in the ZrO2–TiO2 System
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ment between calculated and experimental data is very good,
except in the ZrO2-rich side near to eutectoid reaction bZrO2�

aZrO2�aZrTiO4 which occurs at somewhat lower tempera-
ture than suggested in. Refs.58�,61� On the other hand, Webster
et al.55� as well as Noguchi and Mizuno57� found significantly
lower reaction temperature �923 K�, what is probably due to
the shorter annealing time in their experiments. Consequently,
at low temperatures the kinetic is very sluggish and equilibri-
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Fig. 7. Calculated enthalpy of formation of the bPbZrxTi1–xO3 solid
solutions from oxides at 298 K in comparison with experimental
measurements.27�

Fig. 8. Calculated PbTiO3–PbZrO3 section as compared with experi-
mental measurements.

Fig. 9. Isothermal section of the PbO–ZrO2–TiO2 phase diagram at
1373 K compared with experimental measurements.
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um is not reached. Measured solubility of titania in bZrO2 up
to 1900 K61�,91� supports the calculated value of 20.75 mol.�
at the temperature of 2128.70 K for the peritectic reaction
Liquid�bZrO2�bZrxTi1�xO4 obtained in the present work
�Table 8�. The calculated solubility of titania in aZrO2 is 6.3
mol.� at the eutectoid temperature, what is close to the
results reported by Ono58� �Table 8�. The ZrO2-rich part of
the phase diagram above 2500 K, except the liquidus, is esti-
mated in the present work. Due to the difficulties in conduct-
ing experiments at such high temperatures no reliable informa-
tion in this region could be taken into account. Experimentally
registered anomalies on the liquidus curve56�,59� are well consis-
tent with calculations. These anomalies correspond to the
peritectic reactions, p2 and p1 shown in Table 8. The calculat-
ed liquidus is consistent with the data of Shevchenko et al.,59�

while the other measurement of the liquidus in the ZrO2–TiO2

system56� shows large negative deviations.
Figure 7 shows the calculated enthalpy of formation of the

bPbZrxTi1�xO3 solid solutions from oxides at 298 K as com-
pared with experimental data of Rane and Navrotsky.27� The
measured enthalpies show the regular mixing behavior with
the uncertainty of measurements, which is sometime higher
than the measured values. However, when extrapolating these
data to high temperatures the phase relations become inconsis-
tent with the selected experimental information in the present
work and the behavior of the ideal mixing is accepted. Never-
theless, the agreement between calculation and experiment is
quite good. The calculated section PbTiO3–PbZrO3 is shown
in Fig. 8. The PbTiO3–PbZrO3 system cannot be rigorously
treated as a quasibinary one and this phase diagram is an
interesting example, in which a congruently melting and an
incongruently melting compound form a solid solution over
the entire range of composition. The diagram includes experi-
mental results from different reports.18�,64� Deviation between
calculations and experimental data is within the uncertainty of
measurements. The calculated isothermal section at 1373 K
�Fig. 9� is consistent with those reported in literature.55�,90�

The nonstoichiometry of the lead titanate–lead zirconate solid
solution,25�,90� i.e., the deviation from the ratio PbO��ZrO2�

TiO2��1 is not taken in account in the present work. In the
region, where the PbO content is more than 50 mol.�, the
calculated isothermal sections at 1373, 1473 and 1573 K and
the tie lines �Figs. 10a, b and c� are compared with the
experimentally determined ones.18� Isothermal lines are close
and almost parallel to the PbO–TiO2 side. At lower tempera-
tures, the solubility of the ZrO2 in the liquid phase increases
with increasing PbZrO3 content �Figs. 10a and b�, while it is

almost constant at 1573 K �Fig. 10c�. Such trend is consistent
with the results of Fushimi and Ikeda.18� The calculated
projection of the monovariant liquidus lines is shown in
Figs. 11a and b. According to the present work, the solidifica-
tion sequence in the PbO–TiO2–ZrO2 system is in agreement
with the schematically proposed polythermal projection by
Fushimi and Ikeda,18� where the solubility surface for zirconia
dominates in the system. The calculated invariant reactions
�Table 9� are consistent with those estimated in literature.18�

5. Summary

Thermodynamic properties of the ternary PbO–ZrO2–TiO2

system are analyzed by means of the CALPHAD method. The
parameters describing the boundary systems PbO–TiO2, PbO–
ZrO2 and ZrO2–TiO2 are evaluated in the present work. The
liquid phase is modeled by the solution model using ternary
interaction parameters. The ternary compounds, PbZrO3 and
PbTiO3 are modeled as a stoichiometric phase, while the solu-
tion model is adopted for the description of non-stoichiometry
of the bZrxTi1�xO4, bPbZrxTi1�xO3, titania and zirconia solid
solutions.

The relevant literature information is critically assessed and
the inconsistencies are revealed. A self-consistent set of Gibbs
energy functions describing the phases in the PbO–ZrO2–TiO2
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Fig. 10. Isothermal sections of the PbO–ZrO2–TiO2 phase diagram and the tie lines at 1373 �a�, 1473 �b� and 1573 �c� in comparison with the
experimental data.

Fig. 11. Calculated projection of the monovariant liquidus lines in the ternary PbO–ZrO2–TiO2 system �a� and magnified PbO-rich part �b�.
Fields of primary crystallization are indicated.

Table 9. Invariant Equilibria in the Ternary PbO–TiO2–ZrO2 System �Temperatures in Parentheses�are Estimated by Fushimi and Ikeda18��
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system is obtained by least-squares fits to the selected experi-
mental data. The backward compatibility of the refined para-
meters with the preferred datasets is demonstrated by calcula-
tion of various phase diagrams and thermodynamic proper-
ties, such as isothermal sections, vertical sections, and partial
pressure, which are compared with literature data.
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